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Abstract

Context. New Acland coal mine in south-eastern Queensland is seeking to rehabilitate mined land to pastures that are
safe, stable and sustainable for beef production. Little is known of the productivity and sustainability of grazing
previously mined land in the Darling Downs study region. Additionally, information is required to specify management
guidelines for sustainable grazing of regional land types retired from cultivation.

Aims. Identify pasture growth characteristics, rainfall use efficiencies and long-term carrying capacities of
subtropical sown pastures established on lands rehabilitated after open-cut coal mining in comparison to sown
pastures established on un-mined but previously cultivated lands.

Methods. Pasture growth and quality (% nitrogen) were observed using the Swiftsynd methodology in ungrazed
exclosures with three sites on rehabilitated lands of the Acland Grazing Trial over a 5-year period (2014-2018), and 13 sites
on unmined lands over periods of 2—5 years providing data for modelling pasture growth.

Key results. Peak pasture yield (TSDM for autumn harvests) averaged for 2017 and 2018 was greater (P < 0.1) on
rehabilitated sites than unmined Poplar Box land type sites (5957 and 2233 kg/ha respectively) but similar to Brigalow
Uplands and Mountain Coolibah land type sites (3946 and 3413 kg/ha respectively). Pasture rundown was evident, with
pasture N uptake decreasing over 5 years at some sites. Soil mineral N supply (potentially mineralisable N and mineral
N) in spring was a useful indicator of N uptake over the following growing season. Simulations using the GRASP
pasture growth model for the grazing trial period predicted rainfall use efficiencies of 12.0, 7.0, 9.1 and 4.8 kg/ha.mm
rainfall for rehabilitated sites and unmined sites on Brigalow Uplands, Mountain Coolibah and Poplar Box land types
respectively. Long-term carrying capacities based on estimates of long-term median pasture growth and 30% utilisation
were 4.39, 3.58 and 5.92 ha/adult equivalent respectively for the unmined land types, and 2.45 ha/adult equivalent for
the rehabilitated lands.

Conclusions. Rehabilitated land can be as productive as unmined but previously cultivated land.

Implications. Grazing management plans for sustainable management of mined and unmined lands can be developed
using data from the present study. The plans will assist with the transition of rehabilitated lands to commercial
agriculture.
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Introduction

A key principle for ensuring that grazing lands are managed
sustainably is to set stocking rates so that they are responsive
to seasonal conditions and management requirements but also
match long-term carrying capacity (LTCC) when averaged
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over periods of 20-30 years or more (Johnston ez al. 1996; Hall
et al. 1998; Hunt 2008; McKeon et al. 2009; O’Reagain et al.
2014; Walsh and Cowley 2016). Carrying capacity is defined
as ‘the number of stock that can be sustainably carried in a
paddock or on a property over a defined period of time’
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(Alexander et al. 2018, p. 135) and, thus, LTCC is the average
number of animals a paddock can be expected to safely support
over a planning horizon of 20-30 years, without any decline in
land condition. Consequently, on novel grazing land (Hobbs
et al. 2006; Buisson et al. 2019), there is some uncertainty in
calculating LTCC because pastures have only existed for a
short period of time and there is a period of transience until
stability is achieved. Determining LTCC requires knowledge
of the average annual growth of pastures and their safe annual
utilisation rates by herbivores (Ash et al. 2002; Chilcott et al.
2005; Hunt 2008; McKeon et al. 2009). These factors will vary
by land type, land condition and local climatic conditions.

The combination of field data collection using the
Swiftsynd process (Day and Philp 1997; Day et al. 1997)
with modelling and long-term simulation (McKeon et al.
2010) for determining LTCCs is a well documented
process. Seasonal pasture growth is measured in relation to
soil type, fertility, depth, moisture holding characteristics and
daily rainfall, for a minimum of 1 year. Data are used to
calibrate the GRASP pasture growth model (McKeon et al.
2000, 2010; Clewett et al. 2021) for a land type and climate
location, and the model is then run using long-term historical
weather data to generate average annual pasture growth,
rainfall use efficiencies (RUE) and safe utilisation rates
necessary for calculating LTCC.

Land disturbed by mining activities in Australia is legally
required to be suitably rehabilitated (Queensland Government
2014; Butler and Anderson 2018). The New Acland coal mine
in south-eastern Queensland is undertaking a program to
rehabilitate its mined land to support pastures for grazing
(SKM 2013). Previously mined and rehabilitated land is
usually different in structure and profile from the original
pre-mined soil. These Anthroposols and some land types of
the Darling Downs lacked supporting data to enable the
calculation of LTCC, and thus, lacked a mechanism for
setting stocking rates for sustainable grazing.

The open-cut coal mining process at Acland continuously
moves forward by sequentially removing soil and the
sandstone and mudstone overburden (mine spoil) from new
sections of the mine to a depth of some 60 m. The argillaceous
mine spoil is used to progressively refill older sections of the
mine which are then top dressed with freshly removed top soil
to a depth of ~45 cm. Newly formed sections are rehabilitated
by progressively sowing a mix of tropical pasture species
to establish pastures, constructing fences, supplying water
and, subsequently, grazing the land for beef production.
Rehabilitation of the land in this way is known and referred
to by industry and the community as either rehab land or rehab
pasture.

The research reported here is integral to the Acland Grazing
Trial (Bennett et al. 2021; Clewett et al. 2021; Melland et al.
2021) established in 2013. The aim was to assess the
sustainability and economic viability of beef cattle
production from lands that were rehabilitated after open-cut
coal mining, compared with surrounding unmined lands
(Newsome ef al. 2014). The trial was established on
undulating Brigalow lands that were mainly used for
dairying, beef and crops before open-cut coal mining began
in 2002. These lands were developed for agriculture and
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underground coal mining in the 1920s. Native pastures of
the region originally consisted of the preferred species
kangaroo grass (Themeda triandra), Queensland bluegrass
(Dichanthium  sericeum), common wheatgrass (Elymus
scaber) and wallaby grasses (Austrodanthonia spp.; Silcock
and Scattini 2007), but with overgrazing became dominated by
pitted bluegrass (Bothriochloa decipiens), green couch
(Cynodon dactylon) and wiregrasses (Aristida spp.). The
mainly clay soils have been derived from sandstones or
overlying basalt flows. The mosaic of soils varied in depth
and fertility and were well suited to grazing but marginal for
cropping (McKenzie ef al. 2017). Spatial differences in pasture
productivity should be expected when these soils are used for
mine site rehabilitation.

While rehab pastures at Acland were accepted as meeting
rehabilitation standards in 2018 by the Queensland
Government (New Hope 2018), the productivity of pastures
on Anthroposols for beef production had not been previously
published. Productivity of sown rehab pastures is likely to
decline with time due to decreasing levels of nitrogen (N)
availability after disturbance (Graham et al. 1985; Robbins
et al. 1987; Myers and Robbins 1991; Peck et al. 2011).
Furthermore, while there are recommended stocking rates
for the soils and land types of the Darling Downs (Stone
et al. 1999) derived from experienced operators, there is a
dearth of information on the productivity of pastures for the
grazing lands of the Darling Downs that have been established
after a long period of cultivation for cropping (State of
Queensland 2014), with an estimated 76 000 ha of cropping
land in the Condamine catchment being retired to pastures
(Biggs 2007). Information on the productivity of these pastures
is critical for determining LTCCs of properties and paddocks
and developing grazing management plans.

The objective of the present paper is to identify the pasture
growth characteristics and LTCC of sown pastures that have
been established on rehabilitated mining lands, in comparison
to sown pastures established on un-mined but previously
cultivated lands. RUE for calculating pasture growth, and
effects of land type on estimates of long-term mean annual
pasture productivity and livestock carrying capacity are
addressed.

