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Abstract.

The grazing lands of northern Australia contain a substantial soil organic carbon (SOC) stock due to the large

land area. Manipulating SOC stocks through grazing management has been presented as an option to offset national
greenhouse gas emissions from agriculture and other industries. However, research into the response of SOC stocks to a
range of management activities has variously shown positive, negative or negligible change. This uncertainty in predicting
change in SOC stocks represents high project risk for government and industry in relation to SOC sequestration programs.

In this paper, we seek to address the uncertainty in SOC stock prediction by assessing relationships between SOC
stocks and grazing land condition indicators. We reviewed the literature to identify land condition indicators for analysis
and tested relationships between identified land condition indicators and SOC stock using data from a paired-site
sampling experiment (10 sites). We subsequently collated SOC stock datasets at two scales (quadrat and paddock) from
across northern Australia (329 sites) to compare with the findings of the paired-site sampling experiment with the aim
of identifying the land condition indicators that had the strongest relationship with SOC stock.

The land condition indicators most closely correlated with SOC stocks across datasets and analysis scales were tree
basal area, tree canopy cover, ground cover, pasture biomass and the density of perennial grass tussocks. In combination
with soil type, these indicators accounted for up to 42% of the variation in the residuals after climate effects were removed.
However, we found that responses often interacted with soil type, adding complexity and increasing the uncertainty
associated with predicting SOC stock change at any particular location.

We recommend that caution be exercised when considering SOC offset projects in northern Australian grazing lands due
to the risk of incorrectly predicting changes in SOC stocks with change in land condition indicators and management
activities for a particular paddock or property. Despite the uncertainty for generating SOC sequestration income,
undertaking management activities to improve land condition is likely to have desirable complementary benefits such

as improving productivity and profitability as well as reducing adverse environmental impact.

Additional keywords: carbon sequestration, pasture management, soil organic matter, uncertainty.

Received 14 September 2015, accepted 29 February 2016, published online 13 June 2016

Introduction

Land condition and greenhouse gas emissions in the north
Australian beef industry

Poor grazing land condition reduces pastoral productivity in
northern Australia, predominantly through a reduction in the
abundance and growth of palatable, perennial forage species
available for grazing by livestock (Mclvor and Gardener 1995;
DPI&F 2004; MacLeod et al. 2004; MLA 2005). Poor grazing
land condition also impacts on other environmental qualities,
including landscape health and water quality (Mclvor et al.
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19955h; Bartley et al. 2010, 2014), soil organic carbon (SOC) and
vegetation C stock (Ashezal. 1995; Schuman et al. 2002; Northup
et al. 2005). Grazing land condition therefore plays a central role
in the productivity, profitability and sustainability of extensively
managed grazing enterprises (MacLeod et al. 2004; Orr et al.
2010a; O’Reagain et al. 2011; Scanlan et al. 2013). Despite this,
substantial areas with poor grazing land condition exist across
much of northern Australia’s grazing lands (Tothill and Gillies
1992; Shaw et al. 2007; Karfs et al. 2009a; Beutel ef al. 2014).

Recently agriculture has come under public scrutiny for
its contribution to national greenhouse gas emissions, with
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agriculture responsible for 15% of Australia’s total emissions
under Kyoto Protocol reporting in 2013 (DoE 2015). The north
Australian grazing industry generates significant quantities of
methane from livestock (Charmley et al. 2008) and has been
implicated in the loss of soil and vegetation C through land
clearing (DERM 2010) and land degradation (CSIRO 2009).
Improving land condition (or ameliorating land condition
decline) may reduce the greenhouse gas emissions intensity of
grazing businesses (emissions per unit of livestock product)
and potentially increase SOC stocks (Bray and Willcocks 2009;
Bray et al. 2014). Reducing greenhouse gas emissions or
sequestering C from the atmosphere into soil or vegetation has
potential to offset agricultural and/or other industrial emissions
as part of emissions trading schemes (CSIRO 2009; DCCEE
2010). The Australian Government’s Emission Reduction
Fund (ERF) has approved SOC methodologies (Australian
Government 2014), with other methodologies likely to be
developed in coming years. Sequestering SOC (or reducing
SOC loss) in northern Australia’s grazing land relies upon
identifying drivers of SOC change associated with management
activities at various spatial and temporal scales. Key
considerations when deciding to undertake an ERF project will
be the ability to reliably demonstrate SOC sequestration within
the timeframes of C markets, taking into consideration project
duration and permanency requirements. The C price will also be
important unless co-benefits such as higher pastoral productivity
(Bryan et al. 2014) or preventing land degradation are also
achieved.

