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Northern Australian pasture and beef systems.
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Abstract. The beef industry in northern Australia manages ~15 million cattle, grazed on 250 million hectares of grassland
and savanna woodland. The large size of the beef industry results in signiﬁcant quantities of greenhouse gases being
emitted to the atmosphere through ruminant livestock enteric methane production. However, livestock emissions are only
one component of the carbon cycle in which grazing businesses operate. Livestock grazing also affects carbon stocks and
ﬂuxes in pasture, woody vegetation, soil and from ﬁre through the consumption of forage and other landscape impacts.
Little knowledge is available on the impact of different grazing management strategies on the ‘net carbon position’
incorporating carbon stocks and greenhouse gas emissions when grazing savanna woodlands. The Wambiana grazing trial
in northern Queensland, Australia, provides an opportunity to assess carbon stocks and greenhouse gas emissions (reported
as t CO2-e) associated with livestock, pasture, woody vegetation, soil and ﬁre under alternative grazing management
strategies (moderate and heavy stocking rate) over a 16-year period. The results indicate that tree biomass and woody
vegetation dynamics dominate the carbon stocks and ﬂuxes in grazed savanna woodlands. During the trial, both moderate
and heavy stocking rate treatments had a positive net carbon balance, with the moderate stocking rate treatment having
a better ‘net carbon position’ (19 t CO2-e per ha) than the heavy stocking rate treatment (9 t CO2-e per ha), primarily due to
less livestock emissions and greater pasture biomass and soil C. These results add to the previously published beneﬁts on
land condition and economic return of grazing at moderate stocking rates, compared with heavy stocking rates.
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Introduction
The northern Australian cattle industry operates across
Queensland, the Northern Territory and northern Western
Australia, grazing ~15 million head of cattle and utilising ~250
million hectares of predominantly native grasslands, savannas,
intact grassy woodlands and cleared woodlands (MLA 2013;
ABS 2014). The large size of the industry means that community
concern about signiﬁcant environmental impacts is inevitable.
Of primary concern is a decline in land condition leading to
reduced water quality and sediment transport (e.g. Queensland
Government 2013), impacts on biodiversity (Bastin 2008), and
release of signiﬁcant greenhouse gas emissions to the atmosphere
(Charmley et al. 2008; Garnett 2009). Herd and grazing
management changes are likely to be required to address or
reduce the impact of these environmental issues. However, the
highly variable climate, stagnant productivity growth, market
issues and rising costs mean that most grazing businesses in
northern Australia are struggling ﬁnancially (McLean et al.
2014). Any proposed management change therefore needs to
be carefully considered to assess impacts on proﬁtability,
productivity and environmental outcomes.
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Australia’s national greenhouse gas accounts indicate that
livestock enteric fermentation is responsible for ~10% of
Australia’s emissions (DIICCSRTE 2013). More than half of
these emissions can be attributed to the northern cattle industry.
The inherent biology of ruminants makes it difﬁcult to reduce
the daily enteric methane emissions from individual animals
particularly when grazing extensive pasture with little or no
supplementary feeding (Johnson and Johnson 1995; Charmley
et al. 2008). The lack of direct abatement options means that
management changes to reduce emissions must focus on
improving herd efﬁciency by actions such as improving
fertility so fewer cows are required, culling unproductive
animals and increasing growth rates reducing the period until
slaughter (Rolfe 2010; DAFF 2012; Cullen et al. 2013; Hristov
et al. 2013).
Livestock emissions are however only one component of the
carbon (C) and emissions cycles in which grazing businesses
operate. Bray and Willcocks (2009) assessed the ‘net C position’
of the Queensland beef industry considering livestock, forage
biomass, woody vegetation, soil C, ﬁre and fossil fuel energy
emissions. They found that the livestock emissions were largely
www.publish.csiro.au/journals/an
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offset by biosequestration in the woody vegetation on grazing
land following legislated restrictions on tree clearing and
woodland thickening in remnant vegetation (Burrows et al.
