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Abstract. In the Brigalow Belt bioregion of Australia, clearing of brigalow (Acacia harpophylla) scrub vegetation for
agriculture has altered nutrient cycling over millions of hectares. In order to quantify the effect of this vegetation
clearing and land use change on soil fertility, the Brigalow Catchment Study commenced in 1965. Initial clearing and
burning of brigalow scrub resulted in a temporary increase of mineral nitrogen, total and available phosphorus, total and
exchangeable potassium and total sulfur in the surface soil (0–0.1 m) as a result of soil heating and the ash bed effect.
Soil pH also increased, but did not peak immediately after burning. Soil fertility declined significantly over the
subsequent 32 years. Under cropping, organic carbon declined by 46%, total nitrogen by 55%, total phosphorus by 29%,
bicarbonate-extractable phosphorus by 54%, acid-extractable phosphorus by 59%, total sulfur by 49%, total potassium
by 9% and exchangeable potassium by 63% from post-burn, pre-cropping concentrations. Fertility also declined under
grazing but in a different pattern to that observed under cropping. Organic carbon showed clear fluctuation but it was not
until the natural variation in soil fertility over time was separated from the anthropogenic effects of land use change that
a significant decline was observed. Total nitrogen declined by 22%. Total phosphorus declined by 14%, equating to
only half of the decline under cropping. Bicarbonate-extractable phosphorus declined by 64% and acid-extractable
phosphorus by 66%; both greater than the decline observed under cropping. Total sulfur declined by 23%; less than half
of the decline under cropping. A similar decline in total potassium was observed under both land uses, with a 10%
decline under grazing. Exchangeable potassium declined by 59%. The primary mechanism of nutrient loss depended on
the specific land use and nutrient in question.
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Introduction

Soil fertility decline, soil structural decline and erosion are all
considered to be consequences of changing land use from
virgin forest to cropping and grazing. Traditionally, nutrient
cycling in undisturbed virgin ecological systems was
considered a steady-state closed system, where soil nutrients
are consumed by the growing plants and then released back to
the soil via leaf litter, wood debris and roots (Moody 1998). In
contrast, cropping and grazing systems disturb this cycle
by removing nutrients in harvested products and animals
(Radford et al. 2007), via increased surface runoff (Thornton
et al. 2007; Elledge and Thornton 2017), increased leaching
(Silburn et al. 2009) and increased gaseous losses from soil
and animals (Huth et al. 2010; Dalal et al. 2013). Disturbance
of nutrient cycles and increased losses of soil nutrients affect the
viability and sustainability of farming systems. Increased nutrient
loads lost to the environment impacts ecosystem health, resulting

in substantial investment in harm minimisation and remediation
programs worldwide (Carroll et al. 2012). Contemporary
nutrient cycling research suggests that disturbance and nutrient
loss on a local scale have ramifications on a global scale. This
is demonstrated by feedback mechanisms between increasing
temperature, increasing atmospheric carbon dioxide and nitrogen
concentrations, and fluxes of soil organic matter as a result of
concomitant change in soil carbon and nitrogen concentrations
(Crowther et al. 2016; Tipping et al. 2017; Schulte-Uebbing and
de Vries 2018).

In the Brigalow Belt bioregion of Australia, clearing of
brigalow (Acacia harpophylla) scrub and land use change has
substantially altered nutrient cycling over a large area. The
bioregion occupies 36.7 million hectares of Queensland and
New South Wales, stretching from Dubbo in the south to
Townsville in the north of Australia. Since European
settlement, 58% of this bioregion has been cleared. The
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bioregion contains Queensland’s largest catchment, the
Fitzroy Basin, which drains directly into the Great Barrier
Reef lagoon. In 1962, the Brigalow Land Development Fitzroy
Basin Scheme commenced, resulting in the government-
sponsored clearing of 4.5 million hectares for cropping and
grazing. This clearing represents 21% of all clearing in the
bioregion and 32% of the Fitzroy Basin area (Thornton et al.
2007). Broad-scale land clearing continued in the basin until
2006 (McGrath 2007). In the preceding decade, rates of land
clearing in Queensland were among the highest in the world,
with estimates of 425 000–446 000 ha cleared per year (Wilson
et al. 2002; Lindenmayer and Burgman 2005; Reside et al.
2017). More than 60% of this clearing, or ~261 000 ha/year,
was undertaken in the Brigalow Belt (Wilson et al. 2002;
Cogger et al. 2003). It is estimated that up to 93% of brigalow
scrub has been cleared since European settlement (Butler and
Fairfax 2003; Cogger et al. 2003; Tulloch et al. 2016).

In order to quantify the effect of this scale of vegetation
clearing and land use change on soil fertility, the Brigalow
Catchment Study (BCS) commenced in 1965. The objective
of this study was to evaluate whether clearing of brigalow
scrub for cropping or grazing would alter the dynamics of soil
organic carbon (OC), nitrogen, phosphorus, sulfur and
potassium over time. It was hypothesised that land
development for cropping would lead to a significant
decline in soil fertility while less or no change was
expected with land development for grazing. It was also
expected that the trends noted by Radford et al. (2007), i.e.
unchanged concentrations of soil OC and total nitrogen (TN)
under brigalow scrub and grazing land uses but significant
decline under cropping, would continue; however, the
planting of legume ley pasture may enhance nutrient status
in soil under the cropping land use.

As resourcing pressures limit the commencement and
continuation of long-term studies there is an increasing trend
towards modelling. This study facilitates modelling by
numerically describing the starting condition of the
landscape and mathematically defining fertility trends over
time. Discussion on the mechanisms of change further
informs process-based models, assisting in moving forward
from traditional empirical black box models. The BCS
continues today having adapted to answer new research
questions, and having answered questions unanticipated at its
inception more than five decades ago.

Materials and methods

The BCS is described in detail by Cowie et al. (2007); changes
in runoff volume and peak runoff rate are given in Thornton
et al. (2007) and Thornton and Yu (2016); agronomic and soil
fertility results are given in Radford et al. (2007); the deep
drainage component of thewater balance is given in Silburn et al.
(2009); and changes in water quality are given in Thornton and
Elledge (2016) and Elledge and Thornton (2017).

Site location and climate
The study site is located at 24.818S, 149.808E at an altitude of
151 m above sea level, located within the Dawson
subcatchment of the Fitzroy Basin, central Queensland,

Australia. A locality map is presented in Cowie et al.
(2007). The region has a semiarid, subtropical climate.
Summers are wet, with 70% of the annual average
(1964–2014) hydrological year (October–September) rainfall
of 661 mm falling during October–March, and winter rainfall
is low (Fig. 1). Average monthly temperature ranges from a
minimum of 6.38C in July to a maximum of 33.88C in January
(Fig. 1).

Experimental design

The BCS is a paired, calibrated catchment study consisting of
three small catchments, C1, C2 and C3, ranging from 11.7 to
16.8 ha in size. Within each catchment, three permanent
monitoring sites were established to monitor soil fertility. A
map showing the location of the monitoring sites within the
catchments is presented in Cowie et al. (2007). Establishment
of the 20 m � 20 m sites was done using double stratification.
Initial stratification was based on soil type and slope position
with a monitoring site allocated to both an upper- and lower-
slope position on Vertosols, and the third on a Sodosol
irrespective of slope position. Secondary stratification was
by way of 10 subunits, each 4 m � 10 m, within each
monitoring site.

Soil types
Soil types were typically characterised by fine-textured dark
cracking clays (Black and Grey Vertosols), noncracking clays
(Black and Grey Dermosols) and thin layered dark and brown
sodic soils (Black and Brown Sodosols) (Isbell 1996; Cowie
et al. 2007). Approximately 70% of C1 and C2 and 58% of
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Fig. 1. Average monthly temperature, rainfall and potential
evapotranspiration for the Brigalow Catchment Study site from 1964 to
2014.
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C3 comprised Vertosols and Dermosols (clay soils); the
remaining area in each catchment was occupied by
Sodosols. The plant-available water holding capacity of
these soils ranged from 130 to 200 mm in the surface
1.4 m of the soil profile (Cowie et al. 2007). Average slope
of the catchments is 2.5%. The catchments consisted of good
quality agricultural land, all equally suitable for cropping
or grazing (Cowie et al. 2007). The physiochemical
characteristics of an upper-slope Vertosol, and a Sodosol,
both within C1, are given in Table 1 (adapted from Cowie
et al. 2007). These sites were sampled in 1981 with sampling
and sample handling procedures described in subsequent
sections. Values for pH, electrical conductivity (EC) and Cl
were determined using 1:5 suspensions in water (Hunter and
Cowie 1989). Total carbon, TN and total OC were determined
by Dumas high-temperature combustion as described in
methods 6B2a, 7A5 and 6B5 respectively, in Rayment and
Lyons (2011). Walkley and Black OC was determined
according to method 6A1 in Rayment and Higginson (1992).
Nitrate-nitrogen (NO3-N) was determined by the potassium
chloride extraction method described in method 7C2 in
Rayment and Higginson (1992). Cation exchange capacity and
exchangeable cations were determined by extraction with
alcoholic one molar ammonium chloride at pH 8.5 as
described in method 15C1 in Rayment and Higginson (1992).
Clay content was determined by drink mixer physical

dispersion (Bouyoucos 1951) followed by fine-fraction
determination by hydrometer (Thorburn and Shaw 1987;
Hunter and Cowie 1989).

Vegetation
Vegetation was typical of the Brigalow Belt bioregion,
dominated by brigalow (Acacia harpophylla), as described
in detail by Cowie et al. (2007). In their native ‘brigalow’ state,
the catchments were composed of three major vegetation
communities, identified by their most common canopy
species: brigalow (Acacia harpophylla), brigalow–belah
(Casuarina cristata) and brigalow–Dawson gum
(Eucalyptus cambageana). Understoreys of all major
communities were characterised by Geijera sp. either
exclusively, or in association with Eremophila sp. or
Myoporum sp.

Site history and management
The study has had four experimental stages (Table 2). Stage I,
the calibration phase, monitored rainfall and runoff from the
catchments, allowing an empirical hydrological calibration
between catchments to be developed. The permanent
monitoring sites were established in each catchment during
this stage. Baseline measurements of soil fertility were taken in
1981 (Cowie et al. 2007; Radford et al. 2007).

Table 1. Average pre-clearing (1981) soil physiochemical characteristics for a Vertosol and a Sodosol within catchment 1 (adapted from
Cowie et al. (2007))

EC, electrical conductivity; Cl, chlorine; TC, total carbon; TN, total nitrogen; NO3-N, nitrate nitrogen; CEC, cation exchange capacity

Depth (m) pH EC Cl TC TN TOCA NO3-N CEC Exchangeable Clay
(dS/m) (mg/g) (%) (%) (%) (KCl) Ca2+ Mg2+ Na+ K+ (%)

(mg/g) (cmol/kg)

Vertosol
0.0–0.1 6.56 0.16 75 2.01 0.16 1.58 2.7 34 11.8 11.1 1.4 0.41 36
0.1–0.2 7.54 0.48 450 1.37 0.11 1.34 1.2 36 11.5 14.6 3.2 0.23 40
0.2–0.3 8.14 0.68 730 0.69 0.06 0.66 0.5 35 10.0 15.4 4.1 0.16 44
0.5–0.6 5.70 0.77 1040 0.2 32 5.9 14.6 4.6 0.21 45
0.8–0.9 4.76 0.83 1145 0.2 32 4.1 13.7 4.9 0.12 46
1.1–1.2 4.64 0.83 1170 0.2 34 3.4 13.4 5.4 0.12 46
1.4–1.5 4.52 0.92 1320 0.1 38 3.4 15.0 6.6 0.16 50
1.7–1.8 4.48 0.98 1385 0.1 39 3.3 15.7 6.9 0.27 54

Sodosol
0.0–0.1 6.80 0.10 20 2.43 0.17 2.33 4 21 9.5 4.1 0.3 0.51 18
0.1–0.2 7.16 0.17 130 0.87 0.07 0.84 1.1 25 6.4 9.2 2.3 0.18 31
0.2–0.3 7.52 0.22 220 0.79 0.06 0.78 0.5 23 5.6 9.3 2.9 0.12 28
0.5–0.6 8.83 0.40 400 0.2 24 6.3 9.9 4.7 0.15
0.8–0.9 9.20 0.47 470 0.2 16 2.8 6.8 4.1 0.13

AWalkley and Black OC (0–0.1 m).