Land condition indicators and SOC

Extensive grazing in the Queensland and Northern Territory
regions of northern Australia occupies 207 million ha or 85%
of Queensland and 45% of the Northern Territory (Gleeson
et al. 2012). This vast area is estimated to contain 9.2 Gt of
SOC to a depth of 0.3 m (Viscarra Rossel ef al. 2014). SOC
stocks are linked to climatic, soil, woodland and pasture
attributes (Bird et al. 2000; Allen et al. 2013; McSherry and
Ritchie 2013; Orgill ef al. 2014; Viscarra Rossel ef al. 2014),
which are also important factors when assessing land condition
(DPI&F 2004; MLA 2005). The ABCD land condition
framework is used across grazing land in northern Australia, and
assesses land condition in the context of ‘soil and vegetation

Table 1.
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communities’ (referred to as ‘land type’) and rainfall (MLA
2005). The ABCD land condition framework categorises
grazing land into A (Good), B (Fair), C (Poor) and D (Very
poor/Degraded) condition. Land type and rainfall govern the
overarching potential for biomass production, whereas the
condition of the land represents the capacity of an area to reach
that potential. In general terms, humid tropical and sub-tropical
areas have a greater potential to produce pasture biomass than
arid areas, and deep fertile soils have a greater potential than
shallow infertile soils. All else being equal, pasture biomass
production within an area is influenced by soil condition, tree
and shrub basal area and canopy cover (Scanlan et al. 1996) and
perennial grass density, species composition and basal area
(Orr and Phelps 2013). SOC stocks are reported as being
positively correlated with pasture biomass (Ash et al. 1995;
Mclvor and Gardener 1995; Hunt et al. 2014). The implication
is that pasture productivity and therefore livestock carrying
capacity will be highest in class ‘A’ land condition and will
decline as land condition deteriorates from A to D condition
(Table 1; Ash et al. 2001). As the ABCD land condition
framework provides a basis for assessing pasture productivity,
it should be possible to demonstrate a link between the ABCD
land condition ratings and SOC stocks.

The ABCD land condition framework has four key
components combining several land condition indicators
(DPI&F 2004):

e Pasture condition (perennial grass tussock density, species
composition, weeds),

* Forage condition (pasture biomass and quality),

¢ Soil condition (ground cover including pasture and litter cover
and soil crust), and

* Woodland condition (tree and shrub density and species
composition).

Perennial tussock grasses have been demonstrated to have a
strong relationship with SOC stocks in northern Australia. Soil C
concentration and microbial activity decline as distance from a
perennial grass tussock increases (Holt 1997; Northup et al. 1999,
2005; Ash et al. 2001). Northup et al. (2005) found that the
influence of individual tussocks of the main perennial grass
(Bothriochloa ewartiana) was restricted to a distance of <0.3 m.
Scaling the tussock findings up to the paddock or regional scale,
higher SOC stocks were associated with large and closely spaced

Land condition rating definitions for assessment at the quadrat scale (modified from Stocktake (DPI&F 2004))

At the quadrat scale, tree density was not considered and was measured separately. 3P =perennial, palatable and productive grass

Rating Description Productivity relative
to A condition
A condition Good coverage of palatable, perennial and productive (3P) grass species, little bare ground 1
in most years (<30%), few weeds, no erosion
B condition Similar to A condition but with one or more of the following: some decline of 3P grasses, 0.75

an increase in less palatable or productive species, an increase in bare ground (30-50%)
in most years, signs of previous erosion, evidence of current erosion risk

C condition

Similar to B condition but with one or more of the following: general decline of 3P grasses, 0.45

large amounts of less palatable or productive species, >50% bare ground in most years,
obvious signs of previous erosion, high susceptibility to current erosion

D condition

Has one or more of the following: general lack of perennial grasses and forbs, severe 0.2

erosion or scalding (resulting in a hostile environment for plant growth) and/or weeds

that cover most of the area
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(abundant) perennial tussocks compared with paddocks with
small and sparse perennial tussocks as can occur when land is in
poor condition (Ash et al. 1995). Lower SOC stock associated
with land in poor condition was attributed to a decline in net
primary productivity (annual pasture growth). Based on the
findings from this research, the theory that perennial grass
tussock basal area and tussock abundance determines SOC stock
has gained traction among industry advisers and been widely
promoted in extension material for land managers to encourage
better land management (Ash et al. 2001; MLA 2005) as
depicted in Fig. 1.

Trees and shrubs also influence SOC, with higher SOC stocks
under the canopy compared with away from the canopy (Wilson
et al. 2007; Waters et al. 2015). At the plot or paddock scale,
a reduction in tree cover from clearing generally leads to an
increase in pasture biomass (Scanlan 2002) and SOC sampling at
the paddock scale has shown little or no reduction in SOC stock
with tree clearing for pasture development (Guo and Gifford
2002; Dalal ef al. 2005; Harms et al. 2005; Fujisaki et al. 2015;
Waters et al. 2015). Reforestation has also shown little impact
on SOC stocks (Marin-Spiotta et al. 2009). However, results
have been inconsistent with some studies predicting a decline
in SOC stocks with the removal of tree canopy cover (Chen
et al. 2005; Witt et al. 2011).