Materials and methods

Observations of pasture growth, quality and composition were
made using the Swiftsynd methodology (Day and Philp 1997)
at 16 sites on the Darling Downs of southern Queensland
between 2012 and 2018, with all sites sown to pastures on
lands with a history (often >50 years) of cultivation. Each
observation site was a 12 X 12 m exclosure within a paddock
grazed by cattle and clear of trees. Three sites on commercial
beef properties (Colliery Park and Roundview) were measured
for 3 years (2013-2015) and 13 sites were associated with the
Acland coal mine as follows: (1) five sites adjacent to the mine
were in paddocks used for the Acland Grazing Trial and were
measured each year for the 5-year period 2014-2018, and (2)
eight sites known as the benchmark sites (BMK) were on
unmined lands within 7 km of the mine and were measured for
2 years (2017-2018). Data from the Swiftsynd observations
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together with additional soil, pasture and cattle data associated
with the grazing trial and BMK sites (Bennett et al. 2021;
Melland et al. 2021) were then used to calibrate the GRASP
model (McKeon et al. 2010; Clewett et al. 2021), assess the
effects of climate and derive estimates of long-term (60-year)
mean annual pasture growth, RUE and LTCC.

Swiftsynd pasture observation sites

The Swiftsynd pasture observation sites located within the
Acland Grazing Trial were in three paddocks that had been
rehabilitated after coal mining and in one paddock that had not
been mined, referred to in this paper as Control paddock. The
trial was located within the Acland Land system (Vandersee
1975) near the town of Acland in southern Queensland (-27.30
latitude, 151.69 longitude) and adjacent to the New Acland
coal mine (Fig. 1). As the open-cut mining process advanced
across the previously farmed and grazed landscape the topsoil
and underlying spoil from the leading edge of the mine were
relocated to the mine’s trailing edge to achieve a continual land
rehabilitation process of ~15 ha/year. The clay textured topsoil
derived from vertosols and chromosols was briefly stockpiled
(<6 months) and spread to an average depth of 45 cm after the
mine spoil had been levelled and ripped. Pastures were
established without fertiliser, using a mix of tropical
grasses, including Rhodes (Chloris gayana), Bisset creeping
blue (Bothriochloa insculpta cv. Bisset), green and Gatton
panic (Megathyrsus maximus, formerly named Panicum
maximum), silk sorghum (Sorghum spp. hybrid), and the
native Queensland blue grass (Dichanthium sericeum), and
legumes, including narrow-leaf vetch (Vicia sativa var.
angustifolia), medics (Medicago spp.) and lucerne
(Medicago sativa). Hexham scent (Melilotus indica) was
not sown but was naturalised in pastures.
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The rehabilitated land used for the Acland Grazing
Trial was subdivided into the following three paddocks:
Rehab 1 (22 ha), Rehab 2 (32 ha) and Rehab 3 (22 ha),
with one Swiftsynd site located within each paddock,
ensuring the site location was representative of each
paddock. The date of pasture establishment completion for
each paddock was as follows: Rehab 1 (established by 2007);
Rehab 2 (established by 2010); and Rehab 3 (established by
2012). Rehab pastures grew vigorously before first grazing in
2013 and dry-matter (DM) yields in Rehab paddocks 1 and 2
reached total standing DM yields (TSDM) of ~15000 kg/ha
following exceptionally high rainfall in 2010-2011. The
unmined control paddock (21 ha) with two Swiftsynd sites
(Control 1 and Control 2) was sown at the same time as Rehab
3, with the above pasture mix in 2012. It was cultivated in
the years up to the time of sowing and was a Brigalow Uplands
land type as described below.

The eight BMK sites on unmined lands surrounding the
mine and grazing trial were located in paddocks used for
commercial beef production by the mining company, on the
following three land types: Mountain Coolibah, Brigalow
Uplands and Poplar Box (State of Queensland 2019). Land
condition was assessed at each site as the product of soil
condition based on soil surface attributes and pasture
composition as described by Quirk and Mclvor (2007) and
Alexander et al. (2018), with ratings from good condition (A)
to very poor condition (D). Pasture condition ratings at all sites
were the same as the land condition ratings. Prior changes to
land condition via soil erosion and nutrient depletion from
previous land use for cultivation and annual cropping were
considered as permanent changes to productivity and, thus, not
included in field assessments. The location, topography, land
type, soil attributes, land condition, year of pasture
establishment and pasture composition at each of the BMK
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Fig. 1. Location and layout of the Acland Grazing Trial with Swiftsynd exclosures located in rehab
paddocks (R1, R2 and R3), the control paddock (C) on a Brigalow Uplands land type, and benchmark
(BMK) sites on the following three land types: Mountain Coolibah on basalt (triangle, Sites 2, 3 and 7),
Brigalow Uplands on Walloon sandstone (circle, Sites 11 and 18), and Poplar Box on alluvium (diamond,
Sites 10, 12 and 16). Star shows the location of the automatic weather station.
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sites are shown in Fig. 1 and Tables 1 and 2. Further details of
soil physical and chemical properties are given in Bennett et al.
(2021).

Exclosures for the three Swiftsynd sites on commercial beef
properties were constructed in October 2012. Two exclosures
were on a Mountain Coolibah land type with a relatively fertile
but shallow clay soil at Colliery Park, Clifton (77 km to the
south of Acland). The two paddocks containing the Colliery
Park exclosures were successfully under-sown to an annual
oats crop by using coated seed with several grasses at 10 kg/ha
of coated seed (Rhodes, Gatton panic, Bissett creeping blue
grass, Premier digit grass (Digitaria eriantha) and bambatsi
(Panicum coloratum)) and 1 kg/ha of Flaredale lucerne
(Medicago sativa). Following more than 30 years of
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cropping, the Colliery Park 1 and 2 sites were sown to
pasture in 2007 and 2012 respectively. The third exclosure
was on a Brigalow Uplands land type at Roundview, Bell
(52 km to the north-west of Acland), on a degraded couch grass
pasture that had been cultivated for more than 40 years and
originally sown to dairy pastures of unknown species in the
1970s. The soil at this site was a medium clay formed from
sandstone. The latitude and longitude of all sites are shown in
Table 2.

Swiftsynd methodology

The net primary production of pastures in ungrazed exclosures
was measured using the Swiftsynd methodology (Day and
Philp 1997) so that pasture growth could be measured without

Table 1. Land types (State of Queensland 2019) and land resource areas (LRA; Maher et al. 1998; Biggs and Coutts 1999) surrounding the Acland
Grazing Trial and found on the two commercial grazing sites at Bell and Clifton
Soil types and descriptions are from Biggs and Coutts (1999)
Land type ~ LRA name Topography and geology  Vegetation before clearing  Soil description Soil types (relevant Swiftsynd
sites in parentheses)
Brigalow 6a Brigalow Gently undulating rises Brigalow, belah, wilga Grey—brown cracking Acland, Moola and Edgefield
Uplands Uplands and plains on Walloon open forest clays often sodic at (Control, BMK 11, 12 and 18)
sandstones depth
Mountain ~ 7a Basaltic Undulating rises and Mountain coolibah open  Black to dark brown clays Mallard (BMK 2), Craigmore on
Coolibah Uplands rolling low hills on woodland and brown clay loams slopes (BMK 3) or Burton
basalt overlying (BMK 7) Clifton (Colliery Park
Walloon sandstone 1 and 2)
Poplar Box 8a Poplar Box Undulating rises and Poplar box open Self-mulching, black Elphinstone (BMK 10, 12 and 16)
Uplands Walloons plains on alluvium woodland cracking clays, sodic
at depth
Softwood 6b Brigalow Undulating to steep, low  Brigalow and dry vine Texture contrast sandy to ~ Walker (Roundview)
Scrub Uplands hills and rises on scrub with bottle trees clay loams overlaying
Walloon sandstone sodic subsoils
Table 2. Swiftsynd site locations, year of pasture establishment, land condition and initially dominant pasture species
Land type Site Latitude, Year Land Major pasture species in order of dominance
longitude established  condition
Rehab Rehab 1 —27.2705, 151.7197 2007 A Chloris gayana, Dichanthium sericeum and Medicago spp.
Rehab 2 —27.2747, 151.7150 2010 A Chloris gayana, Megathyrsus maximus” and Bothriochloa
insculpta cv. Bisset
Rehab 3 —27.2778, 151.7237 2012 A Chloris gayana and Bothriochloa insculpta cv. Bisset
Brigalow Uplands Control 1 —27.2857, 151.7459 2012 A Chloris gayana and Bothriochloa insculpta cv. Bisset
Control 2 —27.2837, 151.7429 2012 A Chloris gayana and Bothriochloa insculpta cv. Bisset
BMK 18 —27.2766, 151.7446 2009 A Bothriochloa insculpta cv. Bisset
BMK 11 —27.3172, 151.6945 2003 D Annual grasses and forbs
Round-View  -26.8758, 151.4510 1979 C Cynodon dactylon
Mountain Coolibah BMK 2 -27.2731, 151.6671 2004 B Bothriochloa insculpta cv. Bisset
BMK 3 —27.2872, 151.6515 2007 A Dichanthium sericeum and Rhyncosia minima
BMK 7 —27.2756, 151.6801 2009 A Bothriochloa insculpta cv. Bisset
Colliery Park 1 —27.9747, 151.9227 2008 A Chloris gayana, Megathyrsus maximus, and Medicago sativa
Colliery Park 2 —27.9757, 151.9325 2013 A Megathyrsus maximus, Digitaria eriantha, Chloris gayana and
Medicago sativa
Poplar Box Uplands BMK 10 —27.3623, 151.7049 2003 C Annual grasses and forbs
BMK 12 -27.3290, 151.6856 2007 A Dichanthium sericeum
BMK 16 -27.3623, 151.7049 2006 A Dichanthium sericeum