Table 2. The land use history of the three catchments of the Brigalow Catchment Study

Catchment Area
(ha)

Land use by experimental stage
Stage I Stage II Stage III Stage IV

(Jan. 1965 to Mar. 1982) (Mar. 1982 to Sep. 1984) (Sep. 1984 to Jan. 2010) (Jan. 2010 to June 2014)

C1 16.8 Brigalow scrub Brigalow scrub Brigalow scrub Brigalow scrub
C2 11.7 Brigalow scrub Development Cropping Ley pasture
C3 12.7 Brigalow scrub Development Grazing Grazing
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Stage II, the land development phase, commenced in
March 1982 when vegetation in C2 and C3 was developed
by clearing with traditional bulldozer and chain methods.
Catchment 1 was retained as an uncleared, undisturbed
control. In C2 and C3, the fallen timber was burnt in situ in
October 1982. Following burning, residual unburnt timber in
C2 was raked to the contour for secondary burning. Narrow-
based contour banks were then constructed at 1.5 m vertical
spacing. A grassed waterway was established to carry runoff
water from the contour channels to the catchment outlet. In C3,
residual unburnt timber was left in place, and in November
1982 the catchment was sown to buffel grass (Cenchrus
ciliaris cv. Biloela). The second soil fertility assessment
was undertaken in December 1982, soon after burning.

Stage III, the land use comparison phase, commenced in
1984. In C2, the first crop sown was sorghum (Sorghum
bicolor) (September 1984), followed by annual wheat
(Triticum aestivum) for nine years. Fallows were initially
managed using mechanical tillage (disc and chisel ploughs),
which resulted in significant soil disturbance and low soil
cover. In 1992, a minimum tillage philosophy was introduced
and in 1995 opportunity cropping commenced with summer
(sorghum) or winter (wheat, barley (Hordeum vulgare) and
chickpea (Cicer arietinum) crops sown when soil water
content was adequate. No nutrient inputs were used. In C3,
the buffel grass pasture established well with >5 plants/m2 and
96% groundcover achieved before cattle grazing commenced
in December 1983. Stocking rate was 0.3–0.7 head/ha (each
stock typically 0.8 adult equivalent), adjusted to maintain
pasture dry matter levels >1000 kg/ha without nutrient inputs,
feed or nutrient supplementation. The catchment was
continuously stocked until December 1996 at which point
irregular pasture spelling commenced when pasture dry matter
was likely to decline below 1000 kg/ha with further grazing.

Stage IV, the adaptive land management phase,
commenced in 2010. To sustain productive agricultural
systems representative of commercial enterprises in the
Brigalow Belt bioregion, management strategies to maintain
or enhance soil fertility were implemented. In C2, the legume
butterfly pea (Clitoria ternatea) was planted as a ley pasture in
January 2010. The butterfly pea was left ungrazed to establish
and set seed until March 2011 when grazing commenced. In
September 2011, cattle were removed from both C2 and C3 to
allow spelling of the pastures over the 2011/12 and 2012/13
wet seasons. Grazing recommenced in December 2013 when
the catchments were ‘crash grazed’ with high stocking rates of
0.5 adult equivalents/ha in C2 and 1.4 adult equivalents/ha in
C3 for 45 days to reduce rank pasture growth. Subsequently,
grazing continued at conservative stocking rates of ~0.3 adult
equivalents/ha with regular periods of pasture spelling.

Soil sampling
Soil water in the surface 0.1 m of the soil profile was
determined gravimetrically according to the methods of
Cowie et al. (2007).

Soil samples for fertility analysis were collected from the
surface 0.1 m of the soil profile at each monitoring site using
manual coring tubes of 0.05 m diameter; samples were
typically a composite of eight 0.05 m cores. The eight cores

were comprised of two cores sampled adjacent to each of four
fixed locations within each subunit. More intensive sampling
was undertaken pre-clearing in 1981, and in 2008 and 2014. In
these years, samples were a composite of 20 cores, with five
cores sampled adjacent to each of the four fixed locations. Soil
samples were collected annually from pre-clearing in 1981 to
1987 and then in 1990, 1994, 1997, 2000, 2003, 2008 and
2014, with samples retained after analysis in a long-term
storage archive.

Measurements of agricultural productivity, nutrient removal
and nutrient inputs

In the cropped catchment, grain yield and nitrogen and
phosphorus contents were measured according to the
methods of Radford et al. (2007). Grain sulfur content was
estimated as grain nitrogen multiplied by 10% (Byers et al.
1987; Gyo��ri 2005). Grain potassium content was estimated as
0.46% of grain yield (Mengel and Kirby 1982).

In the grazed catchment, cattle liveweight gain was
measured according to the method of Radford et al. (2007).
Nutrient export in beef was estimated as liveweight gain
multiplied by 2.4% for nitrogen (Radford et al. 2007),
0.71% for phosphorus (Gibson et al. 2002), 0.16% for
sulfur (National Research Council 2003) and 0.2% for
potassium (Whitehead 2000). Nitrogen volatilisation loss from
cattle urine and faeces was estimated as nitrogen intake
multiplied by 19.77% (Laubach et al. 2013). Nitrogen intake
was estimated as dietary biomass intake multiplied by dietary
nitrogen content. Daily dietary biomass intake was estimated as
fasted animal liveweight at entry to the catchment multiplied by
2% per day of grazing (Minson and McDonald 1987). Dietary
nitrogen content was determined using the FNIRS technique of
Dixon and Coates (2010).

Estimates of nutrient input from rainfall were obtained
using the data of Packett (2017) multiplied by the annual
average rainfall of the BCS. An average of rainfall chemistry
values for Rockhampton and Emerald (mean values) were used
given both sites are a similar distance from the BCS.

Soil physical and chemical analyses

Soil bulk density was measured pre-clearing in 1981, then
post-clearing in 1984, 1987, 1994, 1997, 2000 and 2014, using
the soil samples collected for fertility analysis. The tip
diameter of the coring tubes was measured in the field with
the external wall of the tube marked at 0.1 m to indicate the
depth of sampling. Intact soil cores not contaminated by rocks
or organic matter >2 mm were dried at 408C then weighed and
subsampled, with the subsamples then dried at 1058C to a
constant weight. Bulk density was calculated from the total
sample mass corrected to the equivalent mass of 1058C oven-
dry soil, per volume of core sampled.

Chemical analyses were performed by the Queensland
Government soil laboratory network. Prior to analyses, soil
samples were dried at 408C and ground to pass through a 2 mm
sieve. Samples were then analysed for soil pH, OC, TN,
mineral nitrogen (ammonium-nitrogen (NH4-N) and NO3-
N), total phosphorus (TP), available phosphorus
(bicarbonate- and acid-extractable phosphorus; P(B) and P
(A) respectively), total sulfur (TS), total potassium (TK)
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and exchangeable potassium. Soil pH in a 1:5 soil/water
suspension (pH(w)) was determined according to the method
of Tucker and Beatty (1974) from 1981 to 1983, in 1985 and
from 1987 to 1997. In all other years, pH(w) was determined
according to method 4A1 in Rayment and Higginson (1992).
Soil pH in a 1:5 soil/calcium chloride suspension (pH(Ca)) was
determined according to the method of White (1969) from
1981 to 1983, in 1985 and in 1987. In all other years, pH(Ca)

was determined according to method 4B1 in Rayment and
Higginson (1992). For laboratory convenience, method 4B2
has been used interchangeably with 4A1, as there is no
significant difference in the results obtained from either
method (Rayment and Higginson 1992). Where pH values
have been averaged, they are presented as a true average pH,
not an arithmetic average (Rayment and Lyons 2011). Soil OC
was determined by the dichromate oxidation method of
Walkley and Black (1934), followed by titration. Post-1997,
the titrimetric component of the procedure was replaced with
a colourimetric procedure (Sims and Haby 1971) as described
in method 6A1 in Rayment and Higginson (1992); these
methods are well correlated (coefficient of determination
(R2) = 0.96) (Cowie et al. 2002). Soil TN was determined
by macro-Kjeldahl digestion (Bremner 1965). Mineral
nitrogen was determined by the potassium chloride
extraction method described in method 7C2 in Rayment and
Higginson (1992). Results less than the practical quantitation
level of 2 mg/kg were set to a value of 0.5 mg/kg. Soil TP was
determined using the X-ray fluorescence (XRF) method
described in method 9A1 in Rayment and Higginson
(1992). Soil P(B) was determined using a modification of
the Colwell (1963) method described in method 9B2 in
Rayment and Higginson (1992), while P(A) was determined
using a modification of the Kerr and von Stieglitz (1938)
method described in method 9G2 in Rayment and Higginson

(1992). Soil TS and TK were determined using the XRF
method described in methods 10 A1 and 17A1 respectively
in Rayment and Higginson (1992). Exchangeable potassium
(Exch. K) was determined by extraction with alcoholic one
molar ammonium chloride at pH 8.5 as described in method
15C1 in Rayment and Higginson (1992).

The full suite of chemical analyses was typically performed
soon after soil sampling. When this had not occurred, analyses
were performed as required on the archived samples. Cowie
et al. (2007) presented chemical data from C1 in 1981 for most
of the analytes reported in this study. However, with the
exception of mineral nitrogen and Exch. K, repeat analyses
in this study did not reflect the previously reported values,
which were typically lower despite having been conducted
according to the same method and utilising best practice of
the day. Where this occurred, the results of the repeat analysis
have been accepted for use in this study.

The number of samples analysed varied between soil
samplings (Table 3). At a minimum, a composite sample
comprised of a subsample of each of the 10 subunits in a
monitoring site was generated for analysis. This composite
sample was representative of at least 80 soil cores from within
a monitoring site. Alternatively, a sample from each of the
subunits in a monitoring site was generated for analysis. This
resulted in 10 samples, with each being representative of at
least eight soil cores.

Approaches for assessing fertility decline
Comparison of observed soil fertility data
The observed soil fertility of a catchment was calculated as

the average of the analytical results for all composite samples
from the three monitoring sites within the catchment at the
time of sampling. Changes in soil fertility over time since

Table 3. The number of soil samples analysed per parameter, per catchment, per sampling event
pH(w), soil pH in water suspension; pH(Ca), soil pH in calcium chloride suspension; OC, organic carbon; TN, total nitrogen; NH4-N, ammonium nitrogen;
NO3-N, nitrate nitrogen; TP, total phosphorus; P(B), bicarbonate-extractable phosphorus; P(A), acid-extractable phosphorus; TS, total sulfur; TK, total

potassium; Exch. K, exchangeable potassium

Number of samples analysed per catchment
Year pH(w) pH(Ca) OC TN NH4-N NO3-N TP P(B) P(A) TS TK Exch. K

1981 30 30 3 3 30 30 3 3 3 3 3 30
1982 30 30 3 3 30 30 3 3 3 3 3 30
1983 30 30 3 3 30 30 3 3 3 3 3 30
1984 3 3 30 30A 3 3 3 3 6 3 3 3
1985 30 30 3B 3 30 30 3 3 3 3 3 30
1986 3 3 30 3 3 3 3 3 6 3 3 3
1987 30 30 30 30 30C 30C 3 3 6 3 3 3
1990 3 3 30 3 30 30 3 3 6 3 3 3
1994 3 3 3 3 3 3 3 3 6 3 3 3
1997 30 3 30 3 30D 30D 3 3 6 3 3 3
2000 3 3 3 3 3 3 3 3 6 3 3 3
2003 3 3 3 3 3 3 3 3 6 3 3 3
2008 30 30 30 30 30 30 30 30 30 30 30 30
2014 30 30E 30 3 30 30 30 30 30 30 30 30

AC1 = 27
BC1 = 30
CC1 = 25, C3 = 17
DC2 = 29
EC1 = 29
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burning were assessed using both linear, exponential, double
exponential and quadratic regression analysis tools in the
statistical software package GENSTAT (VSN International
2016).