2002). Property-scale analyses on four Queensland grazing
properties found that livestock emissions could be offset with
the retention and growth of a relatively small amount of additional
trees with minimal impacts on livestock productivity (Bray and
Golden 2009; Eady et al. 2011). These analyses were based on
modelled data from a range of sources and necessarily had to
include a range of assumptions such as herd structure, and cattle
and tree growth rates. Few examples exist where most of the C
stocks and ﬂuxes and emissions calculations are based on actual
measured data at a paddock or property scale.
The Wambiana grazing trial was established in 1997 in
northern Queensland’s savanna woodlands to assess grazing
management options to cope with climate variability
(O’Reagain et al. 2009). Results to date indicate that the
moderate stocking rate (MSR) treatment has maintained land
condition and had better ﬁnancial returns with lower risk than
the heavy stocking rate (HSR) treatment (O’Reagain et al.
2011; Scanlan et al. 2013). The Wambiana grazing trial provides
an ideal opportunity to verify biophysical models (e.g. Scanlan
et al. 2013; Doran-Browne et al. 2014) and assess the ‘net C
position’, incorporating C stocks and greenhouse gas emissions
of alternative grazing management options over a 16-year
timeframe, since much of the data required has been measured
within a rigorously designed grazing experiment (O’Reagain
et al. 2009, 2011). This paper utilises the data from the Wambiana
trial to assess and compare the net C position of the MSR and
HSR treatments.
Materials and methods
Wambiana grazing trial
The Wambiana grazing trial was established near Charters
Towers in north Queensland, Australia (20340 S, 146070 E) to
evaluate grazing management strategies for managing rainfall
variability on extensive grazing properties (median property
size in Central North Queensland is 39 000 ha). Annual
rainfall in this region is highly variable (range of 207–1409
mm, mean 640 mm) and strongly seasonal, with most rainfall
(~70%) occurring in the summer months of December to
March. Below-average rainfall was received at the trial
between 2001 and 2006 (O’Reagain et al. 2011).
Three main land types based on soil type and woody
vegetation associations occur at the site (O’Reagain et al. 2009):
(1) Box – moderately fertile brown sodosols and chromosols
dominated by Reid River box (Eucalyptus brownii)
occupying ~55% of the area.
(2) Brigalow – more fertile grey earths and vertosols dominated
by brigalow (Acacia harpophylla) occupying ~22% of the
area.
(3) Ironbark – low fertility yellow/red kandosols dominated
by silver-leaf ironbark (E. melanophloia) occupying ~23%
of the area.
The 10 trial paddocks (93–115 ha) were fenced so that each
paddock had roughly the same proportion of the three major
land types. Five different stocking strategies were applied with
two treatment replicates.
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The greenhouse gas emissions and C stock assessment
utilised data from the MSR and HSR treatments. The MSR
treatment was stocked at 8–10 ha/animal equivalent (AE =
450-kg steer) and the HSR treatment was stocked at 4–5 ha/
AE (O’Reagain et al. 2009). For the present assessment each
treatment ‘paddock’ was scaled to be 1000 ha, divided
proportionally into the three main land types. We accessed the
data for 16 years from 1997–98 to 2012–13. The ﬁrst day of
June was regarded as the start of each year, being notionally
the start of the 6-month dry season and end of the 6-month
wet season. The entire site was burnt in October 1999 and
October 2011 to manage woodland thickening. All C stocks
and greenhouse gas emissions were reported as carbon dioxide
equivalents (t CO2-e).
Cattle emissions and biomass
Treatments were stocked with one size class of cattle for the ﬁrst
5 years with cattle changed annually at the end of the wet season.
Thereafter, treatments had two cattle size classes, with a new
batch of yearling steers (~360 kg) being introduced annually and
kept for 2 years, with approximately half the cattle replaced
each year. See O’Reagain et al. (2009, 2011) for more detail.