AGreen and Gatton panic were formerly named Panicum maximum.
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confounding losses from grazing and detachment. The 12 m X
12 m Swiftsynd exclosures were mown to 5 cm height or less
before the onset of the growing season in spring and litter was
removed so that subsequent pasture growth was measured as
TSDM over the ensuing summer growing season. The
exclosure was subdivided into four quarters, with a single
0.5 X 0.5 m area (quadrat) being randomly selected from each
quarter (excluding previously harvested quadrats) to harvest,
bag and measure pasture yield (TSDM). This gave four
quadrats per plot at each harvest. Each quadrat was
photographed, assessed for pasture composition (major
species present), pasture height, estimated cover of green,
dead, litter, bare ground and rocks, and then harvested with
pasture yield fresh weight being recorded. TSDM was
recorded after samples were dried in a forced draught
dehydrator at 80°C for 48 h, and samples were separated
into grasses, forbs and legumes. Three harvests were made
during the growing season, including the first at the beginning
of the growing season (in spring to mid-December), the second
in summer (February) and third at the end of the growing
season in autumn (April or May). Periods of pasture
observation (first to last harvest) were as follows: Rehab 1,
2, 3 and Control 1 (17 February 2014 to 16 April 2018),
Control 2 (17 December 2014 — 16 April 2018), BMK sites (8
February 2017 — 16 April 2018), and Colliery Park and
Roundview (13 February 2013 — 18 February 2015). This
gave 103 harvests at the Acland sites and 11 harvests on
commercial properties.

Subsamples were taken from each quadrat after drying and
bulked by pasture type (grass, forbs, legumes) for each
exclosure before chemical analysis for N by SGS Australia
Pty Ltd, by using NIRS techniques. Harvests in December
were to assess initial N uptake and yield (the product of pasture
DM N concentration and yield). Harvests in mid-growing
season, February, and at the end of the growing season
were timed to observe growth rates and peak DM and N
uptake yields.

Soil N

Across the four Acland Grazing Trial paddocks (Rehab 1,
Rehab 2, Rehab 3 and the Control) in which Swiftsynd sites
were located, soil core samples to 1 m depth were collected in
spring and late summer—early autumn each year for 5 years,
beginning in spring 2013, by using a hydraulic rig. Five soil
cores were collected and bulked at 10 and 20 cm depth
intervals along five transects in each paddock. The samples
were dried at 40°C, sieved to <2 mm and analysed for mineral
N (KCl-extractable, Method 7C2, Rayment and Lyons 2011)
and potentially mineralisable N (hot KCl-extractable mineral
N, Method 7D1, Rayment and Lyons 2011). Soil mineral N
supply, that is, soil N that was potentially available for uptake
by plants and/or subsequent immobilisation by soil microbes,
was defined as potentially mineralisable N plus mineral N. By
accounting for the soil bulk density, and by assuming that the
soil mineral N supply in the unmeasured depth of 20—40 cm
was the average of values from the layers immediately above
and below, total soil mineral N supply to 60-cm depth was
expressed in kg/ha. The soil N data were used for comparison

C. J. Paton et al.

with uptake of N by pasture. More detail on the soil sampling is
given in Bennett ef al. (2021).

Modelling and simulation

The GRASP model (McKeon et al. 1990, 2000) modified for
sown pastures (Clewett 2015; Clewett et al. 2021) was used to
estimate daily changes in the soil water balance, pasture
growth, N uptake and TSDM of pasture for all pastures
where Swiftsynd exclosure sites were located. The model
was first calibrated to the field observations of TSDM in
the Swiftsynd exclosures by using the root mean-square of
differences (RMSD) between model estimates and observed
values as the objective function. The model was further
calibrated to soil, pasture and cattle observations recorded
for the Acland Grazing Trial and this resulted in some very
minor changes to the model’s pasture parameters (Clewett
et al. 2021). It was concluded that the Swiftsynd sites
adequately represented pastures in the surrounding grazed
paddocks. The calibrated model was used to estimate
pasture growth rates and RUE (kg/ha pasture growth per
millimetre of rainfall) between Swiftsynd harvests, with
rainfall being calculated (to overcome errors in RUE caused
by soil water storage) as the sum of evapotranspiration, runoff
and deep drainage estimates. The calibrated model was also
used in a long-term (60-year) simulation experiment to
estimate the mean and frequency distribution of annual
pasture growth (kg/ha DM) and RUE. This long-term
simulation assumed a commercially relevant cattle-growing
operation that adjusted stocking rates each year on 30 June to
provide a long-term mean annual utilisation of 30% of pasture
growth. This required a trial-and-error adjustment of stocking
rates based on TSDM present at the end of the growing season
(1 May) for each paddock or site in a series of simulation runs
until the target of 30% utilisation was achieved. Daily weather
data (rainfall, temperature, pan-evaporation, radiation and
vapour pressure) from the SILO database (Jeffrey et al.
2001; Stone et al. 2019) on the LongPaddock website
(www.longpaddock.qld.gov.au/silo/) was used for input to
the GRASP model for the 60-year period from July 1958 to
June 2018. While gridded data at latitude —27.30 and longitude
151.70 (near the Acland township) was used for the Acland
Grazing Trial and BMK sites, data for the Colliery Park and
Roundview sites were from the 0.05-degree grid points closest
to their latitude—longitude (see Table 2). Data for the Acland
Grazing Trial and BMK sites was supplemented with daily
rainfall and temperature data for the 2014-2018 trial period
from the New Hope automatic weather station at the Acland
mine office (latitude —27.267, longitude 151.698).

Long-term carrying capacity

Long-term carrying capacity is calculated from mean expected
annual long-term pasture growth for a land type, its safe
utilisation rate and is expressed in adult equivalents (AE)
where an AE is a 450 kg Bos taurus steer consuming 9 kg
DM/day. This intake was based on results from the above
GRASP simulations, which gave a mean of 8.6 kg/AE.day (the
range was 8.4-9.0; Clewett ef al. 2021) and is also equivalent
to the rating of Holechek (1988) used in deriving the GRASP
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intake equations, but marginally different to the recent
assessment of McLennan et al. (2020) of 8.0 kg/day.

A generic equation for calculating LTCC, also used in this
paper, is

LTCC (ha/AE) = Annual intake of an AE (e.g. 3285 kg DM)/
(Average annual pasture growth for land type and climate location
(kg DM /ha) x Safe utilisation rate (%) for the land type).

Modelled output is used in these calculations for land types
reported in the present paper and for comparisons with similar
land types in other regions. The safe utilisation rate used for all
trial calculations was estimated as 30% and, thus, is in
agreement with other studies (Clewett et al. 2021).

Statistical analyses

All statistical analyses were conducted using GENSTAT software
(19th edn, VSN International Ltd, Hemel Hempstead, UK).
Differences among land types in mean TSDM and pasture N
yield for the 2017 and 2018 mid-autumn harvests were
predicted by repeated-measures REML analysis using sites
as replicates, assuming unstructured correlation between years
within sites and fixed model terms of Land Type and Years.
TSDM data were first transformed using a natural logarithm to
equalise variance of residuals. The year effect and its
interaction with land type was not significant (P > 0.1) for
either TSDM or pasture N yield.