Ground cover, pasture biomass and litter biomass have the
potential to modify SOC stocks through the supply of C to the
soil and by influencing the rate of SOC decomposition through
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Fig. 1. Depiction of the pattern of soil organic carbon in the top 0.1 m of

soil for two land condition states. ‘Good’ land condition (top) has a high
density of large healthy perennial grass tussocks and higher soil organic
carbon compared with ‘Poor’ land condition (bottom) where the density and
vigour of perennial grass tussocks has been reduced through overgrazing.
Source: Ash et al. (2001).
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increased rainfall infiltration, reduced soil evaporation and
protecting the soil surface from erosion and soil temperature
extremes (Mclvor and Gardener 1995; Fraser and Waters 2004;
Silburn et al. 2011). These factors in turn increase the available
soil moisture for plant growth and hence SOC input into the
soil. The amount of available soil nitrogen (N) also impacts the
amount of biomass grown (Pringle ez al. 2014; Segoli et al. 2015).
In northern Australia, greater pasture biomass and ground cover
is generally associated with greater abundance of perennial grass
tussocks and good land condition (Ash ef al. 1995; Mclvor and
Gardener 1995; Hunt et al. 2014).

Challenges in relating SOC stocks to land condition
indicators

Given the overlap between the drivers of SOC stocks and land
condition, we would expect that land condition indicators might
represent a powerful surrogate for predicting C stocks in grazing
lands. However, variability related to spatial and temporal scales
poses a challenge.

Land managed for extensive grazing is renowned for high
spatial variability (Allen et al. 2010; Pringle et al. 2011; Waters
et al. 2015). The paddock is the basic management unit for
extensive grazing properties, and can range from 5 hato 50 000 ha
in northern Australia depending on the management purpose of
the paddock and the location and infrastructure of the property.
SOC stocks can represent C inputs accumulated from months
through to millennia before the present (Krull e al. 2005). Thus,
a SOC measurement at a single location may not represent either
spatial or temporal scales particularly well.

ABCD land condition assessment has generally been
undertaken at a ‘monitoring plot’ scale of 1 ha and scaled to the
paddock scale based on field observation. A modified version has
been used at the quadrat scale and compared with SOC stocks and
water infiltration (Fraser 2013). In one study, SOC stocks in the
0-0.05-m layer were generally lower in poorer land condition
classes when assessed at the quadrat scale (Carter and Fraser
2009). However, in a subsequent study, the results were not
consistent and the strongest relationship between land condition
and SOC stocks only occurred on soils with greater than 60% sand
content (Fraser 2013).

The time scale for SOC stock change poses a significant
challenge for its prediction and measurement. Total SOC stocks
are made up of several soil C pools with mean residence times
of months to years for large particle sizes (>200 um), decades for
medium particle sizes (53—200 um) and millennia for fine
particle sizes (<53 um) and inert C such as charcoal (Dalal et al.
2005; Krull and Bray 2005; Krull ez al. 2005; Krull et al. 2007;
Zhang et al. 2015). There is also a strong relationship between
soil depth and SOC residence time. In one example for a Vertosol
soil type in western Queensland, mean residence time ranged
from 12 years in the 0-0.02-m layer to 500 years in the 0.2—0.3-m
layer (Krull et al. 2005). These time-scale effects indicate the
potential limitations to making rapid changes to SOC from future
changes in land management and the potential uncertainty
associated with historical land management impacts (e.g. a period
of overgrazing).

SOC stocks are a balance of inputs, outputs and flows
between SOC pools as part of the global C cycle (Janzen 2004).
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Two overarching processes are the magnitude of C inputs and
the rate of SOC decomposition, provided soil erosion losses
are negligible. SOC decomposition by microbial and soil
fauna activity is influenced by temperature, moisture and soil
organic matter quantity and quality (e.g. C:N ratio), which
all interact to determine the decomposition rate (Sollins et al.
1996; Feller and Beare 1997). To increase SOC stocks, more C
from vegetation needs to be added to the soil without a
matching increase in decomposition rate. Alternatively, if less
vegetation C is added to the soil (e.g. by vegetation being
grazed or harvested) and decomposition rates remain the
same, SOC stocks will decline. Management actions such as
decreasing livestock stocking rates increase the forage biomass
available to enter the soil, however, managing decomposition
rates is much more problematic and difficult to achieve
(Hassink 1994).

The reviewed studies indicate that land condition,
specifically the abundance of perennial grass tussocks, tree
cover, pasture biomass and ground cover, should influence
SOC stocks for a given soil type and climate. However, the
responses across the studies cited are often variable, resulting
in high uncertainty. Nonetheless, these studies provide the
current scientific understanding of the relationship between
SOC stocks and land condition indicators in northern
Australia’s extensive grazing land and provide the basis for
testing the generally accepted theory that: ‘Good’ land
condition leads to higher SOC stocks and ‘Poor’ land condition
leads to lower SOC stocks.