Calibrating to account for natural fertility change
The paired catchment design of the experiment allowed for

the natural variation in soil fertility over time to be separated
from the anthropogenic effects of land use change. This was
done by dividing the observed soil fertility of C2 and C3 by the
observed soil fertility of the control catchment C1. Analysis of
these ratios accounts for likely change in the soil fertility of C2
and C3 had they remained uncleared and provides a more
accurate estimation of change rather than simply comparing
the observed fertility over time to pre-clearing levels. As for
the observed data, changes in soil fertility over time since
burning were assessed using regression analysis.

Results

Grain and beef production and associated nutrient removal

Grain production in C2 yielded 49 460 kg/ha of grain over
30 years (Fig. 2). This removed 958 kg/ha of nitrogen, 130 kg/
ha of phosphorus, 96 kg/ha of sulfur and 228 kg/ha of
potassium from the catchment. Removal of grain
(P < 0.001, R2 = 99%) (Eqn 1), nitrogen (P < 0.001,
R2 = 99%) (Eqn 2) and phosphorus (P < 0.001, R2 = 99%)
(Eqn 3) over time since the first crop was planted all
showed exponential trends. Grazing of ley pasture in C2 at
a stocking rate of 0.33 adult equivalent animals per hectare for
173 days produced 46 kg/ha of beef. This removed 1.1 kg/ha of
nitrogen, 0.3 kg/ha of phosphorus, 0.07 kg/ha of sulfur and 0.1
kg/ha of potassium from the catchment. This grazing period
was 47 days longer than the average crop length from planting
to harvest; however, nitrogen, phosphorus, sulfur and
potassium removal in beef was only 3%, 6.5%, 2% and 1%
respectively of that removed in an average crop:

C2 grain removal ðkg=haÞ ¼ 223373� 220280� ð0:999Þx ð1Þ
C2 nitrogen removal ðkg=haÞ ¼ 1521� 1460� ð0:999xÞ ð2Þ

C2 nitrogen ðkg=haÞ ¼ 1044� 1035� ð0:999xÞ ð3Þ
where x is years since the first crop was planted.

Beef production in C3 yielded 1910 kg/ha of beef over
31 years (Fig. 2). This removed 46 kg/ha of nitrogen, 14 kg/ha
of phosphorus, 3 kg/ha of sulfur and 4 kg/ha of potassium from
the catchment. A further 71 kg/ha of nitrogen was removed via
volatilisation from urine and faeces. Removal of beef over
time since grazing commenced showed an exponential trend
(P < 0.001, R2 = 99%) (Eqn 4) (Fig. 2). Because the nitrogen
and phosphorus contents of beef were estimated based on a
percentage of liveweight gain, the response curve for their
removal from the catchment over time mirrored that of total
beef removal:

C3 beef removal ðkg=haÞ ¼ 2765� 2786� ð0:999xÞ ð4Þ
where x is years since grazing commenced.

Trends in bulk density

Pre-clearing oven-dry bulk density for the three catchments in
1981 averaged 1.15 g/cm3 (range 1.1–1.22 g/cm3). Over the
following 32 years there was no significant linear or
exponential change in bulk density in C1 (P = 0.498 and
P = 0.773 respectively). Clearing and burning followed by
30 years of cropping resulted in a significant linear increase in
bulk density (P = 0.062, R2 = 44%). Fitting an exponential
curve maintained the significance of the regression but
improved R2 (P = 0.06, R2 = 63%). Ratios of C2/C1 bulk
density showed no significant linear or exponential change
(P = 0.136 and P = 0.292 respectively). Clearing and burning
followed by 31 years of grazing resulted in a linear increase in
bulk density (P = 0.097, R2 = 35%); no significant exponential
change was detected (P = 0.14). Ratios of C3/C1 bulk density
mirrored both the linear and exponential results of the
observed data (P = 0.053, R2 = 47% and P = 0.132
respectively).

Observed bulk density in C2 and C3 post-clearing and
burning was consistently higher than it was pre-clearing.
Average bulk density post-clearing and burning was 116%
of pre-clearing bulk density in C2 and 118% in C3. In the same
period, bulk density in C1 declined to 98% of 1981 levels.
Ratios of C2/C1 and C3/C1 bulk density were also higher post-
clearing and burning, increasing to 119% and 120% of their
respective pre-clearing ratios. As the average increase in bulk
density in C2 and C3 equated to an additional 192 tonnes of
soil in the surface 0.1 m of the soil profile, soil nutrient loss in
kg/ha post-clearing and burning was calculated using the
average bulk density of a catchment in that period, being
1.30 g/cm3 in C2 and 1.34 g/cm3 in C3.

In 1984 and 1987, soil water content was measured within
two weeks of soil sampling occurring. In 1984, available soil
water and bulk density at time of sampling was 5 mm and
1.18 g/cm3 respectively in C1; 14 mm and 1.26 g/cm3 in C2;
and 17 mm and 1.30 g/cm3 in C3. In 1987, available soil water
and bulk density at time of sampling was 4 mm and 1.21 g/cm3

respectively in C1; 23 mm and 1.21 g/cm3 in C2; and 12 mm
and 1.33 g/cm3 in C3.

Trends in soil pH

Pre-clearing, pH(w) in the three catchments averaged 6.7 (range
6.6–6.9). From 1981 to 2014, pH(w) in C1 averaged 6.7 with no
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significant linear or exponential trend (P = 0.237 and P = 0.36
respectively) (Fig. 3). Clearing and burning C2 and C3 in 1982
increased pH(w) in both catchments (Fig. 3). Visually, pH(w)

continued to increase until 5 years post-burning in C2 and
11 years post-burning in C3. However, pH(w) had peaked
within 2 years of burning, with no significant linear change
in either catchment from 1.92 to 11.3 years post-burning
(P = 0.355 and P = 0.256 respectively). The maximum

pH(w) in both C2 and C3 was 8. Thirty-two years after
burning, pH(w) in C2 was 7.1 and pH(w) in C3 was 7.3,
both greater than their pre-clearing pH(w) of 6.6 and 6.9
respectively. The exponential rise in pH(w) post-burning,
followed by a long-term linear decline was significant in
both C2 (P < 0.001, R2 = 79%) (Eqn 1 in Table 4) and C3
(P < 0.001, R2 = 78%) when fitted with a double exponential
curve (Eqn 2 in Table 4).

The behaviour of pH(w) in all catchments was mirrored by
pH(Ca) (Fig. 4). From 1981 to 2014, pH(Ca) in C1 averaged
5.9 with no significant linear or exponential trend (P = 0.357
and P = 0.069 respectively). The exponential rise in pH(Ca)

post-burning, followed by a long-term linear decline was
significant in both C2 (P < 0.001, R2 = 93%) (Eqn 3
in Table 4) and C3 (P < 0.001, R2 = 72%) (Eqn 4 in
Table 4). Values of pH(Ca) were 0.3–1.3 pH units less than
pH(w).

Trends in observed soil fertility data

Organic carbon

Pre-clearing, OC concentrations in the three catchments
averaged 2.08% (range 1.93–2.25%). From 1981 to 2014, OC
in C1 averaged 2.15% with no significant linear or exponential
trend (P = 0.061 and P = 0.066 respectively) (Fig. 5). Unlike
C1, OC in C2 showed a significant exponential decline of 46%
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Table 4. Equations describing trends in soil fertility over time, where x is years since burning
pH(w), soil pH in water suspension; pH(Ca), soil pH in calcium chloride suspension

Parameter Catchment Period Trend equation P R2 Equation
number

pH(w) C1 1981–2014 NS
C2 1981–2014 C2 pH = 7.985 – 0.742 � (0.459x) – 0.03708x <0.001 0.79 1
C3 1981–2014 C3 pH = 8.147 – 0.778 � (0.565x) – 0.03144x <0.001 0.78 2

pH(Ca) C1 1981–2014 NS
C2 1981–2014 C2 pH = 7.1952 – 0.706 � (0.3357x) – 0.04163x <0.001 0.93 3
C3 1981–2014 C3 pH = 7.486 – 1.004 � (0.538x) – 0.0369x <0.001 0.72 4

Organic carbon C1 1981–2014 NS
C2 1981–2014 C2 OC (%) = 1.203 + 0.842 � (0.823x) <0.001 0.88 5
C3 1981–2000 C3 OC (%) = 1.53 + 0.207 � (0.49x) <0.001 0.79 6

Total nitrogen C1 1981–2014 NS 0.39
C2 1981–2014 C2 TN (%) = 0.0866 + 0.104 � (0.84x) <0.001 0.91 7
C3 1981–2014 C3 TN (%) = 0.12 + 0.028 � (0.611x) 0.01 0.49 8

Total phosphorus C1 1981–2014 C1 TP (%) = 0.0265 + 0.0023 � (1.035x) <0.001 0.77 9
C2 1982–2014 C2 TP (%) = 0.0268 + 0.0097 � (0.875x) <0.001 0.91 10
C3 1982–2014 C3 TP (%) = 0.027 + 0.0053 � (0.478x) 0.009 0.53 11

Bicarbonate-extractable
phosphorus

C1 1981–2014 NS
C2 1982–2014 C2 P(B) (mg/kg) = 18.14 + 15.7 � (0.852x) <0.001 0.88 12
C3 1982–2014 C3 P(B) (mg/kg) = 12.62 + 22.86 � (0.744x) <0.001 0.92 13

Acid-extractable
phosphorus

C1 1981–2014 NS
C2 1982–2014 C2 P(A) (mg/kg) = 31.02 + 29.75 � (0.849x) <0.001 0.91 14
C3 1982–2014 C3 P(A) (mg/kg) = 21.3 + 39.42 � (0.818x) <0.001 0.97 15

Total sulfur C1 1981–2014 C1 TS (%) = 0.0249 – 0.0043 � (0.984x) 0.008 0.51 16
C2 1982–2014 C2 TS (%) = 0.0135 + 0.0095 � (0.715x) <0.001 0.9 17
C3 1982–2014 NA

Total potassium C1 1981–2014 NS
C2 1982–2014 C2 TK (%) = 0.457 + 0.039 � (0.893x) 0.004 0.61 18
C3 1982–2014 C3 TK (%) = 0.239 + 0.027 � (0.806x) <0.001 0.94 19

Exchangeable potassium C1 1981–2014 C1 Exch. K (cmolc/kg) = 0.4824 + (0.0367 + 0.00056x)/
(1 – 0.07919x + 0.001865x2)

<0.001 0.94 20

C2 1982–2014 C2 Exch. K (cmolc/kg) = 0.4081 + 0.3393 � (0.7678x) <0.001 0.8 21
C3 1982–2014 C3 Exch. K (cmolc/kg) = 0.3178 + 0.3454 � (0.8215x) <0.001 0.89 22
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from 2.25% in 1981 to 1.21% in 2014 (P < 0.001, R2 = 88%)
(Eqn 5 in Table 4) (Fig. 5). In C3, OC showed no significant
linear or exponential trends from 1981 to 2014 (P = 0.293 and
P = 0.343 respectively) (Fig. 5). However, this analysis masks
a significant exponential decline of 28% from 1.93% in 1981
to 1.39% in 2000 (P < 0.001, R2 = 79%) (Eqn 6 in
Table 4) (Fig. 5) followed by an increase from 2000 to 2014.

Total nitrogen

Pre-clearing, TN concentrations in the three catchments
averaged 0.18% (range 0.163–0.197%). From 1981 to 2014,
TN in C1 averaged 1.75% with no significant linear or
exponential trend (P = 0.191 and P = 0.161 respectively)
(Fig. 6). Unlike C1, TN in C2 showed a significant exponential
decline of 55%, or 1050 kg/ha, from 0.197% in 1981 to
0.088% in 2014 (P < 0.001, R2 = 91%) (Eqn 7 in
Table 4) (Fig. 6). Similar to C2, C3 showed a significant
exponential decline of 22%, or 143 kg/ha, from 0.163% in
1981 to 0.128% in 2014 (P = 0.01, R2 = 49%) (Eqn 8 in
Table 4) (Fig. 6).