For each treatment, herd records included livestock numbers
and initial liveweight. Dry season liveweight gain and wet season
liveweight gain were used to generate monthly livestock
liveweights. An excel version of the FarmGAS calculator
(http://www.farminstitute.org.au/calculators/farm-gas-calculator,
veriﬁed 6 September 2014) was used to calculate yearly
livestock greenhouse gas emissions (enteric methane and N2O
emissions from livestock urine and faeces).
Average annual livestock biomass was calculated using the
method of Bray and Willcocks (2009) assuming livestock were
40% dry matter and 50% C.
Woody plant biomass and dynamics
Live woody plant basal area was assessed four times in
permanent 1-ha monitoring sites on the three main land types
in the MSR and HSR paddocks, before and after the ﬁre events
in spring 1999 and 2011, using TRAPS woodland monitoring
methodology (Back et al. 1997; Burrows et al. 2002). Between
1999 and 2011 live tree basal area increased by 8% and 7% in
the MSR and HSR treatments respectively with no treatment
differences detected. Data from the two treatments were
combined for each land type. Monthly tree basal area was
calculated over the life of the trial. Tree basal area change
rates before the 1999 ﬁre and after the post 2011 ﬁre
recordings were assumed to be at the same rate as the period
between the two ﬁres. Aboveground live tree biomass was
estimated using the stand allometric of Burrows et al. (2002).
Currant bush (Carissa ovata) is a native, low sprawling shrub,
which can impact grazing by displacing and competing for
resources with forage plants (Back 2005). Currant bush cover
was assessed on the permanent monitoring sites at the same time
as the TRAPS tree basal area measurements, by measuring the
proportion of the 500-m transect occupied by currant bush
canopy. Treatment differences following the 1999 ﬁre were
detected with currant bush growth rates slower for the MSR
than in the HSR treatment. Between 1999 and 2010 currant bush
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canopy increased by 23% and 82% in the MSR and HSR
treatments respectively. Currant bush canopy change rates
before the 1999 ﬁre and after the post-2011 ﬁre recordings
were assumed to be the same rate as the period between the
two ﬁres. Monthly canopy area was calculated over the 16 years
of the trial. Currant bush biomass was estimated by cutting 10 50by 50-cm quadrats through the canopy, which yielded an
average biomass of 10.7 t/ha of canopy.
Forage and litter biomass and dynamics
Total standing dry matter was assessed each year at the end of
the wet season (May) using the BOTANAL procedure (Tothill
et al. 1992), with 200 quadrat placements in each treatment
replicate proportionally spaced across the three land types
(O’Reagain et al. 2009). For each treatment, biomass and
cumulative change in biomass (t CO2-e) from the start year
1997–1998 was calculated assuming the forage biomass was
50% C.
Litter biomass was measured in 0.25-m2 quadrats during soil
sampling in 2009 and 2010 (n = 395) across the two treatments
and three land types. Litter biomass was assumed to have
remained static throughout the trial period.
Soil C stock and dynamics
Soil C was sampled during three sampling campaigns in 2008,
2009 and 2010 (see Pringle et al. 2011; Allen et al. 2013;
Segoli et al. 2014). Total organic soil C was assessed to a
depth of 30 cm using a hydraulic driven push tube with
samples analysed using dry combustion (see Pringle et al.
2011). Soil C measurements were conducted on average
12 years after the start of the trial. Pringle et al. (2011) found
statistical differences and interactions between treatments and
soil types. Averaging soil C differences across sampling
campaigns, the MSR treatment had 20.3 t C/ha to 30-cm depth
compared with the HSR treatment with 19.2 t C/ha to 30-cm
depth. Assuming the soil C stocks were similar at the start of
the trial, it is impossible to know with certainty whether MSR
has gained soil C, HSR has lost soil C or a combination of both.
Being conservative we assume the MSR treatment has not
gained soil C, but the HSR treatment has lost 1.05 t C/ha over
12 years or 0.32 t CO2-e/ha.year due to the heavy grazing
intensity.