In this paper, we attempt to reduce the uncertainty
associated with predicting change in SOC stocks by testing
the relationships between land condition indicators and
measurements of SOC stock. The goal was to identify important
indicators that correlate with SOC stocks at both the core/
quadrat scale and the plot/paddock scale. To do this, we used
data from a paired-site sampling experiment to evaluate
relationships, and then compared the findings with a collated
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dataset of 329 sites from across northern Australia to test for
broad-scale applicability.

Methods

The focus region of this study was the land used for extensive
grazing in Queensland and the Northern Territory (Fig. 2).
Covering a large proportion of northern Australia, the region
has a wide range of rainfall, soil type and vegetation type
(grasslands, woodlands and forests) with much of the
woodlands and forests in central and southern Queensland
cleared for pasture improvement and grazing livestock
(Gleeson et al. 2012). The Kimberley and Pilbara regions of
northern Western Australia were not considered in this study
due to a lack of available and suitable SOC and land condition
data.

Paired-site sampling experiment

A paired-site sampling experiment conducted in the Northern
Gulf and northern Burdekin regions of north Queensland was
used to test the hypotheses that: ‘Good’ land condition leads to
higher SOC stocks and ‘Poor’ land condition leads to lower SOC
stocks. SOC stock was assessed on land in ‘Good’ versus ‘Poor’
land condition on five regionally important grazing land types
(Fig. 2; Table 2) as part of the ‘Keys for Healthy Savanna Lands’
project in collaboration with the Northern Gulf Resource
Management Group (Bray et al. 2010). Potential sites were
identified in consultation with field extension officers with local
knowledge regarding landholders that may have suitable study
sites and would be willing to collaborate. Sites were selected
based on the presence of an area in ‘Good’ land condition
(predominantly land condition class A or B) and an adjacent area
in ‘Poor’ land condition (predominantly land condition class C)
to form a matching pair. Paired sites had similar land type,
landscape position, tree cover and soil type and were generally
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Fig. 2. Map of study region with sites.
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located within 200 m of each other and typically separated by
a fence.

Soil sampling and description

Twenty-five soil cores were extracted from each of the 10 1-ha
plotsona5 x 5 grid (25 m between cores) to avoid sampling bias.
Intact soil cores to a depth of 0.5 m were extracted using a vehicle
mounted hydraulic push-tube of ~50 mm diameter. The resulting
soil sample was divided into depth increments that allowed
calculation oftotal SOC in the 0—0.1-and 0—0.3-m layers. The soil
samples for each core and depth layer were bagged separately and
used for both SOC analysis and bulk density (Harms and Dalal
2003). One representative soil core up to 1.5 m depth for each site
was used to describe the soil profile following the guidelines and
terminology of the National Committee on Soil and Terrain
(NCST 2009). The representative soil profile at each field site was
classified according to the Australian Soil Classification (Isbell
2002), with the resulting soil class being referred to as the ‘soil
type’ in all analysis and discussion.

Soil sample processing and analyses

Soil samples were processed using the method of Harms and
Dalal (2003). Each soil sample was dried at 40°C until a constant
weight was reached. A subsample was dried at 105°C until
constant weight was reached for bulk density calculation. Soils
were processed before laboratory C analysis by removing roots
and crushing the soil to pass through a 2-mm sieve followed by
grinding a subsample to <0.5 mm.

Total SOC was determined using the high temperature
combustion method (Rayment and Lyons 2011). This included a
pre-treatment to remove carbonates where present using H,SO3
acid. The SOC stock calculation was based on the bulk density of
the sample, percentage of fine soil and SOC concentration in each
soil layer. SOC stock values were expressed as tCha ™' for a
specific depth interval. The 0—0.1- and 0—0.3-m SOC stock value
was the sum of the SOC in the layers that made up that depth
interval. SOC stocks at each paired site were calculated on
equivalent soil mass basis to remove the effect of bulk density on
SOC stocks.

Vegetation and land condition assessment

Vegetation and land condition indicators recorded at the sites
included:

¢ Perennial grass basal area (%),

¢ Distance to nearest perennial grass tussock (cm),

o Tree basal area (live) (m*ha ! at 1.3 m),

¢ Distance to tree and shrub canopy,

Table 2. Land types and soil types at the paired-site sampling
experimental sites

Land type site name Soil type®

Red Basalt Red Ferrosol

Black Basalt Grey Vertosol

Goldfields Red Chromosol

Granite Bleached-Orthic Tenosol

Alluvial Brown Kandosol

“The soil types are classes of the Australian Soil Classification (Isbell 2002).
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* Total ground cover (%),
* Forage and litter biomass (t Cha '), and
e Land condition (ABCD framework).