These declines were exceeded when considering only
the period 1981–2008, before the commencement of the
adaptive land management phase to enhance soil fertility. In

this period, TN in C2 showed a significant exponential decline
of 61% or 1201 kg/ha, while TN in C3 showed a significant
exponential decline of 24% or 192 kg/ha. From 2010 to 2014,
the adaptive land management phase, TN in C1 and C3 had
similar increases of 2.4% and 2.9% respectively; however, TN
in C2 increased by 15.3% or 151 kg/ha.

Mineral nitrogen

Pre-clearing, NH4-N concentrations in the three catchments
averaged 5.19 mg/kg (range 4.87–5.5 mg/kg) and NO3-N
averaged 2.46 mg/kg (range 1.74–3.4 mg/kg). Average
mineral nitrogen, being the sum of NH4- and NO3-N, was
7.65 mg/kg (range 6.61–8.58 mg/kg) (Figs 7–9). In the first
sampling post-burning, NH4-N in C2 and C3 spiked to an
average of 8.9 times their pre-clearing concentrations when
adjusted for the natural increase in NH4-N observed in C1
(Fig. 7). This spike was short lived and by the following
sampling, less than one year post-burning, NH4-N
concentrations in C2 and C3 declined back to that of C1.
The NH4-N concentrations fluctuated at all subsequent
samplings, with C1 typically having highest concentrations
and C2 and C3 having similar lower concentrations.

The NO3-N in C2 and C3 had a similar spike post-clearing,
increasing to an average of 7.5 times pre-clearing

0.0

0.5

1.0

1.5

2.0

2.5

3.0

35302520151050−5S
oi

l o
rg

an
ic

 c
ar

bo
n 

(0
−

0.
1 

m
) 

(%
)

Time since burning (years)

C1 (brigalow scrub)

C2 (cleared then cropped)

C3 (cleared then grazed buffel grass pasture)
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concentrations when adjusted for the natural decline in NO3-N
observed in C1 (Fig. 8). The spike was observed after the NH4-
N spike had declined back to pre-clearing concentrations.
Elevated NO3-N concentrations were observed in C2 for at
least eight years post-burning, after which concentrations and
fluctuations were similar to those observed in C1. Elevated
NO3-N concentrations in C3 declined within two years of
burning and typically remained less than those observed in
C1 with substantially less fluctuation.

Total mineral nitrogen showed a post-burning spike in C2
and C3 of 5.1 times their pre-clearing mineral nitrogen when
adjusted for the natural increase in mineral nitrogen observed in
C1 (Fig. 9). These increases declined substantially within
one year post-burning and fluctuated similarly to mineral
nitrogen concentrations in C1 up to five years post-burning.
From this point mineral nitrogen in C1 and C2 had similar
concentrations and fluctuations; however, concentrations in C3
were typically lower with less fluctuation.

Total phosphorus

Pre-clearing, TP concentrations in the three catchments
averaged 0.031% (range 0.029–0.035%). In C1, TP showed
a significant linear and exponential (Eqn 9 in Table 4) increase
of 14% from 0.029% in 1981 to 0.033% in 2014 (P < 0.001,
R2 = 76% and P < 0.001, R2 = 77% respectively) (Fig. 10). This

increase was not constant over time, with no significant linear
or exponential trend occurring before 2003 (P = 0.082 and
P = 0.15 respectively).

Clearing and burning C2 and C3 increased TP by an
average of 4%. Post-burning, TP in C2 showed a significant
exponential decline of 29%, or 131 kg/ha, from 0.036% in
1982 to 0.027% in 2014 (P < 0.001, R2 = 91%) (Eqn 10 in
Table 4) (Fig. 10). Similarly, TP in C3 showed a significant
exponential decline of 14% or 59 kg/ha, from 0.032% in 1982
to 0.027% in 2014 (P = 0.009, R2 = 53%) (Eqn 11 in
Table 4) (Fig. 10). Visually, the decline in C3 was most
prevalent from 1982 to 1997 followed by an increase from
2000 to 2014. This is supported by linear regression showing
increasing P-values and decreasing R2 with each successive
sampling from 1997 onwards. Fitting an exponential curve
showed similar results with R2 declining from 81% at 2003 to
52% at 2008.

Bicarbonate-extractable phosphorus

Pre-clearing, P(B) concentrations in the three catchments
averaged 13.67 mg/kg (range 13.3–14 mg/kg). From 1981 to
2014, P(B) in C1 averaged 14.31 mg/kg and showed no
significant linear or exponential trend (P = 0.063 and
P = 0.18 respectively) (Fig. 11). Clearing and burning C2
and C3 increased P(B) by an average of 2.5 times pre-
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clearing concentrations. After this initial increase a significant
exponential decline occurred from 1982 to 2014 in both C2
(P< 0.001, R2 = 88%) (Eqn 12 in Table 4) and C3
(P< 0.001, R2 = 92%) (Eqn 13 in Table 4) (Fig. 11). Thirty-
two years after the increase in P(B) concentrations as a result
of burning, P(B) concentrations in C2 had declined to 15.9 mg/
kg, equal to 114% of its pre-clearing concentration; P(B)
concentrations in C3 had declined to 12.63 mg/kg, equal to
95% of its pre-clearing concentration. On a kg/ha basis, this
was a decline of 18 kg/ha in C2 and 23 kg/ha in C3. During
this 32-year period there was no significant correlation between
P(B) and pH(w) in either C2 (P = 0.087) or C3 (P = 0.706).

Acid-extractable phosphorus

The behaviour of P(A) in all three catchments mirrored that
of P(B). Pre-clearing, P(A) concentrations in the three
catchments averaged 26 mg/kg (range 25–26.3 mg/kg).
From 1981 to 2014, C1 P(A) averaged 23.48 mg/kg and
showed no significant linear or exponential trend
(P = 0.063 and P = 0.18 respectively) (Fig. 12). Clearing
and burning C2 and C3 increased P(A) by an average of
2.2 times pre-clearing concentrations. After this initial
increase a significant exponential decline occurred from
1982 to 2014 in both in C2 (P < 0.001, R2 = 91%) (Eqn 14
in Table 4) and C3 (P < 0.001, R2 = 97%) (Eqn 15 in
Table 4) (Fig. 12). At 32 years post-burning, P(A)
concentrations in C2 had declined to 24.63 mg/kg, equal to
94% of its pre-clearing concentration; P(A) concentrations in
C3 had declined to 19.57 mg/kg, equal to 73% of its pre-
clearing concentration. On a kg/ha basis, this was a decline of
36 kg/ha in C2 and 39 kg/ha in C3. During this 32-year period
there was no significant correlation between P(A) and pH(w) in
either C2 (P = 0.108) or C3 (P = 0.391).

Total sulfur

Pre-clearing, TS concentrations in the three catchments
averaged 0.021% (range 0.02–0.023%). In C1, TS showed a
significant linear and exponential (Eqn 16 in Table 4) increase
of 9% from 0.021% in 1981 to 0.022% in 2014 (P = 0.002,
R2 = 55% and P = 0.008, R2 = 51% respectively) (Fig. 13). As
for TP, this increase was not constant over time with no

significant linear trend occurring before 2000 (P = 0.058) or
exponential trend before 2003 (P = 0.145).

Clearing and burning C2 and C3 increased TS by an
average of 6%. Post-burning, TS in C2 showed a significant
exponential decline of 49%, or 153 kg/ha, from 0.024% in
1982 to 0.012% in 2014 (P < 0.001, R2 = 90%) (Eqn 17 in
Table 4) (Fig. 13). Data from C3 did not meet the assumptions
for valid statistical testing so no statement of significance can
be made about trends over the entire 32-year post-burning
period. However, the calculated loss of TS was 23%, or 67 kg/
ha, from 0.022% in 1982 to 0.017% in 2014. Visually, the
increase in TS associated with clearing and burning declined
rapidly from 1982 to 1984 followed by a gradual increase with
a substantial spike in 2008 (Fig. 13). The initial decline during
1982–1987 was exponential (P = 0.009, R2 = 93%). An
exponential curve could be fitted to the data up to 2003
(P = 0.001, R2 = 80%); however, inclusion of the 2008 data
resulted in a nonsignificant regression (P = 0.286). No
significant linear trend occurred from 1984 to 2000
(P = 0.211); however, incremental inclusion of data for
2003–2014 showed significant increases in TS (P = 0.005
to 0.037, R2 = 35% to 60%).

Total potassium

Pre-clearing, TK concentrations in the three catchments
averaged 0.483% (range 0.248–0.716%). In C1, TK averaged
0.716% and showed no significant linear or exponential trend
from 1981 to 2014 (P = 0.084 and P = 0.119 respectively)
(Fig. 14).

Clearing and burning C2 and C3 increased TK by an
average of 5%. Post-burning, TK in C2 showed a
significant exponential decline of 9% or 579 kg/ha, from
0.506% in 1982 to 0.461% in 2014 (P = 0.004, R2 = 61%)
(Eqn 18 in Table 4). Post-burning, TK in C3 showed a
significant exponential decline of 10% or 364 kg/ha, from
0.264% in 1982 to 0.237% in 2014 (P < 0.001, R2 = 94%)
(Eqn 19 in Table 4) (Fig. 14). At 32 years post-burning, TK
concentrations in C2 had declined to 0.461%, equal to 95%
of its pre-clearing concentration; TK concentrations in C3 had
declined to 0.237%, equal to 96% of its pre-clearing
concentration.
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Exchangeable potassium

Pre-clearing, Exch. K concentrations in the three
catchments averaged 0.46 cmolc/kg (range 0.41–0.52 cmolc/
kg). From 1981 to 1990, Exch. K in C1 averaged 0.53 cmolc/kg
with no significant linear or exponential trend (P = 0.729 and
P = 0.731 respectively) (Fig. 15). From 1990 to 2003, Exch. K
increased, peaking at 0.77 cmolc/kg, before declining to
0.63 cmolc/kg in 2014 (Fig. 15). The Exch. K trend for the
whole 32-year period was best described by a quadratic-by-
quadratic curve (P < 0.001, R2 = 94%) (Eqn 20 in Table 4).

Clearing and burning C2 and C3 increased Exch. K by an
average of 1.7 times pre-clearing concentrations. After this
initial increase a significant exponential decline occurred
from 1982 to 2014 in both C2 (P< 0.001, R2 = 80%)
(Eqn 21 in Table 4) and C3 (P < 0.001, R2 = 89%) (Eqn 22
in Table 4) (Fig. 15). Thirty-two years after the increase in
Exch. K concentrations as a result of burning, Exch. K
concentrations in C2 had declined to 0.29 cmolc/kg, equal to
65% of its pre-clearing concentration; Exch. K concentrations
in C3 had declined to 0.28 cmolc/kg, equal to 70% of its pre-
clearing concentration.

Trends after accounting for natural fertility change

Organic carbon

Similar to the observed C2 OC data, the C2/C1 OC ratio
also showed a significant exponential decline from 1981 to
2014 (P < 0.001, R2 = 91%) (Eqn 1 in Table 5). However, the
54% decline in the ratio was greater than the 46% decline in
the observed C2 OC data. In contrast to the observed C3 OC
data, the C3/C1 OC ratio showed a significant exponential
decline of 21% (P = 0.05, R2 = 32%) from 1981 to 2014 (Eqn 2
inTable 5).Theexponential decline of 24%(P=0.002,R2 =74%)
in the C3/C1 OC ratio from 1981 to 2000 was similar to the
observed data.