Regression analysis was used to assess trends over time
(using the age of pasture in months since sowing) in pasture N
yields (excluding legumes, kg/ha) measured in summer and
mid-autumn each year for the five Swiftsynd sites in the
Acland Grazing Trial paddocks. Regression analysis was
also used to assess a linear relationship between pasture N
yield (excluding legumes, kg/ha) and soil mineral N supply.

Results
Rainfall

Annual rainfall (July to June) for the trial period at Acland was
variable with totals of 564, 476, 600, 695 and 478 mm for the
5 years from July 2013 to June 2018. The mean of 562 mm
was 13% less than the long-term (1898-2018) mean of
642 (£154 s.d.) mm. Rainfall in late spring and early
summer promoted pasture growth in all years, and late
summer—autumn rains also extended the opportunity for
pasture growth to late autumn in 2014, 2016 and,
particularly, in 2017. However, late summer and autumn
rains failed in 2015 and 2018 and annual rainfall to June in
these years was 26% below the long-term mean. Rainfall was
also below average to average each year at Colliery Park and
Roundview and for the 3-year observation period (July 2012 to
June 2015) was respectively 13% and 14% below the long-
term means of 683 and 658 mm.

Pasture TSDM

Peak pasture yields were observed at the end of the growing
season in mid-autumn with TSDM in early and mid-summer at
34% and 65% respectively, of the mean peak yield across all
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sites of 3819 kg/ha (Table 3). The unreplicated trial design of
the Acland Grazing Trial, BMK and commercial property sites
limited the types of statistical analyses that could be made. A
repeated-measures analysis of the last two autumn harvests
among land types in 2017 and 2018 showed, for those 2 years,
that the Rehab land type peak yield (mean TSDM 5957 kg/ha)
was significantly (P < 0.1) greater than Poplar Box Walloons
peak yield (mean TSDM 2233 kg/ha) but was not significantly
different from the Brigalow Uplands (mean TSDM 3946 kg/ha)
and Mountain Coolibah (mean TSDM 3413 kg/ha) peak yields.

Over the 5 years of the trial (2013-2018), mean peak yield of
the three Rehab sites was 5644 kg/ha (Table 3). Mean peak yield
(weighted for observation numbers) of the 13 unmined sites on
Mountain Coolibah, Brigalow Uplands and Poplar Box land
types was 3210 kg/ha. Land type means (weighted for
observation numbers) including Roundview and Colliery Park
were 4006, 3393 and 2233 kg/ha respectively (Table 3).

Pasture growth over the trial duration was consistently
highest in Rehab 1 and 2 sites, with mean peak yields of
5816 and 7400 kg/ha respectively, growth rates of 25.5 and
34.1 kg/ha.day respectively, and RUE of 11.9 and 16.0 kg/ha.
mm respectively. Peak yields, growth rates and RUE were
least on sites in C and D condition and were equal to or less
than 2537 kg/ha, 164 kghaday and 5.2 kg/ha.mm
respectively (Table 3). These pastures in C and D condition
were the oldest pastures observed and had probably been
subjected to over-grazing.

Although no significance test could be applied, mean peak
pasture yield of the youngest rehab site (Rehab 3, sown in
2012) of 3716 kg/ha was consistently less than were peak
yields of Rehab sites 1 and 2 (sown in 2007 and 2010
respectively) but similar to those of the unmined sites of
Control 1 (3890 kg/ha) and Control 2 (2810 kg/ha) also
sown in 2012. Mean peak yield of the last two
harvested years (2017-2018) for the Brigalow Uplands land
type, which included the Control 1 and Control 2 sites, was
similar (P > 0.1) to those of Mountain Coolibah and Poplar
Box Walloon sites, which included the eight BMK sites near
Acland (Table 3). The mean growth rate and RUE of Rehab
3 (16.6 kg/ha.day and 8.1 kg/ha.mm respectively) were more
similar to the mean growth rate and RUE of unmined sites
(18.4 kg/ha.day and 7.4 kg/ha.mm) than to the growth rates
and RUE for Rehab 1 and Rehab 2 described above.

Peak yields (weighted for observations) at Acland Grazing
Trial and BMK Swiftsynd sites averaged 3117 kg /ha, 3350 kg/ha
and 5644 kg/ha of TSDM for the BMK, Control and Rehab sites
respectively, over the duration of the trial from 2014 to 2018.

Pasture peak yields for mid-autumn harvests averaged 2537
kg/ha, 3470 kg/ha and 5548 kg/ha for Roundview, Colliery
Park 2007 and Colliery Park 2012 sites respectively.

Swiftsynd sites in the Acland Grazing Trial were initially
dominated by Rhodes grass, with Bisset creeping bluegrass
being subdominant in all but Rehab 1 where Queensland
bluegrass was subdominant (Table 2). At the completion of
the trial in April 2018, Bisset creeping bluegrass dominated
Swiftsynd sites in Rehab 2, and Controls 1 and 2, was co-
dominant with Rhodes grass in Rehab 3 and a minor
component of Rehab 1 where Rhodes grass remained
dominant.
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Table 3. Comparison of observed total standing dry matter (TSDM), growth rate and rainfall use efficiency (RUE) of pastures in Swiftsynd

exclosures in the Rehab sites, with pastures on previously cultivated unmined land across three land types, with means for sites and land types

Pasture age at the start of the observations, land condition and number of years of data (N) are shown for each site. Weighted means give equal weight to

each observation. Means presented in the final column are confined to 2017 and 2018 data from Acland sites. Land condition rating excludes consideration

of soil erosion and nutrient depletion that may have occurred during a previous land use phase of cultivation and cropping. Land type means followed by
the same letter are not significantly (P < 0.1) different (mid-autumn 2017 and 2018 only). BMK, benchmark; CPK, Colliery Park

Land type Site Pasture age N Land Mean Mean Mean Mean RUE Mean
at start (years condition TSDM early TSDM TSDM growth (kg/ha.mm) TSDM
(years) of data)  rating summer mid-summer mid-autumn rate mid-autumn
(kg/ha) (kg/ha) (kg/ha) (kg/ha.day) 2017 and
2018 (kg/ha)
Median date™ 9 Dec. 8 Feb. 16 Apr.
Rehab Rehab 1 7 5 A 2190 3445 5816 25.5 11.9 7180
Rehab 2 4 A 2503 6225 7400 34.1 16.0 7490
Rehab 3 2 5 A 965 2135 3716 16.6 8.1 3200
Weighted mean 1886 3935 5644 254 12.0 5957b
Brigalow Control 1 2 5 A 1150 2408 3890 17.1 8.1 5440
Uplands Control 2 2 4 A 765 1610 2810 12.0 5.6 2350
BMK 18 5 2 A 2860 2680 5605 27.4 12.2 5605
BMK 11 11 2 D 880 1395 2390 12.7 5.1 2390
Roundview 35 3 C 2460 2537 16.4 52
Weighted mean 1140 2118 3393 16.4 7.0 3946ab
Mountain BMK 2 10 2 B 770 1825 3290 16.6 6.9 3290
Coolibah BMK 3 7 2 A 1970 2995 3750 20.0 7.9 3750
BMK 7 5 2 A 880 1910 3200 16.1 6.8 3200
CPK 2007 6 3 A 2380 3470 22.5 8.5
CPK 2012 1 3 A 4390 5548 36.0 13.3
Weighted mean 1207 2700 4006 23.5 9.1 3413ab
Poplar Box BMK 10 11 2 C 680 1110 1605 8.4 33 1605
Walloons BMK 12 7 2 A 1230 1620 2965 15.5 6.4 2965
BMK 16 8 2 A 990 1005 2130 10.6 4.6 2130
Weighted mean 967 1245 2233 11.5 4.8 2233a
Overall arithmetic mean 1300 2499 3819 19.2 8.2 3892

“Median date of harvest across the 5 years of the trial.