Perennial grass basal area was measured at the paddock scale
using a point frame to assess 500 points per site (Orr et al. 1991).
Distance from the soil core to the nearest perennial grass tussock
was measured using a tape measure, with a tussock being defined
as being greater than 30 mm diameter and located within 1 m
of the soil core. Wiregrasses (Aristida spp.) were regarded as
perennial tussocks for this attribute but were not regarded as
desirable perennial grasses in the ABCD land condition
assessment due to their low palatability. On sites with few or no
perennial grass tussocks but with the generally less desirable,
exotic Indian bluegrass (Bothriochloa pertusa) present, distance
to an Indian bluegrass ‘tussock’ or clump was measured.

Total ground cover (ground vegetation and litter) was visually
estimated in the 0.5 x 0.5-m quadrat surrounding each core
(DPI&F 2004) and the forage and litter within the quadrat
harvested, dried at 60°C and weighed to calculate biomass.
Forage and litter biomass was assumed to be 50% C. ABCD
land condition was assessed within the quadrat surrounding the
soil core location using the method of Fraser (2013). Land
condition classification at the quadrat scale was similar to
Stocktake (DPI&F 2004) but did not take into account woodland
condition (Table 1).

Tree basal area was assessed at each soil core location using
the Bitterlich method (Bitterlich 1948) and a relaskop instrument
or dendrometer (1.3 m height). Distance from the soil core to
the edge of the nearest tree or Carissa spp. shrub canopy was
assessed using a category scale (Table 3).

Collated SOC dataset

SOC datasets from Queensland and Northern Territory grazing
land, which had both total SOC stock and associated land
condition indicator data at the core/quadrat or plot/paddock scale
were collated (n =329 sites; Table 4). Individual soil core data
were used for values at the core/quadrat scale or averaged to
generate plot/paddock-scale data. The majority of the datasets
were collected for projects in which the authors of this paper
were involved. The methods used for SOC and land condition
indicators were the same as those used for the paired-site
sampling experiment or used recognised techniques as appraised
by the authors. Key criterion used for determining suitability of
SOC stock data were: soil C concentration derived using the
high temperature combustion method, appropriate soil depth
intervals, soil bulk density taken into account and soil type
could be determined. The key criterion for determining the
applicability of land condition indicator data, if different from
the paired-site sampling experiment methods, was that a
recognised reliable method had been used. For example, TRAPS

Table 3. Categories for distance to tree and shrub canopy
Category Tree canopy Shrub canopy
1 Under canopy Under canopy
2 <2m away <l m away
3 2-5m away (trees >5 m high) >1 m away
4 >5m away (trees >5 m high) —
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Table 4. List of soil carbon datasets and attributes
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Project details Location Site no. Reference
Paired-site sampling experiment Keys North Queensland: Northern Gulf and 10 Bray et al. (2010)
to healthy Savanna lands — 5 land Northern Burdekin region
types
Toorak grazing trial Western Queensland: Mitchell Grass land type 6 Orr and Phelps (2013); Pringle et al. (2014)
Mitchell grass and Channel country Western Queensland: Mitchell grass and 12 Allen et al. (2013); David Phelps and David
exclosures and paddock — 6 Channel country Cobon, pers. comm.
properties
Burdekin exclosures and paddock — 3 North Queensland: Burdekin region 6 Allen et al. (2013)
properties
Grazing Systems Project sites — 8 Southern, Central and North Queensland 56 Hall et al. (2011); Allen et al. (2013)
properties
Wambiana grazing trial 2008 North Queensland: Burdekin region 2 O’Reagain et al. (2009); Segoli et al. (2014);
sampling Segoli et al. (2015)
Wambiana grazing trial 2009 North Queensland: Burdekin region 6 O’Reagain et al. (2009); Pringle et al. (2011)
sampling
Wambiana grazing trial 2010 sampling North Queensland: Burdekin region 20 O’Reagain ef al. (2009); Allen ef al.
(2013)
Climate Clever Beef — Clarke Creek Central Queensland 26 http:/futurebeef.com.au/wp-content/uploads/
Soil-factsheet_web.pdf
Climate Clever Beef — Duaringa Central Queensland: Box land type 6 Bray et al. (2015)
Climate Clever Beef — Rolleston Central Queensland: Brigalow land type 3 Bray et al. (2015)
Climate Clever Beef — Barkly Northern Territory: Barkly Tableland 11 Walsh and Shotton (2015)
Tableland
Climate Clever Beef— Mt Carbine and North Queensland 4 Joe Rolfe and Emma Hegarty, pers. com.;
Julia Creek Bray et al. (2015);
NT Fire Experiment— Kidman Springs Northern Territory: Victoria River District 34 Allen et al. (2014); Cowley et al. (2014)
Galloway Plains Grazing Trial Central Queensland 10 Bray and Myles (2003); Orr et al. (2010a)
Burdekin thickening sites — 50 North Queensland: Burdekin region. One site 50 Krull and Bray (2005); Krull et al. (2005);
woodland sites in the Mitchell grass region Bray et al. (2006); Krull et al. (2007)
CRC Greenhouse Accounting — 5 Southern Queensland and Cape York 5 Dalal et al. (2005); Cape York sites not
woodland sites previously published
NCAS sites — 31 paired sites Central and Southern Queensland 62 Harms and Dalal (2003); Harms ef al. (2005)