Total nitrogen

The C2/C1 TN ratio behaved similarly to the observed C2
TN data. The ratio showed a significant exponential decline of
53% from 1981 to 2014 (P < 0.001, R2 = 93%) (Eqn 3 in
Table 5). Prior to the commencement of the adaptive land
management phase the ratio showed a significant exponential
decline of 58% from 1981 to 2014 (P < 0.001, R2 = 92%). From
2010 to 2014, the adaptive land management phase, the ratio
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Fig. 15. Soil exchangeable potassium (0–0.1 m) over 32 years in C1
(brigalow scrub), C2 (cleared then cropped) and C3 (cleared then grazed
buffel grass pasture).

Table 5. Equations describing the ratios of soil fertility over time in catchments two and three to the soil fertility in catchment 1, where x
is years since burning

Parameter Ratio Period Trend equation P R2 Equation
number

Organic carbon C2/C1 1981–2014 C2/C1 OC = 0.5251 + 0.4332 � (0.8649x) <0.001 0.91 1
C3/C1 1981–2012 C3/C1 OC = 0.7613 + 0.02445 � (0.1095x) 0.05 0.32 2

Total nitrogen C2/C1 1981–2014 C2/C1 TN = 0.5059 + 0.5222 � (0.8496x) <0.001 0.93 3
C3/C1 1981–2014 C3/C1 TN = 0.7071 + 0.0681 � (0.290x) 0.004 0.57 4

Total phosphorus C2/C1 1982–2014 C2/C1 TP = 0.7334 + 0.5014 � (0.9406x) <0.001 0.95 5
C3/C1 1982–2014 C3/C1 TP = 0.8621 + 0.2019 � (0.8091x) <0.001 0.75 6

Bicarbonate-extractable phosphorus C2/C1 1982–2014 C2/C1 P(B) = 0.913 + 1.556 � (0.9216x) <0.001 0.86 7
C3/C1 1982–2014 C3/C1 P(B) = 0.768 + 1.746 � (0.8197x) <0.001 0.91 8

Acid-extractable phosphorus C2/C1 1982–2014 C2/C1 P(A) = 1.0516 + 1.6841 � (0.9018x) <0.001 0.97 9
C3/C1 1982–2014 C3/C1 P(A) = 0.7736 + 1.952 � (0.8565x) <0.001 0.97 10

Total sulfur C2/C1 1982–2014 C2/C1 TS = 0.6177 + 0.4874 � (0.756x) <0.001 0.87 11
C3/C1 1982–2014 C3/C1 TS = 0.7736 + 0.337 � (0.245x) 0.009 0.53 12

Total potassium C2/C1 1982–2014 C2/C1 TK = 0.58 + 0.112 � (0.971x) 0.001 0.68 13
C3/C1 1982–2014 C3/C1 TK = 0.32862 + 0.04139 � (0.8752x) <0.001 0.85 14

Exchangeable potassium C2/C1 1982–2014 C2/C1 Exch. K = 0.539 + 0.8672 � (0.8532x) <0.001 0.91 15
C3/C1 1982–2014 C3/C1 Exch. K = 0.4269 + 0.8494 � (0.8556x) <0.001 0.94 16
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Fig. 14. Soil total potassium (0–0.1 m) over 32 years in C1 (brigalow
scrub), C2 (cleared then cropped) and C3 (cleared then grazed buffel grass
pasture).
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increased by 13%. The C3/C1 TN data also behaved similarly
to the observed C3 TN data. The ratio showed a significant
exponential decline of 18% from 1981 to 2014
(P = 0.004, R2 = 57%) (Eqn 4 in Table 5). From 2010 to
2014, the adaptive land management phase, the ratio increased
by 1%.

Total phosphorus

Compared with the observed TP data, both C2/C1 and C3/
C1 TP ratios showed smaller increases with clearing and
burning, averaging 2%, but greater declines over time. In
C2, the C2/C1 TP ratio showed a significant exponential
decline of 36% from 1982 to 2014 (P < 0.001, R2 = 95%)
(Eqn 5 in Table 5). In C3, the C3/C1 TP ratio showed a
significant exponential decline of 23% from 1982 to 2014
(P < 0.001, R2 = 75%) (Eqn 6 in Table 5).

Bicarbonate-extractable phosphorus

Compared with the observed P(B) data, both C2/C1 and C3/
C1 P(B) ratios showed greater increases with clearing and
burning, averaging 2.7 times the pre-clearing ratio, but similar
declines over time from 1984 to 2014. The significant
exponential decline in the C2/C1 ratio (P< 0.001, R2 = 86%)
(Eqn 7 in Table 5) to 114% of its pre-clearing ratio over 32 years
post-burning, equalled the change in the observed data. The
significant exponential decline in the C3/C1 ratio (P< 0.001,
R2 = 91%) (Eqn 8 in Table 5) to 95% of its pre-clearing ratio
also equalled the change in the observed data.

Acid-extractable phosphorus

As for the P(B) ratios, both C2/C1 and C3/C1 P(A) ratios
showed greater increases with clearing and burning compared
with the observed P(A) data, averaging 2.4 times the pre-
clearing ratio. However, over the 32 years post-burning, the
P(A) ratios showed a smaller decline than the observed data.
From 1982 to 2014, the C2/C1 P(A) ratio had a significant
exponential decline (P< 0.001, R2 = 97%) (Eqn 9 in
Table 5) to 102% of its pre-clearing ratio while the C3/C1
P(A) ratio had a significant exponential decline (P < 0.001,
R2 = 97%) (Eqn 10 in Table 5) to 80% of its pre-clearing ratio.

Total sulfur

Clearing and burning C2 and C3 increased ratios of C2/C1
and C3/C1 TS by an average of 6%, equalling the average
increase in the observed data. Post-burning, the C2/C1 TS ratio
showed a significant exponential decline of 53% from 1982
to 2014 (P < 0.001, R2 = 87%) (Eqn 11 in Table 5), similar
to the observed data. In contrast to the observed C3 TS
data, which did not meet the assumptions for valid
statistical testing, the C3/C1 TS ratio could be fitted with a
significant exponential decline curve (P = 0.009,
R2 = 53%) for the whole post-burning period (Eqn 12 in
Table 5). The decline in the C3/C1 TS ratio from 1982 to
2014 was 29%.

Total potassium

Clearing and burning C2 and C3 increased ratios of C2/C1
and C3/C1 TK by an average of 4%, similar to the observed

data. Post-burning, the ratios for both catchments showed
significant exponential declines, similar to the observed
data. From 1982 to 2014, the C2/C1 TK ratio declined by
10% (P = 0.001, R2 = 68%) (Eqn 13 in Table 5) and the C3/C1
TK ratio declined by 12% (P < 0.001, R2 = 85%) (Eqn 14 in
Table 5).

Exchangeable potassium

Compared with the observed Exch. K data, both C2/C1 and
C3/C1 Exch. K ratios showed greater increases with clearing
and burning, averaging 1.8 times the pre-clearing ratio. The
significant exponential decline in the C2/C1 ratio (P < 0.001,
R2 = 91%) (Eqn 15 in Table 5) to 55% of its pre-clearing ratio
over 32 years post-burning, was greater than the decline in the
observed data. The significant exponential decline in the C3/
C1 ratio (P < 0.001, R2 = 94%) (Eqn 16 in Table 5) to 59% of
its pre-clearing ratio was also greater than the decline in the
observed data.

Comparison of approaches for assessing fertility decline

All of the significant declines in observed soil fertility post-
burning in both C2 and C3 (Table 4) were confirmed by the
ratio analysis (Table 5). When the observed soil fertility data
from C2 was adjusted for the natural variation in soil fertility
in the control catchment, the R2 of the exponential decline
curves increased by an average of 3% with a maximum change
of 12%. When this adjustment was made for C3, the R2 of the
exponential decline curves increased by an average of 9%;
however, the maximum change was 42%. While observed C3
OC and TS data showed no significant change in the 32 years
post-burning, adjusting for the natural variation in soil fertility
in the control catchment revealed a significant decline, similar
to C2.

Correlations between soil nitrogen and phosphorus
decline and removal in produce

The sum of total nitrogen removed from C2 in grain between
soil samplings showed an exponential relationship with soil
TN (P = 0.061, R2 = 54%) (Eqn 5). The sum of total
phosphorus removed showed an exponential relationship
with TP (P = 0.014, R2 = 75%) (Eqn 6), P(A) (P = 0.01,
R2 = 78%) (Eqn 7) and P(B) (P = 0.061, R2 = 54%) (Eqn 8).

C2 TN ð%Þ ¼ 0:0811þ 0:0993

� ð0:997TN removed in grain ðkg=haÞÞ
ð5Þ

C2 TP ð%Þ ¼ 0:02739þ 0:0085

�ð0:970TP removed in grain ðkg=haÞÞ ð6Þ

C2 P ðAÞðmg=kgÞ ¼ 34:26þ 37:1

� ð0:945TP removed in grain ðkg=haÞÞ ð7Þ

C2 P ðBÞðmg=kgÞ ¼ 18:55þ 13:59

�ð0:971TP removed in grain ðkg=haÞÞ ð8Þ

The sum of total nitrogen and total phosphorus removed
from C3 in beef showed no significant correlation with soil TN
(P = 0.907) and soil TP (P = 0.702) respectively. The sum of
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total phosphorus removed showed an exponential relationship
with P(A) (P < 0.001, R2 = 97%) (Eqn 9) and P(B) (P = 0.002,
R2 = 75%) (Eqn 10).

C3 PðAÞðmg=kgÞ ¼ 19:83þ 27:63

� ð0:781TP removed in beef ðkg=haÞÞ
ð9Þ

C3PðBÞðmg=kgÞ ¼ 12:26þ 12:63

� ð0:709TP removed in beef ðkg=haÞÞ
ð10Þ

Discussion

Nutrient cycling in natural ecosystems was traditionally
considered a steady-state, closed system, with nutrients
being taken up from the soil by plant roots and being
recycled back to the soil through leaf and litter fall and root
decay (Murty et al. 2002; Radford et al. 2007). Under this
hypothesis it is expected that no change in soil fertility would
occur under brigalow scrub. This was generally supported by
the study data, with no significant change in OC, TN, P(B), P
(A) and TK. Radford et al.’s (2007) study of OC and TN at this
site from 1981 to 2003 also supports the hypothesis. However,
as rainfall patterns fluctuate over time, extended wet periods
are likely to result in increased nutrient uptake from deeper
down the soil profile by the extending root systems of actively
growing plants, followed by increased leaf and litter fall and
root decay. This may lead to measurable nutrient redistribution
at particular timescales within an otherwise steady-state
ecosystem. This redistribution may account for the increases
noted in TP and TS. Alternative mechanisms for redistribution
include the ability of plants to move water through the soil
profile via hydraulic lift and downward siphoning, allowing
access to nutrients otherwise unavailable due to inadequate
soil moisture (Sardans and Peñuelas 2014). Rainfall also
provides nutrient inputs. The rainfall nutrient concentrations
reported by Packett (2017) indicate that from 1981 to 2014, an
estimated 60 kg/ha of dissolved nitrogen, 0.5 kg/ha of
dissolved phosphorus (in the form of phosphate) and 1070
kg/ha of dissolved sulfur (in the form of sulfate) have been
supplied in rainfall. The magnitude of these inputs has
increased over time as a result of anthropogenic activity
which, for example, has increased atmospheric concentrations
of carbon dioxide and nitrogen (Tipping et al. 2017; Schulte-
Uebbing and de Vries 2018). These inputs are a counter to the
natural loss of nutrients in runoff and may also explain
fluctuations within what was traditionally considered a steady-
state ecosystem. Feedback cycles between increasing deposition
of carbon and nitrogen and increasing temperature may also
contribute to fertility changes (Crowther et al. 2016; Tipping
et al. 2017), which would affect all land uses, but would likely be
easiest to detect in virgin ecosystems where no other treatment
effects are present.

Irrespective of the analysis methodology, two distinct
trends in soil fertility were observed as a result of land
development and land use change. The first trend was for
clearing and burning to release a flush of nutrients which

subsequently declined over time to near, or below, pre-clearing
concentrations. The clearest display of this trend was in
mineral nitrogen and available phosphorus, with smaller
increases in TP, TS and TK. The second trend was an
ongoing decline in fertility commencing at clearing. This
was observed in OC and TN. Both of these trends reflect
predictions that clearing brigalow followed by subsequent
exploitative land use would result in declining nutrient
availability and landscape productivity (Dowling et al. 1986).