Coarse woody debris and standing dead trees
Coarse woody debris (CWD) and standing dead tree biomass
was assessed in the three land types in 2009 and assumed to
have remained static throughout the trial period. CWD biomass
was estimated by measuring the dimensions and calculating
the volume of CWD greater than 2 cm diameter in two 100-m
long, 1-m-wide belt transects in each land type. Sixty-nine
pieces of CWD were subsequently collected covering the
range of sizes encountered and dried at 45C until constant
weight was achieved. The volume of each piece was calculated
based on the dimensions and shape. The relationship between
volume and biomass (Eqn 1) was applied to the volume
calculated in the belt transect and then converted to t CO2-e,
assuming CWD biomass was 50% C.

S. Bray et al.

CWD biomass ðgÞ ¼ Volume CWD ðcm3 Þ
· 0:8225 ðR2 ¼ 0:94; n ¼ 69Þ:

ð1Þ

Standing dead trees were assessed in the three land types
in 2009 using the Bitterlich technique (Grosenbaugh 1952).
Standing dead tree biomass was estimated using the
allometrics of Burrows et al. (2002).
Energy use
Emissions from energy use through fuel and electricity were
not measured on the trial, but are of interest in the context of
an operating grazing business. We applied on-farm energyrelated emissions of 0.009 t CO2-e/ha.year (Bray and
Willcocks 2009; Eady et al. 2011).
Fire emissions
To account for the emissions from the 1999 and 2011 ﬁre we
used the Australian greenhouse accounts methodology
(DIICCSRTE 2013) using the forage and litter biomass
measured at the end of the wet season and a burn efﬁciency of
0.76. The whole area was assumed to be burnt.
Results
Carbon stocks ranged from 223 000 to 273 000 t CO2-e/1000 ha
during the 16 years of the trial and across the two stocking rate
treatments (Fig. 1). Carbon in live trees and soil contributed
on average 56% and 29% respectively to C stocks. The
contribution from livestock biomass was small (0.02% of the
total). CWD, standing dead trees, forage and litter and currant
bush contributed ~15% to C stocks (Fig. 1).
Carbon ﬂuxes and greenhouse gas emissions were dominated
by the change in live-tree biomass (Fig. 2). This was driven by
the two ﬁre events, which reduced live tree biomass but was
followed by tree growth in the inter-ﬁre period. The 1999 ﬁre
occurred after a prolonged ﬁre-free period and resulted in a
large decline in live trees. In contrast, the second ﬁre in 2011
had much less impact (Fig. 2). At the end of the analysis period
in 2012/13 there was 21 900 t CO2-e/1000 ha more live tree
biomass than at the start of the trial indicating C sequestration.
The impact of climate cycles and interaction with grazing
intensity can be observed in the forage and litter. In the MSR
treatment, change in forage and litter biomass was slower to
reach the maximum positive value (greatest emission) during
the drought in the mid-2000s as on-ground forage biomass
declined (Fig. 2). By the end of the trial period the MSR
treatment had accumulated a small amount of C in the forage
and litter compared with the start of the trial with 3 t CO2-e/ha
on average more biomass than the HSR treatment over the life
of the trial.
Livestock emissions in the HSR treatment were greater
than in the MSR treatment due to the higher livestock
numbers. The HSR treatment had slightly lower ﬁre emissions
due to the lower fuel loads than the MSR treatment (Fig. 2). The
difference in soil C between the two stocking rate treatments
was attributed to the HSR treatment losing soil C equivalent to
4.8 t CO2-e/ha. By comparison, energy emissions were small
with emissions of 0.14 t CO2-e/ha over 16 years.
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Fig. 1. Carbon stocks (t CO2-e per 1000 ha) for six biomass pools during the 16-year
(1997–2013) Wambiana grazing trial for (a) moderate stocking rate and (b) heavy stocking
rate treatments.

Combining the t CO2-e ﬂuxes over 16 years, indicated that
the HSR and MSR treatments had a positive net C position of
8800 and 19 100 t CO2-e/1000 ha respectively (Fig. 3), with
the majority of the difference due to forage and litter, livestock
emissions and soil C. The high variability during the
experimental period largely associated with tree biomass
change and to a lesser extent seasonal forage and litter
biomass has implications for reference dates (we used the start
of the trial in this assessment) for determining grazing industry
greenhouse gas assessment baselines.