woodland monitoring technique for tree basal area (Burrows
et al. 2002), percentage distance intersected for grass basal area
(Hall et al. 2011), ground cover and land condition derived from
photos (Karfs et al. 20095) and BOTANAL visual estimation of
pasture biomass (Tothill et al. 1992).

The climate variables of annual average daily temperature,
rainfall and vapour pressure (VP) were extracted for each site
using the SILO interpolated gridded climate database for 1889
until 2014 (Jeffrey et al. 2001; DSITI 2016).

Statistical analyses
Paired-site sampling experiment

The appropriateness of the ‘Good’ and ‘Poor’ land condition
classifications were evaluated by comparing the percentage of
quadrats with land condition classes ‘A and B’ and those with
classes ‘C and D’ using a chi-square test for contingency tables.
Pasture, litter and total biomass (tCha ), distance to nearest
perennial grass tussock (cm), total ground cover (%) and SOC
stocks in the 0-0.1- and 0—0.3-m layers (t C ha ') for both ‘Good’
and ‘Poor’ land condition plots were compared using ANOVA
with treatment (Good/Poor land condition) as a fixed effect and
site, transect within site and quadrat within transect as random
effects. To stabilise variances, biomass measures and distance
to perennial grass were square-root transformed, total ground

cover was arcsine-transformed and SOC stocks were log-
transformed before analysis. The between-plot residual was
then compared with the within-plot variation to assess the
random site by treatment interaction.

Relationships between SOC stocks (log-transformed) and
the continuous land condition indicators (biomass, distance to
perennial grass and total ground cover) were investigated using
linear regression analysis for each land type. Relationships
between SOC stocks and the categorical indicators (land
condition class and tree canopy) were investigated through
modelling with the restricted maximum likelihood approach.

Collated SOC dataset

SOC stocks were calculated at two scales: (1) a ‘paddock’
scale, where land condition indicator measurements were made
across the paddock, and matched with a single ‘paddock” SOC
stock value (average of multiple soil samples via sample bulking)
and (2) a ‘quadrat’ scale where all land condition indicator
measurements were made within a quadrat surrounding an
individual soil core providing a unique ‘SOC — land condition
indicator measurement’ pair. For statistical analysis the
paddock and quadrat data were considered separately. The
paddock dataset consisted of 310 and 284 observations, and
the quadrat dataset consisted of 1037 and 961 observations for the
0-0.1- and 0—0.3-m soil depth layers, respectively.


http://futurebeef.com.au/wp-content/uploads/Soil-factsheet_web.pdf
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The response variables of SOC stock in the 0-0.1- and 0-0.3-
m layers were log-transformed to stabilise variances. Categorical
variables of soil type (Soil), land condition class (LC), distance
class to the canopy of the nearest tree (Tree_canopy) and
Carissa spp. shrub (Carissa_canopy) were included as
explanatory variables. The soil types of Rudosol, Ferrosol,
Tenosol and Hydrosol were excluded from the ‘paddock’-scale
dataset due to limited data availability. Tree_canopy and
Carissa_canopy were used only with the ‘quadrat’-scale data. The
following climate and land condition indicator variables were
included as continuous explanatory variables: average annual
temperature (Temp), average annual rainfall (Rain) and
average annual VP, live tree basal area (TBA_live), ground cover
(Cover%), distance to perennial tussock (Per_dist), perennial
grass basal area (BA%_Per), pasture biomass (P_biom) and
litter biomass (L_biom).

We used an adaptation of the statistical methodology
employed by Allen et al. (2013) as follows. For each of the
response variables at both the quadrat and paddock scales,
random forest regression (Breiman 2001) was used to identify
the subset of explanatory variables that had the greatest effect on
SOC stock variability. Explanatory variables were then ranked
on their resulting random forest importance with the algorithm
run 20 times to obtain a robust ranking. Using this approach,
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the climate variables were identified as the dominant influence
on variability.

A cubic regression spline was applied to the three climate
variables (identified by ‘*’ in Table 5) resulting in residuals
de-trended of climate effects. These residuals were then
subjected to multiple linear regression with the explanatory
variables identified as important by the random forest (identified
by ‘4’ in Table 5). Models included the selected continuous
variables and their interaction with soil type. A stepwise
procedure was used to eliminate non-significant (P>0.05)
terms from the model. Note that when fitting the regressions,
observations were restricted to those with data available across
all explanatory variables used in the initial model (i.e. those
selected from the random forest regression), regardless of
whether it was included in the final model or not. This resulted
in the paddock dataset being reduced to 163 observations for
both the 0-0.1- and 0—0.3-m soil layers, and the quadrat dataset
to 861 observations.