The effect of land clearing and burning on soil bulk density

Worldwide, an increase in bulk density as a result of land
development and long-term cropping or grazing is
commonplace (Dalal and Mayer 1986b; Murty et al. 2002;
Dalal et al. 2005). The primary mechanism for increase is
physical compaction by machinery and animal hoof traffic,
and the degradation of soil structure and loss of organic
matter in tilled soil. Conceptually, land use change followed
by more than 30 years of either cropping or grazing should have
increased bulk density in both the cropped and grazed
catchments of this study. Although the significance of trends
identified via regression analysis varied, all comparisons of
pre-clearing bulk density with long-term averages under
cropping and grazing showed an increase with land
development. In the same period, bulk density under
brigalow remained constant. Changes in the ratios of bulk
density between the developed catchments and the control
catchment also suggested an increase with land development.

Determining change in bulk density was confounded due to
it only being measured in seven of the 14 sampling events. In
addition to limited data, other confounding issues include
differing soil water content between samplings and the
corresponding shrinking and swelling characteristics of
Vertosols; and the ability of the chosen core diameter to
obtain representative samples, particularly in heavily cracked
dry soils, in wet soils prone to compaction or distortion and in
soils prone to shattering (Berndt and Coughlan 1977; Coughlan
et al. 1987; Al-Shammary et al. 2018).

Coughlan et al. (1987) stress the influence of soil water
content on bulk density and note that the swelling of Vertosols
with increasing soil water and the resultant reduction in bulk
density complicates the comparison of measurements over
time. On two occasions soil water was measured within
two weeks of a soil sampling event that had measured bulk
density. In both instances, soil water under cropping and
grazing was substantially greater than under brigalow.
However, despite likely reductions in observed bulk density
due to increased soil water storage, bulk densities of the
agricultural catchments continued to be similar or higher
than that of the brigalow catchment. This provides
additional evidence that an increase in bulk density has
occurred with land development and long-term cropping or
grazing. Other than variations in soil water content, the
primary limitation to measuring bulk density in this study is
likely to be sampling error associated with loss of sample and
inaccurate core trimming in friable soils or due to shattering of
dry soil during coring.
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The effect of land clearing and burning on soil pH

Globally, the burning of forests as a result of land use change
and the burning of crop residues in agricultural systems both
result in increased soil pH (Ellis and Graley 1983; Roder et al.
1993; Guinto et al. 2001; Herpin et al. 2002; Fraser and Scott
2011). The mechanism of this increase has been attributed to
the deposition of ash which releases basic cations (Raison
1979; Guinto et al. 2001; Castelli and Lazzari 2002; Herpin
et al. 2002). Upon wetting, these cations hydrolyse to form
alkaline residues which convert to hydroxides or carbonates
(Fraser and Scott 2011). Increases in soil pH as a result of
burning have been shown to persist for decades (Herpin et al.
2002; Fraser and Scott 2011).

The increases in soil pH as a result of clearing and burning
brigalow scrub in this study, the mechanism of increase and the
persistence of increased pH, clearly follow typical global
responses. For example, Hunter and Cowie (1989) attributed
the initial increase in soil pH at this site to soil heating and the
release of basic cations as a result of organic matter
combustion. Alkaline salts were then likely leached from
strongly alkaline ash deposits, which had an average pH of
12.5 (Hunter and Cowie 1989), further raising soil pH. Thirty-
two years after burning, soil pH in both agricultural
catchments was greater than it was pre-clearing.

The effect of raised soil pH on nutrient availability

Changes in soil pH can have implications for nutrient
availability. The preferred range of soil pH(w) for plant
growth is 6 (slightly acid) to 8 (slightly or mildly alkaline),
with nutrient availability optimised in the range 6–7 (Rayment
and Lyons 2011). For example, maximum phosphorus
availability is considered to occur near pH 6.5 (Penn and
Camberato 2019). Pre-clearing, soil pH(w) in C1 and C2 was
classified as neutral, while C3 was classified as slightly or
mildly alkaline (Bruce and Rayment 1982; Rayment and
Lyons 2011). As such, the pH of the surface soil in its pre-
cleared state is unlikely to limit nutrient availability. The
increases in soil pH as a result of clearing and burning at
this site were not great enough to raise the soil pH
classifications of the catchments, with C2 remaining neutral
and C3 remaining slightly or mildly alkaline; both still within
the preferred range for plant growth. Despite being above the
optimum range for nutrient availability, average soil pH(w) in
C2 and C3 post-clearing and burning was below the threshold
of 7.9 where plant availability of nutrients such as phosphorus
may be restricted (Rayment and Lyons 2011).

About 36% of Queensland soils have a neutral or alkaline
surface pH. Within the Brigalow Belt bioregion these neutral
or alkaline soils are dominated by Black and Grey Vertosols
(Ahern et al. 1994). The Vertosols of the BCS are
representative of these soils, with average soil pH(w) values
within the range reported for other Vertosols developed for
cropping and grazing within the bioregion (Dalal and Mayer
1986b; Allen et al. 2016).The limited field data in the literature
suggest that the pH of these well-buffered Vertosols (Ahern
et al. 1994; Page et al. 2018) is not easily changed, much less
raised to a level likely to limit plant growth. For example,
additions of gypsum to a moderately alkaline Vertosol had no

significant effect on pH (Hulugalle et al. 2010). Similarly, the
addition of biochar, a product of organic matter combustion, to
a neutral Vertosol had no significant effect on pH or crop
productivity (Macdonald et al. 2014). Land use change was
reported to increase soil pH(w) and limit nutrient availability
for plant growth on a grazed Vertosol (Sangha et al. 2005).
However, the natural variability in soil pH(w) reported for the
three catchments in this study before clearing and burning
equalled many of the increases in soil pH(w) that Sangha et al.
(2005) attributed to land use change. This suggests that Sangha
et al. (2005) found limited evidence of pH increase and
resultant decline in nutrient availability.

Additionally, declines in available nutrients have been
reported in the neutral or alkaline Vertosols of the Brigalow
Belt bioregion in the absence of soil pH change. For example,
significant declines in available phosphorus were observed over
seven years of cropping with no significant change in pH
(Standley et al. 1990). Similarly, significant declines in
available phosphorus occurred in this study during a nine-
year period with no significant change in soil pH. Over the
entire experimental period, there was no significant correlation
of soil pH(w) with P(B) and P(A) under cropping or grazing.
Subsoil acidity, and to a lesser extent alkalinity (Dang et al.
2006a, 2006b, 2008; Page et al. 2018), is a much greater
concern to agricultural production on the neutral or alkaline
Vertosols of the Brigalow Belt bioregion than any unlikely
reduction in nutrient availability as a result of fire-induced
increases in surface soil pH.

The effect of land clearing and burning on soil fertility

Increases in mineral nitrogen, TP, available phosphorus, TS
and TK as a result of burning vegetation on the soil surface, as
observed in this study, are well documented in both the
Australian and international literature (Ellis and Graley
1983; Kyuma et al. 1985; Carreira and Niell 1995; Castelli
and Lazzari 2002; Brennan et al. 2004; Fraser and Scott 2011;
Butler et al. 2017; MacDermott et al. 2017). The increase has
been attributed to nutrient release from plant material and
deposition in ash, and is often referred to as the ash bed effect
(Raison 1979; Kyuma et al. 1985; Roder et al. 1993; Castelli
and Lazzari 2002; Herpin et al. 2002; May and Attiwill 2003;
Cowie et al. 2007). These increases are typically restricted to
the surface few centimetres of the soil profile and often persist
for only one to two years (Raison 1979; Ellis and Graley 1983;
Kyuma et al. 1985; Castelli and Lazzari 2002).

Decreases in soil OC and TN as a result of burning are also
well documented in Australian and international literature
(May and Attiwill 2003; Oyedeji et al. 2016). However,
some studies, including a meta-analysis, have shown no
change in TN as a result of burning (Guinto et al. 2001;
Wan et al. 2001). Initial soil nitrogen level, soil clay content
and fire intensity can account for these contrasting
observations. Firstly, low-fertility soils may have already
lost their most fire-susceptible nitrogen fractions. Secondly,
clay particles within soil assist in physically protecting organic
matter from the effects of fire, therefore soils with varying clay
content are likely to display different responses to burning
(Guinto et al. 2001). Finally, low-intensity fires have been
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shown to increase TN whereas high-intensity fires decrease TN
(Raison 1979). The fire intensity resulting from the burning of
pulled brigalow scrub would be similar to that of slash fires and
wildfires, providing intense heat for long periods (Johnson
1964). The loss of TN with burning observed in this study is
consistent with that recorded from other sites subjected to
high-intensity fires (Raison 1979).

The effect of land use change on soil OC

The decline in OC when brigalow scrub was developed for
cropping supports the earlier findings of Radford et al. (2007)
at this site, and mirrors the response of other pre-clearing
Australian and international landscapes developed for, and
managed as, long-term cropping (Murty et al. 2002; Collard
and Zammit 2006). The decline is typically restricted to the
surface soil layers no deeper than 1 m (Dalal et al. 2005). The
mechanism is usually attributed to the removal of nutrients
in harvested grain, reduced carbon inputs and the impacts
of tillage on soil structure, chemical and biological processes
including shattering, redistribution, oxidation and decomposition
(Murty et al. 2002).

The finding of no significant change in observed OC when
brigalow scrub was developed for grazing is in agreement with
the findings of other studies conducted at this site (Radford
et al. 2007; Dalal et al. 2011, 2013). The international review
of Murty et al. (2002) concluded that on average, the
conversion of forest to uncultivated grazing does not lead to
a loss of OC; however, this does not hold for all specific sites.
Within Australia, Harms et al. (2005) reported OC losses from
coarse-textured soils such as Kandosols as a result of changing
land use from native vegetation to grazing, but found no
change in Sodosols and Vertosols, which reflect the soil
types of this study. However, although no decline in OC
was observed after clearing brigalow followed by grazing
for 31 years, a significant decline was evident during the
first 17 years of grazing – the period of continuous stocking
before irregular spelling. When the observed OC data were
adjusted for the natural variation in soil fertility in the control
catchment, a statistically significant decline in the OC ratios
between the catchments was found for the entire study period.
These alternative approaches suggest that a decline in OC has
occurred.

Change in OC cycling under grazing at this site is apparent
in the observation that OC derived from the original brigalow
vegetation comprised only 58% of measured OC while buffel
grass-derived OC contributed the remaining 42% (Dalal et al.
2011). Without this replacement of carbon by buffel grass, a
greater decline in total OC would have occurred. For example,
declines in soil OC have been found at sites with low inputs of
root biomass (Li et al. 2018), which is expected given that root
biomass is the main source of carbon input to soil OC (Rasse
et al. 2005). Indeed, long-term bare fallow sites with nil inputs
of organic matter have been found to lose between 21% and
65% of initial soil OC over 36 and 80 years respectively (Barré
et al. 2010). This may explain the observed increase in OC
after the commencement of irregular spelling in 1996,
undertaken specifically for the purpose of allowing
regeneration of the buffel grass pasture. If grazing

management over the 32 years since development had
resulted in continual overgrazing, it is likely that the ability
of the buffel grass pasture to sequester carbon and buffer
fertility decline would have been reduced or negated (Conant
and Paustian 2002).

Buffel grass growth is also highly responsive to seasonal
rainfall trends, hence variation in the observed OC data could
indicate changes in carbon inputs and nutrient redistribution
within a steady-state ecosystem, as hypothesised could occur
under brigalow scrub. The literature also shows that there is
potential for increased OC sequestration with low precipitation
and decreased sequestration with high precipitation. McSherry
and Ritchie (2013) attribute this to greater, more active
microbial biomass carbon and more labile organic matter pools
in wetter environments, which may increase carbon turnover
under grazing. This suggests that carbon sequestration at the
study site is likely to vary temporally due to the variable
semiarid climate, further explaining fluctuations in observed OC.