Discussion
Carbon in live trees dominated the C stocks and had the greatest
dynamics in the present analysis (Figs 1, 2). The C stocks in
the live trees measured here were consistent with previous
estimates for grazed woodlands (e.g. Burrows et al. 2002;
Bray et al. 2006). The signiﬁcant decline in live tree C
following the ﬁre in 1999 probably reﬂected the long period
without ﬁre before the Wambiana trial establishment, which
resulted in an accumulation of older, hollow trees more
susceptible to the ﬁre. The second ﬁre in 2011 had far less
impact. Despite the ﬁre-induced ﬂuctuations, the trajectory of
increasing C in live trees across land types observed here, often
termed ‘woodland thickening’, has also been reported for other
grazed woodlands (Burrows et al. 2002; Fensham et al. 2003;

Krull and Bray 2005; Bray et al. 2007; Krull et al. 2007). The
woodland thickening observed at the trial appears to have been
insensitive to grazing intensity over the 1997–2013 period.
Soil C was the second largest C stock at the site with the
magnitude consistent with other soils in the region (e.g. Bray
et al. 2006, 2010; Krull et al. 2007). There was variation in
response of soil C to treatment between land types with the
Box having higher soil C in the HSR treatment whereas the
other two land types had higher soil C in the MSR treatment
(Pringle et al. 2011). This inconsistency in the response of soil C
to grazing intensity, land condition and land types has also been
found in other studies in northern Australia (e.g. Bray et al.
2010). The average difference in soil C between the MSR and
HSR treatments (1.05 t C/ha over 12 years) was assumed to be
due to a decline in the HSR treatment. Further long-term studies
or validated soil C modelling are required to evaluate the
ongoing direction and magnitude of soil C change in both
treatments.
Forage and litter biomass was sensitive to grazing intensity,
with lower forage and litter biomass in the HSR treatment.
Ongoing heavy pasture utilisation in the HSR treatment is
likely to further reduce the abundance and biomass of desirable
3P (productive, palatable and perennial) grasses whereas the
proportion of annuals, unpalatable grasses and the exotic
stoloniferous grass Bothrioichloa pertusa are increasing
(O’Reagain and Bushell 2013; Doran-Browne et al. 2014).
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Fig. 2. Cumulative carbon ﬂuxes and emissions (t CO2-e per 1000 ha)
during the 16-year (1997–2013) Wambiana grazing trial in (a) moderate
stocking rate and (b) heavy stocking rate treatments. Positive (+ve) values
indicate emission to the atmosphere and negative (–ve) values indicate
removal from the atmosphere relative to the starting year.
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Fig. 3. Summary of the carbon ﬂux and emissions (t CO2-e per 1000 ha)
during the 16-year (1997–2013) Wambiana grazing trial in the heavy and
moderate stocking rate treatments. Positive (+ve) values indicate emission
to the atmosphere and negative (–ve) values indicate removal from the
atmosphere relative to the starting year.

The overall future impact on soil and woody vegetation C stocks
due to differences in land condition and ﬁre intensity is still a
matter of uncertainty. The lower soil C stocks in two of the three

land types may provide an indication of declining soil C levels
with reduced land condition and the decline in forage and litter
biomass.
Currant bush (Carissa ovata) is a sprawling prickly shrub
increasing in abundance in the Burdekin region (Grice et al.
2000). Regular ﬁre has been shown to reduce the currant bush
canopy area but has little impact on plant numbers (Back 2005).
At Wambiana, currant bush cover has been increasing in both
stocking rate treatments. However, the increase has been greater
in the HSR treatment possibly in response to lower competition
from forage and reduced ﬁre intensity due to the lower fuel
loads. Continued increase in currant bush will eventually
decrease forage production and livestock carrying capacity,
thereby reducing grazing productivity. Conversely, increasing
currant bush may buffer C stock losses through maintaining C
biomass (5.35 t C/ha of canopy). In addition, preliminary soil C
analyses have indicated that soil under currant bush canopy may
contain up to 3 t C/ha more soil C than the surrounding soil
(S. Bray, unpubl. data).