Results
Paired-site sampling experiment

There was a significant difference (P<0.001) in ABCD land
condition classification for the ‘Good’ and ‘Poor’ paired sites,

Table 5. Explanatory variables ranked on random forest importance at the paddock and quadrat scale for each
soil depth layer
The variables are annual average temperature (Temp), annual average rainfall (Rain) and annual average vapour
pressure (VP), live tree basal area (TBA_live), ground cover (Cover%), distance to perennial tussock (Per_dist), perennial
grass basal area (BA%_Per), pasture biomass (P_biom), litter biomass (L_biom), soil type (Soil), land condition class (LC),
distance class to the canopy of the nearest tree (Tree_canopy) and Carissa spp. shrub (Carissa_canopy)

Variable Importance

Variable Importance

0-0.1m soil layer paddock scale

Temp * 29.8
Rain * 22.4
VP * 11.3
Soil # 10.3
Cover% # 9.1
P_biom # 7.5
TBA_live # 6.0
Per_dist # 3.5
LC 2.6
L_biom 1.4
BA%_Per 0.3
0-0.1m soil layer quadrat scale
Temp * 24.1
Soil # 18.0
Rain * 13.2
VP * 8.9
Cover% # 7.6
P_biom # 73
TBA_live # 6.5
Per_dist # 5.8
LC 2.6
L_biom 2.1
Tree_canopy 2.0
BA%_Per 1.5
Carissa_canopy 0.6

0-0.3 m soil layer paddock scale

Temp * 27.1
Rain * 16.7
VP * 11.9
Soil # 11.9
P_biom # 10.6
Cover% # 8.4
Per_dist # 6.8
TBA_live # 6.6
L_biom 1.8
LC 1.8
BA%_Per 0.4
0-0.3 m soil layer quadrat scale
Soil # 28.5
Temp * 11.8
VP * 11.0
Rain * 10.3
Cover% # 7.2
TBA_live # 7.1
P_biom # 6.8
Per_dist # 5.4
BA%_Per 3.6
L_biom 29
LC 2.6
Tree_canopy 2.1
Carissa_canopy 1.2

*Variables of primary importance used in cubic regression spline.
#Variables of secondary importance used in regression of residuals.
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with 78% of the ‘Good’ site quadrats in A/B condition and 77%
of the ‘Poor’ site quadrats in C/D condition, thus confirming
the correct classification of sites.

Pasture, litter and total biomass were higher (P <0.05) on
sites classified as ‘Good’ compared with those classified as
‘Poor’. The significant (P <0.001) site by treatment interaction
for pasture biomass suggests the treatment effect differs with
site, whereas for litter and total biomass the interaction was not
significant (P>0.10). The distance to the nearest perennial
tussock did not differ (P> 0.10) between ‘Good’ and ‘Poor’ land
condition sites, although there was evidence (P<0.001) that
this effect varied among sites. Distance to perennial tussock
was less on ‘Good’ than ‘Poor’ for all sites except the Red
Basalt site where there was no significant difference. This was
likely to have been due to the dense tussocks of the exotic
grass B. pertusa on the ‘Poor’ site. Ground cover was higher
(P<0.05) on ‘Good’ than ‘Poor’ land condition sites (81% vs
53%) but there was evidence (P <0.001) that this effect differed
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with site, with less difference for the Goldfields and Red Basalt
sites.

There was no significant difference (P> 0.10) in the average
SOC stocks between ‘Good’ and ‘Poor’ land condition sites in
either the 0-0.1-m soil layer (9.9 and 9.1tCha ', respectively),
or the 0-0.3-m layer (23.3 and 21.9tCha™', respectively), but
there was evidence (P <0.01) that the effect varied among land
types (Fig. 3).

Relationships between SOC stocks and distance to perennial
tussock, pasture and total biomass, and ground cover differed
with land type. The relationship between distance to nearest
perennial tussock and SOC stocks differed among land types
in both rate (slope) and magnitude (intercept) and explained
69% and 75% of variation in SOC in the 0-0.1- and 0-0.3-m
layers, respectively (Fig. 4). SOC stocks decreased with
increasing distance to the nearest tussock at the Black Basalt
site whereas there was no relationship (slope not different from
zero) or a weak positive relationship at the other sites (Fig. 4),
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Fig. 3. Soil organic carbon stocks in the paired-site sampling experiment for sites classified in ‘Good’
and ‘Poor’ classification for the 0-0.1- and 0-0.3-m layer.
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contrasting with theory as depicted in Fig. 1. In both the 0-0.1-
and 0-0.3-m layers, SOC stocks increased with increasing
pasture biomass at similar rates among sites but differed in
magnitude, being least for Granite and greatest for Red Basalt
(R*=67% and 74%, respectively). Similar results were observed
for total biomass but with the relationship among sites differing
in both rate and magnitude. There was no relationship between
ground cover and SOC stocks for the Alluvial and Red Basalt
sites whereas SOC stocks increased with increasing ground
cover at the Goldfields, Granite and Black Basalt sites in each
of the 0-0.1- and 0-0.3-m soil layers (R*=70% and 76%,
respectively).