The effect of land use change on soil TN

As for OC, the decline in TN when brigalow scrub was
developed for cropping supports the earlier findings of
Radford et al. (2007) at this site. Significant loss of TN
following the conversion of forest to cropping or
multiple years of cultivated cropping alone was also found in
other long-term studies (Dalal and Mayer 1986b; Dalal et al.
2005; Anaya and Huber-Sannwald 2015) and international
reviews (Murty et al. 2002). Removal of nitrogen in grain
has been identified as the primary mechanism of TN loss
(Dalal and Mayer 1986a; Dalal et al. 2005) and was shown
by Radford et al. (2007) to account for 39% of the TN lost from
the surface 0.3 m of the soil profile at this site from 1981 to
2003. In agreement with these findings, regression analysis
showed nitrogen removed from the cropped catchment as grain
accounted for 54% of the variation in TN from 1981 to 2014.
On a kg/ha basis, nitrogen removed from the catchment in
grain accounted for 80% of the TN lost from the surface 0.1 m
of the soil profile before planting of the legume ley pasture.
In contrast, the equivalent of 8% of soil TN decline was lost
in runoff (Elledge and Thornton 2017).

The increase in TN from 2008 to 2014 may be attributed to
nitrogen fixation by the butterfly pea legume ley pasture
planted in 2010. The ley pasture was planted in order to
arrest the declining TN that was limiting the productivity of
dryland farming in the catchment (Radford et al. 2007; Huth
et al. 2010). The ability of butterfly pea to increase TN in a
grazed ley pasture system is well documented in central
Queensland (Collins and Grundy 2005). However, despite
the addition of legumes into the cropping system, modelling
suggests that fertility decline will continue (Huth et al. 2010).

With no pasture legumes to maintain fertility, developing
brigalow scrub for grazing resulted in ongoing TN decline
from 1981 to 2014. This supports the findings of Dalal et al.
(2013), who found significant decline in TN at this site
23 years after clearing brigalow scrub for grazing.
However, both of these studies contrast with the findings of
Radford et al. (2007). This is likely due to differences in
sampling strategies, analytical methods and the specific

160 Soil Research C.M. Thornton and K. Shrestha



comparisons made. This current study reports the longest
period of record, used the most intensive sampling strategy,
consistent analytical methodology and compared each
catchment to its starting soil fertility, and so should be
considered the most robust. Globally, the conversion of
forest to uncultivated grazing generally does not lead to a
loss of TN; however, this does not hold for all specific sites
(Murty et al. 2002). This is reflected in the contrasting
conclusions of Australian studies. For example, a single
paired-site study by Dalal et al. (2005) found a decrease in
TN when mulga forest was developed for grazed pasture, with
the majority of loss occurring from the surface 0.1 m of the
soil profile. Removal of TN in beef accounted for less than
half of this loss, with additional potential losses via deep
drainage. In contrast, Harms et al. (2005) found no
significant loss of TN across multiple paired-sites
encompassing the same soil and vegetation. Similar to Dalal
et al. (2005), Pringle et al. (2016) found a 19% decline in TN
where fire had been used to clear native vegetation for
grazing across 11 locations in the Brigalow Belt bioregion.
The similarity of the 11 locations with the monitoring sites
of the BCS is undisputable, extending to having been
historically subjected to the same land use change and
similar subsequent management regime (Allen et al. 2016).
This clearly demonstrates that the decline in TN observed
when brigalow scrub was developed for grazing in this study
is representative of decline processes under grazing in the
wider Brigalow Belt bioregion. It is also likely representative
of fertility decline across most of the extensively grazed
landscapes of northern Australia, which can halve the
productive capacity of the pasture (Peck et al. 2011). The
incorporation of legumes, particularly leucaena, into grazing
systems within the Brigalow Belt bioregion has been shown
to increase both soil fertility and enterprise profitability
(Bowen and Chudleigh 2017). However, broad-scale
adoption within the grazing industry is still evolving
(Burgis 2016).

In this study there was no significant correlation between
the decline in TN and the amount of nitrogen removed in beef.
However, removal of nitrogen in beef accounted for 32% of
the TN lost from the surface 0.1 m of the soil profile. This is
comparable to the equivalent of 25% of soil TN decline lost in
runoff (Elledge and Thornton 2017). Losses of nitrogen
through volatilisation from urine and faeces was estimated
to remove 71 kg/ha of nitrogen, equivalent to 49% of TN loss.
Annual buffel grass yields have been shown to be in the order
of 3000 kg/ha (Myers and Robbins 1991). Previous work at
this site has shown the standing aboveground biomass of buffel
grass was 4601 kg/ha and contained the equivalent of 27.6 kg/
ha of nitrogen, equivalent to 19% of TN loss (Thornton and
Elledge 2013). Annual root growth biomass estimations at
this site are similar to aboveground biomass (Dalal et al. 2013)
and are likely to have similar nitrogen contents (Robertson
et al. 1993), potentially accounting for a similar proportion of
TN loss. The work of Graham et al. (1985), on similar
vegetation and soil associations elsewhere within the
Fitzroy Basin, suggests that this is likely an underestimation
having measured 207 kg/ha of nitrogen in buffel grass roots to
0.3 m. The combination of annual aboveground and

belowground plant growth and litter deposition over
32 years likely accounts for the majority of TN decline and
immobilisation in plant biomass under grazing although
substantial losses occur via removal in beef, volatilisation
and runoff.

The effect of land use change on soil mineral nitrogen

The immediate, short-term increase in NH4-N post-burning
in C2 and C3, followed by a delayed and longer-lived increase
in NO3-N, clearly demonstrates the generalised pattern of
available nitrogen response to fire, as documented in the
meta-analyses of Boerner et al. (2009) and Wan et al.
(2001). The mechanism of increase is attributed to NH4-N
liberation from organic matter followed by its nitrification to
NO3-N. This is supported by previous work at this site
attributing many of the changes in soil chemistry after
burning to the effects of soil heating (Hunter and Cowie
1989). Subsequent declines over time were attributed to
runoff losses, plant uptake and microbial immobilisation
(Hunter and Cowie 1989).

The extended period of elevated NO3-N under cropping is
likely to reflect the stimulating influence of fallow tillage on
nitrogen mineralisation as described by Dalal and Mayer
(1986b). This is supported by the observed decline in
mineral nitrogen around 15 years post-burning that
corresponds to a change in cropping management practices
to minimum tillage and opportunity cropping. These practices
reduce tillage and shorten fallows, leading to reduced
mineralisation combined with increased nitrogen uptake due
to increased cropping frequency. Declining TN is also likely to
result in declining mineral nitrogen under continuous cropping.
This is demonstrated elsewhere within the Dawson
subcatchment of the Fitzroy Basin where mineral nitrogen
levels of Vertosols after more than 30 years of cropping
were 82% lower than adjacent Vertosols still supporting
native brigalow scrub (Shrestha et al. 2015).

The rapid decline of NO3-N in C3 is likely due to uptake by
the newly planted buffel grass pasture. Similar pastures in
central Queensland have been shown to be highly productive
in the first two years after planting due to high levels of
available nitrogen, with productivity declining over time as
available nitrogen declines and nitrogen immobilisation occurs
(Myers and Robbins 1991). Decline and immobilisation in the
grazed catchment at this site is demonstrated after the first two
to three years in the ongoing low concentrations and minimal
fluctuation of TN and mineral nitrogen compared with that
under cropping and brigalow. It is further demonstrated by the
decline in pasture productivity and cattle liveweight gain over
time at this site as described by Radford et al. (2007).

The effect of land use change on soil TP

Although the enrichment of surface soil with phosphorus as a
result of burning was clear, in the absence of fertilisation,
phosphorus depletion commenced immediately. Within
four years, TP was depleted to near or below pre-clearing
concentrations. Removal of phosphorus in grain was
equivalent to 95% of TP lost under cropping; however,
removal of phosphorus in beef was only equivalent to 22%
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of the loss of TP under grazing. Removal of TP in runoff was
equivalent to 12% of the total decline under cropping and 11%
of the total decline under grazing (Elledge and Thornton
2017). Extraction of phosphorus from the soil profile below
0.1 m is clearly occurring under cropping given that TP
removal in grain and runoff exceeded the measured TP
decline in the top 0.1 m of the soil profile.

Other Queensland and international studies have also
reported declines in TP under cropping (Bowman et al.
1990; Standley et al. 1990; Zhang et al. 2006; Song et al.
2011; Wang et al. 2012). Typically, the decline could be
almost entirely accounted for in crop removal (Dalal 1997).
However, changes in TP under grazing are typically less
pronounced and the mechanism for change less obvious.
Erosion and leaching losses are acknowledged to play some
role in TP decline under grazing, but they are unlikely to be a
key decline mechanism, particularly in flat landscapes with high
clay content soils such as Vertosols (Townsend et al. 2002).
Internationally, the removal of phosphorus in beef was poorly
correlated with TP decline and hence was unlikely to be a key
decline mechanism (McGrath et al. 2001; Townsend et al.
2002). These observations led Townsend et al. (2002) to
conclude that the bulk of TP decline must be occurring by
other mechanisms.

Previous work has shown the aboveground biomass of
buffel grass in the grazed catchment contained the
equivalent of 5.8 kg/ha of phosphorus (Thornton and
Elledge 2013). Assuming the soil contribution to
phosphorus in aboveground biomass is equal to one-third of
the phosphorus content of the biomass grown each season, this
transfer over 32 years is equivalent to the amount of TP
removed from the soil. The cycling of phosphorus from
soil to plant to animal waste is also likely to account for
some of the phosphorus lost, given that phosphorus in dung
can exceed that contained within both the aboveground plant
and litter biomass (Dubeux et al. 2007), and its deposition on
the soil surface increases its susceptibility to loss in runoff
(McGrath et al. 2001). The key mechanisms of decline in TP
under grazing in this study is likely to be redistribution into
plant biomass and litter with additional smaller losses through
runoff and removal in beef.

The effect of land use change on soil available phosphorus

Similar to TP, the enrichment of surface soil with available
phosphorus as a result of burning was clear; and in the absence
of fertilisation, depletion commenced immediately. Under
cropping, P(B) was still above pre-clearing concentrations
at 32 years post-burning while P(A) had declined below
pre-clearing concentrations. Under grazing, both P(A) and P
(B) declined below pre-clearing concentrations within 14 years
post-burning.

Other long-term Queensland studies conducted at
Chinchilla and Mt. Murchison on Vertosols that originally
supported brigalow vegetation associations, also found
declines in available phosphorus as a result of cropping
(Thomas et al. 1990; Dalal 1997). The declines were
attributed to removal of phosphorus in grain, transformation
within soil, and runoff and erosion processes. However, at Mt.

Murchison, it was noted that phosphorus removal by the crop
and stubble could not be accounted for simply in terms of P(A)
and P(B) (Thomas et al. 1990). Greater retention of P(B) in
treatments with higher soil biomass and the replacement of
depleted P(B) with phosphorus from other pools (Standley
et al. 1990) further indicates that land use change alters the
speciation and cycling of phosphorus in soil. Similar declines
in available phosphorus are noted internationally (Nancy
Mungai et al. 2011; Song et al. 2011). They are also
attributed to cultivation and erosion-induced declines in soil
structure leading to reductions in soil organic matter, promoting
microbial cycling of available phosphorus (Zhang et al. 2006).
Harvest losses were also noted as a decline mechanism. In this
study, phosphorus removal in grainwas better correlated with TP
than with either measure of available phosphorus. Because TP
accounts for losses from the organic pool, this suggests that both
the inorganic and organic phosphorus pools are depleted by grain
removal. The key mechanism of decline in available phosphorus
under cropping in this study is likely to be removal in grain
combined with cycling into other phosphorus pools.