A key question for beef businesses in northern Australia and
policy makers is whether positive greenhouse gas outcomes are
consistent with positive economic and sustainability outcomes.
Economic analysis of the Wambiana grazing trial using steers
and bioeconomic modelling scaling up to a breeder ﬁnishing
herd found that annual gross margins were highly variable in the
HSR treatment with high returns in good seasons, but very poor
or negative returns in poor seasons due to the market penalties
on poor condition cattle, the high costs of drought feeding and
interest on livestock capital (O’Reagain et al. 2011; O’Reagain
and Bushell 2013; Scanlan et al. 2013). In contrast, annual
gross margins in the MSR treatment were much more stable
and over 12 years the accumulated gross margin was 1.7 times
higher than the HSR treatment. Land condition was also far
better in the MSR treatment (O’Reagain and Bushell 2013).
The net C position analyses indicate that the MSR treatment
had a better net C position than the HSR treatment (Fig. 3)
supporting the notion that improved greenhouse gas emissions
and positive net C position outcomes are consistent with
economic and sustainability outcomes.
Signiﬁcant climate variability is a feature of the northern
grazing lands with signiﬁcant annual, inter-annual and decadal
variation (McKeon et al. 2009). Multi-year droughts and ‘wet’
periods impact C storage and emissions through the impact on
forage production, land condition and livestock stocking
rates (O’Reagain et al. 2011), tree growth (Back et al.
2009) and tree drought-induced die-back (Fensham and
Holman 1999) and potentially soil C. The slow turnover
of soil C (Krull et al. 2007) means that extreme events that
only last a couple of years are likely to have a relatively
minor impact. The most signiﬁcant impact on C stock size and
dynamics is the change in live woody vegetation that occurs in
response to ﬁre and drought events. These large ﬂuctuations
mean that an assessment of the net C position is sensitive to the
‘reference’ date or ‘baseline’. The present 16-year assessment
contains multi-year wet and dry periods minimising but not
eliminating the risk of erroneous interpretation. However, by
comparing the two treatments, it can be concluded that the
MSR treatment has a better net C position than the HSR
treatment.
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This analysis was based on a comprehensive dataset from
one site in Australia’s northern grazing lands; however, the
methods and ﬁndings are expected to be applicable across
northern Australia and savanna landscapes around the world.
Future work using biophysical modelling incorporating
economics and C, once veriﬁed at sites such as the Wambiana
grazing trial (e.g. Scanlan et al. 2013; Doran-Browne et al.
2014), can then be used to test and demonstrate the multiple
beneﬁts of moderate stocking rates as opposed to heavy stocking
rates at locations throughout the grazing lands.
Conclusions
The extensive beef industry in northern Australia creates
signiﬁcant livestock greenhouse gas emissions. However,
livestock emissions are only one component of the C cycle in
which grazing businesses operate. Livestock grazing also
affects C stocks and ﬂuxes in pasture, woody vegetation and
soil through the consumption of forage and other landscape
impacts like ﬁre. The Wambiana grazing trial in northern
Queensland provided the opportunity to assess the net C
position (reported as t CO2-e) incorporating C stocks and
greenhouse gas emissions of two grazing management
strategies over a 16-year period. The results indicate that tree
biomass and woody vegetation dynamics dominate the C stocks
and ﬂuxes in grazed savanna woodlands. Over the 16-year
trial, both MSR and HSR treatments had a positive net C
position with the MSR treatment having a better net C position
(19 t CO2-e per ha) than the HSR treatment (9 t CO2-e per ha)
primarily due to lower livestock emissions and greater pasture
biomass and soil C. These results support previously published
beneﬁts of grazing at moderate stocking rates compared with
heavy stocking rates on land condition, ﬁnancial returns and
reduced risk.
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