GRASP modelled predictions

Estimates of annual growth from GRASP simulations gave
reasonable agreement with observed values during the Acland
Grazing Trial period (Fig. 2). Minimum RMSD values for the
13 Swiftsynd exclosures in the trial and BMK sites ranged
from 113 kg/ha for the BMK 11 site (6% of the mean observed
yield) to 897 kg/ha for the Rehab 2 exclosure (16% of observed
mean yield). Several outliers occurred and were possibly
caused by spatial variability of rainfall. The regression of
predicted versus observed pasture yield for all Swiftsynd
sites at Acland gave a slope near unity (0.93) and an
R*-value of 0.80. Similarly, predicted and observed pasture
N uptake and yields were plotted. The fitted line slope was
0.91, close to 1:1, and R? was 0.53.

The mean annual pasture growth estimated by GRASP over
the trial period for the rehab paddocks (5951 kg/ha) was
substantially greater than the mean annual production from
pastures on unmined land (3008 kg/ha). GRASP estimates of
both the rehab and unmined exclosures showed a large
variation between the sites: 5478-8542 kg/ha TSDM for the
rehab paddocks, and 1369-4690 kg/ha TSDM for the unmined
land. Differences in soil fertility and pasture condition were

probably the main causes of this variability. The mean of
control exclosures (3598 kg/ha) fits with the continuum of the
BMK unmined sites (Fig. 3). RUE ranged from 3.3 to 16.0 kg/
ha.mm rainfall (Table 3) for the Swiftsynd sites and when
averaged across land types were 12.0, 7.0, 9.1 and 4.8 kg/ha.
mm rainfall for Rehab, Brigalow Uplands, Mountain Coolibah
and Poplar Box land types respectively.

Pasture N concentrations and yields

Overall mean pasture N yields for early and mid-summer
harvests were 44% and 75% respectively, of mid-autumn
harvest mean N yield (19.24 kg/ha; Table 4). Mean yields
of N in pasture for mid-autumn harvests in the last 2 years
(2017 and 2018) were similar (P > 0.05) across all land types
(Table 4). However, mean autumn yields of N varied among
sites from 7.51 kg/ha (BMK 11) to 40.62 kg/ha (Rehab 2).
Statistical comparisons of mean seasonal N yields for the
duration of the trial (5 years) and from the commercial grazing
properties (all data given in Table 4) could not be made for the
following two reasons: the BMKs were harvested only in the
last 2 years of the grazing trial and Clifton and Bell were
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Fig. 2. Estimates of pasture TSDM from GRASP simulations (solid line) versus observed pasture yields (solid points with outliers shown as open
triangles) from Swiftsynd exclosures in (a) the three rehab paddocks and the control paddock over 5 years, and (b) the eight BMK sites over 2 years. All
exclosures were mown each year in spring.
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Fig.3. Estimates from GRASP simulations of mean annual pasture growth and rainfall use efficiency
for the grazing trial rehab, control and BMK Swiftsynd exclosures for the period 2014-2018. A grazing

pressure of 30% utilisation of annual pasture growth was simulated for each exclosure.

harvested at times different from Rehab, Control and BMK 11.1 kg/ha, 11.4 kg/ha and 27.2 kg/ha for the BMK,
sites. Control, and Rehab sites respectively, over the 5 years of

Pasture N yields peak in summer and autumn. Nitrogen the trial (2017 and 2018 only for BMKs). Mean pasture N
yields averaged across summer and autumn harvests were yields in mid-autumn were 39.5 and 40.6 kg/ha for Rehabs 1
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Table4. Mean N concentrations and mean N yields for harvests in early summer, mid-summer and mid-autumn for Swiftsynd sites at Acland, Bell
and Clifton, with means for land types (weighted for observations)
Means presented in the final column are the mean of 2017 and 2018 mid-autumn harvest data from Acland sites. Means calculated giving equal weight to
observations. Land type means followed by the same letter are not significantly different at P = 0.05. CPK, Colliery Park

Parameter Site Mean %N Mean N Mean %N Mean N yield Mean %N Mean N yield Mean N yield
early yield early mid-summer® mid-summer mid-autumn® mid-autumn mid-autumn
summer” summer (kg/ha)® (kg/ha)® 2017 and
(kg/ha)® 2018 (kg/ha)
Median date 9 Dec. 9 Dec. 8 Feb. 8 Feb. 16 Apr. 16 Apr.
Rehab Rehab 1 0.89 18.92 0.57 19.38 0.70 39.52 46.14
Rehab 2 0.69 17.53 0.53 32.72 0.54 40.62 23.51
Rehab 3 0.63 5.02 0.55 11.16 0.56 19.95 13.71
Weighted mean 0.74 13.8 0.55 21.1 0.6 334 27.79a
Brigalow Control 1 0.59 6.30 0.44 10.22 0.35 13.71 19.58
Uplands Control 2 0.80 6.29 0.58 7.84 0.49 13.95 9.26
BMK 18 0.53 15.10 0.44 10.06 0.29 16.52 16.52
BMK 11 0.99 8.81 1.02 14.14 0.33 7.51 7.51
Roundview 1.80 33.23 1.90 32.77
Weighted mean 0.73 9.1 0.85 15.1 0.67 16.9 13.22a
Mountain BMK 2 0.61 4.32 0.50 9.12 0.37 12.09 12.09
Coolibah BMK 3 0.32 6.18 0.37 11.15 0.35 12.72 12.72
BMK 7 0.58 5.07 0.38 7.15 0.30 9.72 9.72
CPK 2007 0.80 14.80 0.67 16.08
CPK 2012 1.25 21.22 1.10 33.68
Weighted mean 0.5 5.2 0.66 12.7 0.56 16.9 11.51a
Poplar BMK 10 1.14 4.54 1.21 12.89 0.76 13.83 13.83
Box BMK 12 0.50 5.70 0.54 9.46 0.47 14.91 14.91
BMK 16 0.53 5.17 0.59 6.04 0.49 10.23 10.23
Weighted mean 0.72 5.1 0.78 9.5 0.57 13.0 12.99a
Overall mean 0.68 8.38 0.72 14.41 0.60 19.24 134

A% N for grasses only.
BN yield for grasses + dicots but not legumes.

and 2 respectively, twice as much as for Rehab 3 and almost
three times the N yield in both Control sites (Table 4). Mean N
yield at mid-autumn harvests for Roundview was 32.8 kg/ha
and for Colliery Park 2012 it was 33.7 kg/ha, compared with
that for Colliery Park 2007, the older pasture, which was 16.1
kg/ha. Mean N yield in mid-autumn averaged across Rehab
sites was 33.4 kg/ha, almost twice those of the Brigalow
Uplands and Mountain Coolibah land types (Table 4), and
more than twice the yield of the Poplar Box land type.
Pasture N yields were plotted against pasture age in months
since sowing. Pasture N yield data were transformed using a
natural logarithm to equalise variance of residuals. A model
including all five sites identified that slopes for Control 1 and
Rehab 1 were not significant (P <0.05); so, the sites were removed
from the model. A model of the remaining three sites explained
78.9% of the variance in pasture N yield as pastures age by
grouping Rehab 3 and Control 2 together because their constants
were significantly different (P < 0.001) from zero but were not
significantly different (P > 0.05) from each other, and by
adopting a common slope (P < 0.001) between the combined
Rehab 3 and Control 2 dataset and Rehab 2. The back-transformed
relationships described exponential decline (Fig. 4).

Soil and pasture N relationships

In the Acland Grazing Trial and BMK site paddocks, the soil
mineral N supply was consistently highest in Rehab 2,

followed usually by Rehab 1 and the BMK sites, and was
almost always lowest in the Control and Rehab 3 over the
5 years of observation (Fig. 5). Trends over time in soil mineral
N supply, tested using regression analysis, indicated that there
was a small and similar increase across the four trial sites (i.e.
excluding the BMK sites) and the percentage variance
accounted for by time of sampling was 42.3% (Bennett
et al. 2021). Pasture N yields in both summer and autumn
were compared with total soil mineral N supply in spring and
summer. The variance in pasture N yield was best explained by
the relationship between pasture N uptake in mid-summer
(February) and total soil mineral N supply measured in
spring (November—December; Fig. 6). The linear slope
estimate suggested that pasture N uptake was 42% of total
soil mineral N supply.