The levels of phosphorus enrichment and decline following
land use change for grazing in this study exceed that reported
by Sangha et al. (2005) for grazing systems developed on
similar vegetation and soil associations elsewhere within the
Fitzroy Basin. Their study found no difference in P(B) under
uncleared brigalow compared with sites cleared for grazing
five, 12 and 33 years previously. This lack of difference in P
(B) is likely due to the space-for-time paired site approach,
which fails to guarantee the same starting condition for each
pair; the impacts of grazing on the uncleared control plots; and
the P(B) levels of their uncleared control being only 56% of the
BCS brigalow scrub control in this study.

Internationally, changing landuse fromvirgin forest tograzing
has also resulted in an initial flush of available phosphorus
followed by a decline (McGrath et al. 2001; Townsend et al.
2002). Pasture growth and aboveground biomass accounted for
some of the decline; however, beef production was poorly
correlated. While removal of phosphorus in beef showed no
correlation with TP in this study, it explained 97% of the
decline in P(A) and 75% of the decline in P(B). This suggests
that any loss of phosphorus from the organic pool is likely being
replaced from the inorganic pool (Garcia-Montiel et al. 2000;
McGrathetal. 2001;Townsendetal. 2002;Fonteetal. 2014).The
key mechanism of decline in available phosphorus under
grazing in this study is likely to be removal in beef
combined with cycling into other phosphorus pools.
Additional losses are likely through the cycling of
phosphorus from soil to plant to animal waste with smaller
losses in runoff.

The effect of land use change on soil TS

As for phosphorus, surface soil was enriched with sulfur as a
result of burning and, in the absence of fertilisation, depletion
commenced immediately. Other studies, both in the Brigalow
Belt bioregion and internationally, attribute sulfur decline
under cropping to mineralisation associated with cultivation
(Dalal and Mayer 1986b; Wang et al. 2006; Kopittke et al.
2016). Decline under grazing has also been attributed to
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accelerated mineralisation with additional declines as a result
of reduced inputs of plant residues, particularly in arid, low-
fertility landscapes, and losses in runoff and leaching (Steffens
et al. 2008; Wiesmeier et al. 2009).

Sulfur is a constituent of organic matter and has similar
responses under agriculture as nitrogen (Williams 1962;
Kopittke et al. 2016). The rapid decline in sulfur within
two years of burning mirrors that of total and mineral
nitrogen, suggesting its removal from soil by actively
growing crops and pasture in response to the ash bed effect.
Leaching losses are also likely during this time given deep
drainage through the soil profile increased from <1 mm/year
pre-clearing to 59 mm/year under development for cropping
and 32 mm/year under development for grazing (Silburn et al.
2009). Some ongoing loss of easily leached sulfur fractions
may have occurred under cropping where deep drainage
averaged 19.8 mm/year; however, leaching losses under
grazing are unlikely with deep drainage returning to near
pre-clearing rates of <1 mm/year.

Although some of the continued sulfur decline under
cropping can certainly be attributed to mineralisation
associated with tillage, estimates of grain sulfur content
combined with measured yield data indicate that 63% of the
lost sulfur can be accounted for in crop removal. In contrast,
estimates of the sulfur content of beef combined with
measured liveweight gain data indicate that only 5% of the
lost sulfur can be accounted for in beef removal. This is
supported by the observed sulfur data showing continued
decline under cropping but little change under grazing after
the initial decline in the ash bed effect. Thus, removal of sulfur
in agricultural products is a major pathway under cropping but
is negligible under grazing.

The effect of land use change on soil TK

As for phosphorus and sulfur, surface soil was enriched with
potassium as a result of burning, and in the absence of
fertilisation, depletion commenced immediately. Both
cropping and grazing land uses lost similar amounts of
potassium over the 32 years post-burning. Potassium decline
has been noted in cropping systems worldwide, particularly
where crop residue removal was practiced in addition to grain
removal (Chen et al. 2006; Karlen et al. 2013; Rezapour et al.
2013). Decline has also been noted under grazing systems,
typically with erosion as the primary loss mechanism, while
reafforestation of grazing lands has been shown to increase
surface soil potassium (Sangha et al. 2005; Liu et al. 2010;
Huth et al. 2012; Cheng et al. 2016).

Although some potassium is removed in grain, potassium in
crop residues greatly exceeds that removed in grain (Chen
et al. 2006). This implies that removal of potassium in beef is
greatly exceeded by the potassium retained in pasture and
litter. Despite similar percentage declines in potassium under
both cropping and grazing, potassium removal in grain
accounted for 39% of the total decline under cropping
while removal in beef accounted for only 1% of the decline
under grazing. This suggests that removal of potassium in
agricultural produce is not the primary loss mechanism.

Potassium is relatively immobile in soil and prone to
surface stratification, but can be leached slowly and lost in
runoff (Drew and Saker 1980; Bertol et al. 2007). The return of
crop residues and buffel grass litter to the soil surface promotes
stratification in both the cropping and grazing systems of this
study, leaving nutrients vulnerable to loss in runoff. Given that
changing land use from brigalow scrub to cropping or grazing
doubled runoff (Thornton et al. 2007), and similar potassium
losses were found under both cropping and grazing, it is likely
that loss in runoff is the primary loss mechanism at this site.
Loss in runoff as a primary loss mechanism is supported by
earlier analyses of study data and has been noted as a loss
mechanism internationally (Hunter and Cowie 1989; Kayser
and Isselstein 2005). Drainage is unlikely to be a primary loss
mechanism given drainage under the two systems is two orders
of magnitude apart and does not reflect the similar potassium
losses from the surface soil of each system.

Natural fluctuations in soil exchangeable potassium

According to the criteria of Bruce and Rayment (1982),
average exchangeable potassium concentrations in the
catchments pre-clearing were medium. Fluctuations in
exchangeable potassium concentrations in C1 are likely due
to feedback mechanisms between variable climate cycles and
biological processes, including uptake, recycling, maintenance
of soil potassium pool equilibrium and the respective lags of
each process. Comparison of exchangeable potassium
concentrations with a five-year moving average of annual
rainfall (Thornton et al. 2007) shows a general trend of
lower exchangeable potassium in above-average rainfall
periods and higher exchangeable potassium in below-
average rainfall periods. Increased plant growth during wet
periods could result in greater exchangeable potassium uptake
than in dry periods, resulting in lower measured soil
exchangeable potassium. This process is responsible for the
low-rainfall and drought-induced accumulation of NO3

(Liebig et al. 2014; Chen et al. 2015; Segoli et al. 2015)
and is a likely driver of exchangeable potassium dynamics in
this study. Increased return of potassium to the soil surface as a
result of leaf drop (Tripler et al. 2006) in subsequent dry
periods, combined with the requirement of the soil potassium
pools to remain in equilibrium (Moody and Bell 2006), could
then result in higher measured soil exchangeable potassium.
Fluctuations in exchangeable potassium concentrations have
been noted in other long-term studies of native forest, which
concluded that the changes are real, informative of natural
processes and should not be treated simply as statistical noise
(Johnson et al. 2008).

The effect of land use change on soil exchangeable
potassium

Post-burning, exchangeable potassium concentrations in C2
and C3 increased from medium to high. This increase may be
attributed to soil biomass breakdown due to heating (Hunter
and Cowie 1989), to exfoliation of mica from disturbed
regolith (CSIRO 2006) or illite clay minerals in the soil
profile exposing potassium in formerly contracted
interlayers and to removal of organic coatings (Scott and
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Smith 1968; Smith and Scott 1974; Sharpley and Smith 1988).
In the absence of fertilisation, depletion commenced
immediately, similar to the behaviour of available phosphorus.
After 32 years of cropping or grazing, the concentrations of
exchangeable potassium that had increased from medium to
high with burning, declined to low.

Declines in exchangeable potassium over time under
cropping have been reported both elsewhere in Australia and
internationally, and are typically attributed to plant uptake
followed by removal in harvested grain and stubble (Cope
1981; Sharpley and Smith 1988; Bell et al. 1995;
Litvinovich et al. 2006; Curtin et al. 2015). Declines in
exchangeable potassium over time under grazing have also
been reported both elsewhere in Australia and
internationally, with the primary loss occurring during
potassium cycling, particularly from urine patches, which
account for ~80% of the potassium cycled through the
animal (Cox 1973; Williams and Haynes 1990; Haynes and
Williams 1992; Prober et al. 2002; Kayser and Isselstein 2005;
Sangha et al. 2005). Preferential flow of water-soluble urine
potassium, which is deposited in concentrated patches, to
beneath 0.1 m of the soil profile may also account for
some of the measured decline in exchangeable potassium
(Kayser and Isselstein 2005). Leaching of exchangeable
potassium, particularly urine potassium, is often cited as a
loss mechanism (Kayser and Isselstein 2005). However, as
for TK, the similar decline in exchangeable potassium under
both cropping and grazing at this site, despite the drainage under
the two systems being two orders of magnitude apart, indicate
that drainage is unlikely to be a primary loss mechanism. In
addition, the feedback mechanisms between variable climate
cycles and biological processes that drive exchangeable
potassium fluctuations in native forests will also influence
dynamics in agricultural systems. This will occur in parallel
to loss via removal in agricultural products and loss from
cycling pathways specific to either cropping or grazing.

Conclusion

Development of brigalow scrub for cropping or grazing
significantly altered soil nutrient balances. Initial clearing
and burning resulted in a temporary increase, or flush, of
mineral nitrogen, total and available phosphorus, total
potassium and total sulfur in the surface soil (0–0.1 m) as a
result of soil heating and the ash bed effect. Bulk density was
consistently higher post-clearing and burning than it was pre-
clearing. Soil pH also increased, but did not peak immediately
after burning. Increases in soil pHwere unlikely to limit nutrient
availability and plant growth.

Over the 32 years since changing land use from brigalow
scrub to cropping, surface soil fertility has declined
significantly. Specifically, organic carbon has declined by
46%, total nitrogen by 55%, total phosphorus by 29%,
bicarbonate extractable phosphorus by 54%, acid extractable
phosphorus by 59%, total sulfur by 49%, total potassium by
9% and exchangeable potassium by 63% from post-burn, pre-
cropping concentrations. This decline in fertility has limited
crop yields and would have had an economic impact on a
commercial cropping enterprise. However, the planting and
maintenance of a butterfly pea legume ley pasture increased

total nitrogen by 15% within five years, consistent with other
studies in the region.Nutrient removal from the catchment as beef
following 173 days of grazing the ley pasture was substantially
less than that removed in an average crop. Beef productionwould
have provided some economic benefit to offset the foregone
cropping opportunities.

Surface soil fertility has also declined under grazing over
the same period but in a different pattern to that observed under
cropping. Organic carbon showed clear fluctuation but it was
not until the natural variation in soil fertility over time was
separated from the anthropogenic effects of land use change
that a significant decline was observed. Total nitrogen declined
by 22% and in the absence of a legume in the pasture, no
fertility restoration occurred. Total phosphorus declined by
14%, equating to only half of the decline under cropping.
Bicarbonate extractable phosphorus declined by 64% and acid
extractable phosphorus declined by 66%; both greater than
the decline observed under cropping, possibly due to
immobilisation as organic phosphorus. Total sulfur declined
by 23%; less than half of the decline under cropping. A similar
decline in total potassium was observed under both land uses,
with a 10% decline under grazing. Exchangeable potassium
declined by 59%. As for cropping, this fertility decline has
limited pasture production and hence beef production. Despite
these production limitations, the grazing system is
representative of much of the extensive grazing undertaken
in northern Australia. The incorporation of legumes into
grazing systems within the Brigalow Belt bioregion has
been shown to increase both soil fertility and enterprise
profitability; however, broad-scale adoption within the
grazing industry is still evolving.

The primary mechanism of nutrient loss depended on the
land use and nutrient in question but included removal in grain
and beef, mineralisation and oxidation, redistribution and
stratification within the soil profile and nutrient pools due to
plant growth and litter recycling, uptake and storage in above
ground biomass, and loss in runoff and leaching. The addition
of legumes into both the cropping and grazing systems would
assist in fertility restoration; however, particularly in the case
of cropping, may not enable continued production without
fertility decline. In contrast to the fertility decline of the
agricultural land uses, surface soil fertility of the brigalow
scrub remained in relative equilibrium.
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