GRASP estimates of long-term average pasture growth

Long-term estimates for RUE and pasture productivity derived
via 60-year simulations showed a pattern similar to that of the
trial period. Stratifying pasture production on the basis of land
type showed the following order of productivity (high to low):
Rehab sites (RUE 7.8 kg/ha.mm rainfall), unmined sites on
Mountain Coolibah (RUE 5.2 kg/ha.mm rain), unmined sites
on Brigalow Uplands (RUE 4.4 kg/ha.mm rain), and, last,
unmined sites on the Poplar Box (RUE 3.2 kg/ha.mm rain;
Table 5).
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Fig. 5. Soil mineral N supply (potentially mineralisable N plus mineral

N, expressed as kg/ha) for 0-60 cm soil depth across sites and sample
times.

Seasonal growth patterns of pasture were strongly spring
and summer dominant, irrespective of land type, with RUE
being 59% and 56% higher respectively, than the mean annual
RUE. RUE in autumn and winter were 70% and 15% respectively,
of mean annual RUE. These values will be useful for calculating
pasture growth from rainfall received at different times of the year
when performing forage budgets in this region.

Long-term carrying capacity

The mean LTCC for the Rehab land type was the highest at
2.45 ha/AE, being more than twice the mean LTCC of the
Poplar Box land type (Table 5). Rehab 2 gave the highest
potential LTCC of 1.86 ha/AE.

Discussion
Observed and predicted TSDM

The observed data and estimates of mean annual pasture
growth from GRASP showed that previously mined and
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Fig.6. The relationship between pasture N yield (excluding legumes, kg/
ha of N) in Swiftsynd sites measured in mid-summer (February) and soil
mineral N supply (potentially mineralisable N plus mineral N, 0-60 cm
soil depth, kg/ha) measured in spring of 2013, 2015, 2016 and 2017,
showing 95% confidence limits for the fitted regression (P < 0.001, 58.8%
variance accounted for, slope estimate 0.42, constant ns).

rehabilitated land can be as productive as unmined land.
Mean peak pasture TSDM, determined by autumn harvests
and averaged over the last two harvests (2017 and 2018), for
rehabilitated and unmined land were 5957 and 3914 kg/ha
respectively. The peak TSDM for rehabilitated land was
significantly (P < 0.1) greater than the peak TSDM
observed on the unmined Poplar Box land type of 2233 kg/
ha, but was similar to that of the Mountain Coolibah and
Brigalow Uplands land types, with means of 3413 kg/ha and
3946 kg/ha respectively. GRASP estimates of the long-term
mean annual pasture growth for the rehab and unmined lands
were also substantially different and were 4959 and 2989 kg/ha
respectively.

Mean observed TSDM of peak yield (autumn harvests) for
the 2 years of 2017 and 2018 were 5440 kg/ha for Control 1,
similar to BMK 18 (5605 kg/ha) and were at the upper end of
the range for unmined sites. The remaining BMK sites
averaged 2761 kg/ha (range 1605-3750 kg/ha), compared
with 2350 kg/ha for Control 2, indicating that pasture
productivity in the Control sites was within the range of
unmined sites and was representative of unmined land.
However, productivity has to be viewed in the context of
land condition of these sites. Land in poor condition (C) is less
than half as productive as land in good condition (A; Mclvor
et al. 1995; Ash et al. 2002; Alexander et al. 2018). All rehab
and control sites were in A condition throughout the trial. Five
of the BMK sites were in A condition, one in B, one in C and
another in D condition. Poorer condition reduced average
production of the BMK sites relative to their potential if in
A condition. Bennett et al. (2021) found that the control
paddock was at the lower end of the fertility spectrum for
mineral N and plant-available phosphorus (Colwell P) when
compared with 18 BMK sites that included the eight BMK
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Table5. Estimates of long-term (60-year) mean annual productivity and variation around the mean (percentile) of rehab lands compared with
the productivity of unmined land types in the district and calculated LTCCs at a safe utilisation rate of 30%
Estimates are from GRASP simulations of pasture growth and rainfall use efficiency (RUE) at a grazing pressure of 30% utilisation of pasture growth.
Land condition excludes consideration of soil erosion and nutrient depletion that may have occurred during a previous land use phase of cultivation and
cropping. CPK, Colliery Park

Land type Location and Site Annual pasture growth (kg/ha) Rainfall use efficiency (kg/ha.mm) Mean LTCC
land condition 10th Mean 90th 10th Mean 90th (ha/AE)
percentile percentile percentile percentile

Rehab Acland A Rehab 1 4250 4611 5026 59 72 8.4 2.64
A Rehab 2 6096 6528 7009 8.4 10.3 12.1 1.86
A Rehab 3 3424 3736 4099 4.8 5.9 6.8 3.26
Mean 4590 4959 5378 6.4 7.8 9.1 2.45
Mountain Acland B BMK 2 2606 2977 3292 3.9 4.7 5.4 4.09
Coolibah A BMK 3 3758 4091 4486 5.2 6.4 7.5 2.97
A BMK 7 2439 2659 2927 3.4 4.2 49 4.58
Clifton A CPK 3490 3856 4121 4.6 5.7 6.7 3.16
Mean 3073 3396 3706 43 5.2 6.1 3.58
Brigalow Acland A Control 2898 3169 3511 4.1 5.0 5.8 3.84
Uplands D BMK 11 1520 1831 2050 24 29 34 6.64
A BMK 18 3466 3775 4151 4.8 5.9 6.9 3.22
Bell C Roundview 2109 2309 2531 3.1 3.7 4.4 5.27
Mean 2498 2771 3061 3.6 44 5.1 4.39
Poplar Box Acland A BMK 16 1869 2150 2394 2.8 3.4 3.9 5.66
Walloons A BMK 12 2460 2740 3065 35 43 49 4.44
C BMK 10 707 1272 1549 1.3 1.9 2.4 9.56
Mean 1678 2054 2336 2.5 32 3.8 5.92
Mean 2935 3265 3586 42 5.0 6.0 3.73

sites studied for TSDM in the present study. Thus, productivity
of the Swiftsynd BMK sites should average higher than that of
the control sites, both in A condition, but average TSDM of the
two control sites was either higher than, or similar to, that of
the BMK sites as poor pasture species composition (and
consequent poor land condition) was affecting productivity
more than were soil attributes. Further supporting the
importance of pasture species composition relative to soil
fertility on productivity was that there was no significant
difference in soil Colwell P among BMK sites of land
condition A, B or C (Bennett et al. 2021). The poor land
condition of several BMK sites, such as, for example, BMKs
11 and 10, is likely to be a carryover from their time under
commercial crop production and heavy grazing, as was typical
in the region (McKenzie et al. 2017).

Rehab productivity differences and pasture rundown

Although not tested for significance, observed TSDM means in
autumn for Rehab 2 and, to some extent, Rehab 1, were
consistently higher than those for unmined sites
(Table 3), which suggests that they may consist of a soil
type different from that of Rehab 3 and the Control. Land
Resource Area mapping of the area before mining indicates
that Land Resource Area 6a, Brigalow Uplands, covers the
entire area that was later mined (Mabher ef al. 1998). However,
soil and vegetation maps at a finer scale (Sattler and Williams
1999; SKM 2013) of the original vegetation and published
before mining these sites, show a band of soil described as
‘Rainforest and scrubs’ derived from basalt (Regional

Ecosystem 11.8.3) that could have been replaced into parts
of Rehabs 1 and 2 post-mining. These soils, referred to as
Softwood Scrub, are naturally more fertile with higher P and N
than are the surrounding Brigalow and Poplar Box land types
that are derived from Walloon sandstones (Biggs et al. 1999).
This theory is consistent with the generally higher mineral N
supply in Rehabs 1 and 2 than in Rehab 3, the Control and
the BMK sites. Bennett ef al. (2021) also found high mean
Colwell P concentrations in Rehabs 1 and 2 (29 and 35 mg/kg
respectively) at 0—60-cm depth over eight sample times in
5 years, and that Colwell P was lower in Rehab 3 (12 mg/kg),
the Control (5 mg/kg) and BMK (23 mg/kg) paddocks. Also, it
is likely the Swiftsynd site in Rehab 1 was situated on soil from
this higher-fertility land type and a high proportion of the
remaining paddock was on soil from Brigalow Uplands
derived from Walloon sandstone.

Thus, differences in productivity (TSDM) among Rehab
paddocks can be explained by their inherent soil properties and
plant tissue chemical analyses. Nitrogen uptake by pasture in
Rehab 2 was initially relatively high but declined with time
(Fig. 4). Rehabs 1 and 2 were sown in 2007 and 2010
respectively; so, they are older pastures and would be
expected to have less plant-available N in the soil than
would a younger pasture such as that in Rehab 3 (Graham
et al. 1985; Robbins et al. 1987; Myers and Robbins 1991).
Mean N yields for the last two autumn harvests from Rehabs 1
and 2 were 46.1 and 23.5 kg/ha respectively, compared with
means of 14.5 and 12.2 kg/ha in the Control and BMK sites
respectively (Table 4). This indicates that the inherently higher
soil fertility of Rehabs 1 and 2 was driving higher pasture
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growth and quality at the Swiftsynd sites. The soil N data given
in Fig. 5, showing potentially available soil N, supports this
theory. Cattle production (mean cumulative liveweight gain)
from Rehab 2 was also higher (P < 0.05) than from Rehab 3
and Rehab 1, which were similar (Melland et al. 2021).

Soil mineral N supply helps explain the differences in the
uptake of N among sites and the consequent productivity, and
has potential as a predictor of N uptake in these pastures.
Despite a general positive relationship between soil mineral N
supply and N yields in pasture across a 2.5-fold range of soil N
fertility levels (Fig. 6), the soil N indicator was not sensitive
enough to reflect declines within individual paddocks over
time in observed pasture TSDM and N uptake (Bennett et al.
2021; Melland et al. 2021). Rehab 2 had the highest mineral N
supply, highest N yields in pasture and, also, higher cattle
production (Clewett et al. 2021; Melland et al. 2021). This
indicated, first, that rehabilitated mining land can be as
productive as unmined land and, second, that Rehab 2 soil
is likely to be composed of inherently higher-fertility soil than
are other sites, as described above.

Rundown is an issue for all sown grass pastures and is
characterised by an initial lift in productivity in the first year or
so after pasture establishment, followed by a rapid, and then
slower exponential decline in productivity with time from
sowing, that is, age of pasture (Radford et al. 2007; Peck
et al. 2011). Rehab 1 was the oldest pasture, sown in 2007,
where expected productivity decline should be greatest but
appeared stable over the 5 years of the trial, with a higher
productivity and N yields than in Rehab 3 and Control sites
(Figs 4, 5). Rehab 2 was also an older pasture than the Control
and Rehab 3 but was more productive with higher N yields.

‘When comparing the trends of change in pasture N yield as the
time since sowing of pastures increased (Fig. 4), there was no
significant change in the Control 1 or Rehab 1 sites. Pasture in
Rehab 1 was sown 7 years before the start of the trial and, so, may
have approached a stable productivity level during the 5-year
trial. The lack of change in the younger Control 1 site remains
unexplained. Trends in the remaining three paddocks took the
form of an exponential decline, as expected, and with a common
slope. However, Rehab 2 had a significantly higher constant than
did Rehab 3 and Control 2. Two exponential decline models,
therefore, described the trends in the three paddocks and reflected
the land type from which the soil was likely to be derived, i.e. the
Softwood Scrub site (Rehab 2) and the Brigalow Uplands sites
(Rehab 3 and Control 2). The common slope for the two models
meant that the decline in pasture N yield was similar in the
Softwood Scrub and Brigalow Uplands sites, but due to their
inherently higher-fertility soils, the mean N yields of autumn
harvests in 2017-2018 in the Softwood Scrub soils (34.8 kg/ha)
about 9 years after sowing were twice those in the Brigalow soils
about 6 years after sowing (14.4 kg/ha, Table 4).

Additionally, grass pastures exhibit preferences for soil
types and fertility levels (Partridge er al. 2009). Rhodes
grass, a high N-demanding pasture species, dominated
Rehab and Control site plots in 2014, while Bissett
creeping blue grass, a lower-fertility succession grass
(Partridge 2003; Partridge et al. 2009) was subdominant, a
reflection of high available soil N at the commencement of the
trial. At the completion of the trial in May 2018 and in the
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absence of grazing, Bissett creeping blue dominated both of
the Control and the Rehab 2 Swiftsynd sites, being a further
indication of the extent of pasture rundown, without any
potential influence of selective grazing affecting this change.

Symptoms of rundown in grass pastures include declining
N yields, pasture growth and animal productivity (Robbins
et al. 1987). While declining N yields were evident in
Swiftsynd exclusion areas of this trial, no significant
(P < 0.05) pattern of declining pasture productivity was
detected, other than in grazed pasture assessments in the
Control and Rehab 3 paddocks (Melland et al. 2021),
possibly for several reasons. First, at the commencement of
the trial, the Rehab 1 and 2 pastures were in their 8th and 5th
seasons of growth respectively. The rundown process was very
close to complete for Rehab 1 and more than half complete for
Rehab 2 and, thus, lack of any clear evidence in the field
observations of rundown in TSDM was to be expected. The
expected duration of rundown to 5% of the initial lift was
estimated to be 6 and 9 years after the establishment year for
Rehab 1 and 2 (Clewett ef al. 2021) and less (5 and 4 years) for
Rehab 3 and Control paddocks respectively, because of their
lower fertility (N uptake). TSDM observations on Rehab 3 and
Control 2 started in the 3rd and 4th years of growth and TSDM
declined over time (Fig. 2) but the declines were not significant
(P < 0.05). No decline of TSDM was evident in Control 1. It
was likely to have been affected by a local rainfall event in
Year 5 (i.e. the 7th year of growth) and the same event
probably affected BMK 18 (Fig. 2, open triangles).
Simulation results from the GRASP modelling following
calibration of the GRASP model to the Swiftsynd pasture
data in the present paper and the Botanal pasture data in
Melland et al. (2021) suggested a marginal elevation of
pasture growth during the trial period due to the typical
short-term increases in productivity shown by sown
pastures. The GRASP analyses suggested that the S5-year
means of annual pasture growth for the Rehab 1, 2 and 3
and Control paddocks were elevated by 1%, 16%, 17% and
14% respectively, during the trial period (Clewett ef al. 2021).
It is likely that higher values of TSDM would have been
observed if observations had commenced when pastures were
first established.

Second, variation in seasonal conditions combined with
differences in soil types between Rehabs 1 and 2 (higher
fertility) and Rehab 3 and the Control plots (lower fertility)
were likely to have masked the expression of rundown. In their
work on rundown, Robbins et al. (1987) had pastures of
differing ages in each year growing on the same soil type,
that is, pastures that were 1, 2, 3, 4 and 5 years old in any year,
allowing valid comparisons each year irrespective of season.
That was not possible in the Acland trial where soils differed in
their fertility levels, which confounded the pasture age effect
for comparisons in any single year. Thus, while rundown was
evident in pasture N uptake data, not all symptoms of rundown
were expressed clearly in this trial.

The trends in N yield decline in Rehab and Control sites
pose the questions ‘How much more will rundown reduce the
productivity of rehabilitated land?” and ‘Where will
productivity stabilise?’. The productivity of the older
pasture site at Colliery Park is a likely indication of stable
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pastures. The initial lift in productivity associated with
subsequent pasture rundown was estimated to have
increased mean annual pasture growth over the 5 years of
the Acland Grazing Trial by 12%, with the greatest lift of 41%
occurring in Year 1 in the Rehab 3 and Control paddocks
(Clewett et al. 2021). This compares with an estimated
reduction in productivity of 37% at the Colliery Park site
where a legume (lucerne) was contributing some N to available
soil pools.

GRASP predicted pasture productivity, RUE and LTCCs

The level of agreement between observed and predicted
TSDM (Fig. 2) was assessed as sufficient to warrant the use
of modelled outputs to assess RUE and long-term pasture
productivity in simulation experiments using the GRASP
pasture growth model.

These estimates are useful in defining the LTCC of pastures
(Hunt 2008; Hunt er al. 2014; Walsh and Cowley 2016;
Alexander et al. 2018), and as a basis for informing grazing
management decisions via feed budgeting calculations for
short-term stocking rates. However, there are several
important assumptions made in using the model to estimate
LTCC. For example, it is assumed that the pasture
observations in the present study were sufficient to
adequately parameterise the model for use in simulations
with long-term (60-year) weather data containing a wider
range of weather conditions than observed. It is also
assumed that many components in GRASP that were not
observed as part of the Acland Grazing Trial (such as
animal intake) are robust across a range of environments,
and, furthermore, that the simulation results of pasture
production will not be unduly perturbed by ecological
processes that potentially occur over long periods of time,
causing incremental changes in pasture condition, composition
and productivity. The above assumptions cause some
uncertainty in the estimates of LTCC, but attempts to
quantify this uncertainty have not been made. The GRASP
estimates of pasture growth were greatest in Rehab 2, with an
estimated mean annual growth and RUE of 6528 kg/ha and
10.3 kg/ha.mm rainfall respectively (Table 5). This equates to
a LTCC of 1.86 ha/AE (Table 5), which is by far the highest
LTCC of the land types within the trial. This compares
favourably with a similar land type in the Burnett
(Softwood Scrub) that had a RUE of 11.5 kg/ha.mm rain
(State of Queensland 2014; Bath 2016). The next-highest
was the Mountain Coolibah land type, followed by
Brigalow Uplands and then Poplar Box (Table 5). The
RUEs of the Mountain Coolibah and Brigalow Uplands
land types were similar to the 4.5 kg/ha.mm RUE of native
black spear grass (Heteropogon contortus) pastures in the
Burnett (McKeon et al.1990). Sites with low TSDM and
very low RUE (2.9 kg/ha.mm) were also pastures in poor
condition, such as BMK 11, that would likely have lower
infiltration rates (Fraser and Stone 2016). It is surprising that
productivity of the Brigalow Uplands land type was lower than
that of the Mountain Coolibah, as the current estimate of
median annual pasture growth for Brigalow Uplands at
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Bowenville (~23 km from the trial site) is 5640 kg/ha,
whereas Mountain Coolibah for the same climate centre has
been given as 4660 kg/ha (State of Queensland 2014) on the
basis of field observations throughout northern Australia and
modelled estimates of pasture growth (Day et al. 1997; Stone
et al. 2019). In the neighbouring Burnett region, RUE of a
Brigalow Belah land type was 11.5 kg/ha.mm rain (State of
Queensland 2014), compared with 4.5 kg/ha.mm from
Brigalow Uplands in the present paper. The lower RUE
reported in the present paper is likely to be due to soil
erosion, soil structural decline and nutrient depletion
from years of grain and forage cropping and heavy grazing,
with near zero nutrient return to the soil (Heijnen ef al. 1999;
Biggs 2007; McKenzie et al. 2017). The level of rundown in
the Burnett study was not stated by the authors (State of
Queensland 2014), but it is likely that the predicted annual
production of the Brigalow Belah land type in the Burnett is
before N rundown has reached its full extent. Similarly, the
basaltic soils, Mountain Coolibah from this trial and Silver-
leaved Ironbark from the Burnett, have RUEs of 5.5 and 6.3
kg/ha.mm respectively, the former having a history of cropping
and rundown. Erosion and nutrient depletion can resultin changes
to the original land type that preclude returning it to its original soil
profile, nutrient status and level of productivity (Buisson et al.
2019). Thus, it would be useful to add a postscript to land type
names that indicates previous land use history such as ‘Brigalow
Uplands, Old cultivation’ and, consequently, in practice it
becomes a new land type.

Results from the present work have highlighted the
importance of identifying the history of a parcel of land
from two aspects. First, do the predicted production and
RUE figures represent old cultivations with a history of
nutrient depletion and heavy grazing or are they for lands
that have been maintained in good condition throughout their
cropping and grazing history? Second, what stage of N
rundown do the stated production figures represent? End
users of predicted pasture growth data need this information
to make well informed and better decisions regarding LTCCs
and performing forage budgets. Knowing the range of
production from peak productivity on newly developed
country through to productivity of the country at
equilibrium once rundown has occurred will better inform
decisions around sustainable grazing management.

Forage budgets for determining seasonal pasture
availability relative to the number of stock being carried
have been employed in the rangelands of northern Australia
(Taylor and Paton 2016), with escalating interest due to
satellite imagery facilitating the determination of biomass
remotely (P. Tickle, pers. comm.). Mean daily growth rates
of pastures on Rehab and Mountain Coolibah land types were
similar to each other and twice that of the Poplar Box land
type, with Brigalow Uplands of intermediate values. Long-
term simulations (60 years) showed that seasonal growth
patterns varied from 15% of the mean annual RUE in
winter to 159% of the mean in spring and 156% in
summer. These data will be useful for calculating ‘in
grazing’ pasture growth at other sites on these land types
for forage budgets in different seasons.
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Swiftsynd methodology

Swiftsynd provides a valuable method for observing the net
primary production of pastures, and particularly, as a data
collection method for calibrating the GRASP pasture growth
model. However, there are several drawbacks. First, clipping
the pasture quadrats with shears is time consuming and, thus,
the number and size of samples is usually small (4 quadrats of
0.25 m? per exclosure at each harvest in the present study) and
this restricts the capacity to measure spatial variability and
leads to higher levels of variability in the measurement of
TSDM. The estimated average time required for two
experienced operators was 1.25 h per exclosure per harvest
in the present study, with the largest proportion of time (90%)
spent measuring pasture height, recording cover, cutting the
four quadrats and separating into grasses, forbs and legumes.
In total, there were 103 Swiftsynd harvests across the 5 years
and 13 sites at Acland. While the mean yield of these harvests
was 2879 kg/ha, the average standard deviation of the four
quadrats at each harvest was 1002 kg/ha and the average
coefficient of variation was 33%. This variability in field
data was marginally greater than the differences between
the GRASP and observed estimates of TSDM. The RMSD
was 793 kg/ha or 28% of the mean. The destructive process
used in Swiftsynd harvests is a further limitation of the
methodology as the same location cannot be repeatedly
measured. Non-destructive imaging methods are available,
such as near-infrared and terrestrial laser scanning by
LiDAR (light detection and range), and are capable of
rapidly estimating TSDM, height, volume, cover and
potentially species over large and spatially diverse areas
with a useful accuracy (Schaefer and Lamb 2016; Anderson
et al. 2018; Schulze-Briininghoff et al. 2019). Inclusion of
these methods within the Swiftsynd methodology would help
improve the accuracy of field observations, while reducing
labour and time inputs. The entire area of the exclosure could
be measured at each harvest, and more frequently (e.g. to
capture the effects of species differences at the start of each
growing season when mowing and raking is used to reset the
pasture). This would shift the emphasis of cutting quadrats
towards verification of optically based estimates of pasture
attributes and collection of samples for chemical analysis.
Time saved in sampling might allow more exclosures to be
sampled, giving greater coverage of variability across
paddocks and land types. A review of the Swiftsynd
methodology is recommended.

Conclusions

Data from the Swiftsynd sites showed pastures on rehabilitated
and previously mined areas can be as productive, or better,
than are pastures on unmined soils. These data have been
successfully employed in the GRASP model to determine
the long-term productivity, sustainability and viability of
these Anthroposols relative to surrounding unmined land
and found rehabilitated land to be as productive and viable
as surrounding unmined land. While results suggest a rundown
in pasture productivity of 30-40% over 6 years, the full extent
of productivity decline as pastures age is unknown at this
stage. It is possible that pasture species in the rehab paddocks
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may continue to change with pasture age as a result of
rundown. For example, Rhodes grass and panic species may
be replaced in time with grasses such as creeping bluegrass and
Queensland bluegrass that tolerate and persist in lower N
conditions.

The RUE and long-term pasture productivity data will
enable the development of grazing management plans for
the sustainable management of both mined and unmined
lands. These plans will allow mining operators to
sustainably manage towards the transition of rehab
paddocks to commercial agriculture. The data also provide
critical information (LTCC, RUE) to allow development of
similar grazing management plans for land types on
commercial enterprises elsewhere on the Darling Downs.
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