Log-transformed SOC stocks in the 0-0.1-m layer tended
(P=0.055) to be lower for land condition class D than for
classes A and B (8.2 vs 10.0 and 9.7 t C ha ', respectively). There
was no significant difference (P> 0.10) in SOC stocks between
land condition classes in the 0-0.3-m layer. Similarly, SOC
stocks in the 0—0.1-m layer differed (P<0.001) between tree
canopy ratings with more C under the canopy (11.3tC ha ') than
away from the canopy (9.7, 9.3 and 9.0t Cha ') whereas there
was no difference in the 0-0.3-m layer. These results suggest
that SOC stock in the 0-0.1-m layer may be more important
when comparing response to land condition indicators.

Collated dataset
Explanatory power of land condition indicators

The three climate variables of annual average rainfall,
temperature and VP (identified by ‘*’ in Table 5) were identified
as the dominant influence on variability in SOC stock. The
explanatory variables of soil type, ground cover, pasture
biomass, tree basal area and distance to perennial tussock were
considered of secondary importance (identified by ‘# in
Table 5). ABCD land condition and perennial grass basal area
did not provide substantial explanatory power.

Paddock scale

Climate variables explained 62.6% and 57.5% of the
variation in paddock-scale SOC stocks in the 0-0.1-and 0-0.3-m
layers, respectively, thus confirming that climate is a major
driver of SOC stocks. There was a negative response to annual
average temperature and a positive response to VP, and for the
0-0.1-m layer, also a positive response to rainfall.

After removing the climate influence, 36% and 32% of the
variation in the SOC stock residuals in the 0-0.1- and 0-0.3-m
layers, respectively, was explained by a regression model of
Soil+TBA_live+ Soil. TBA_live. Combining the climate
effects and regression model, a total of 76% and 71% of SOC
variation was explained in the 0-0.1- and 0-0.3-m layers,
respectively. For the Kandosol and Sodosol soil types, tree basal
area was positively related to SOC stock in both the 0-0.1- and
0-0.3-m layers whereas for the Vertosol soil type, tree basal
area tended to be negatively related to SOC stock, but only in the
0-0.1-m layer. There were no significant linear relationships
for the other soil types.

Quadrat scale

At the quadrat scale, climate variables explained 52% and
32% of the variation in SOC stocks for the 0-0.1- and 0—0.3-m
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layers, respectively. Similar to the paddock scale, there was a
negative response to annual average temperature and a positive
response to VP, and for the 0-0.1-m layer, there was also a
positive response to rainfall.

After removing the climate effects, 40% and 42% of the
variation in the SOC stock residuals for the 0-0.1- and 0-0.3-m
layers, respectively, was explained by the regression models.
Combining the climate effects and regression model, a total of
71% and 63% of SOC variation was explained for the 0—0.1- and
0-0.3-m layers, respectively. In contrast to the paddock-scale
models, the quadrat-scale regression models included terms for
distance to perennial tussock and cover, and also pasture
biomass for the 0-0.1-m layer. The explanatory variables in the
regression model for SOC residuals in the 0-0.1-m layer were:
Per_dist, TBA_live, Cover%, P_biom, Soil, P_biom x Soil
and Cover% x Soil. The explanatory variables in the regression
model for SOC residuals in the 0-0.3-m layer were: Cover%,
Per_dist, TBA_live, Soil and Cover% x Soil.

Distance to perennial tussock showed a positive relationship
with SOC stock residuals for both the 0—0.1- and 0-0.3-m layers
and no significant interaction with soil type. This was similar
to four of the five land types in the paired-site sampling
experiment which had a weak positive relationship, although the
other site had a negative relationship (Fig. 4). Tree basal area
showed a positive relationship with SOC stock residuals for
both the 0-0.1- and 0-0.3-m layers and no significant interaction
with soil type. The relationship between ground cover and SOC
stock residuals in the 0-0.1-m layer interacted with soil type,
being positive for Sodosol, Tenosol and Calcarosol and slightly
negative for Vertosol. The relationship between pasture biomass
and SOC stock residuals in the 0-0.1-m layer also interacted with
soil type, the only soil type with a positive relationship being
Vertosol. The interaction between ground cover and soil type
for the 0-0.3-m layer was due to positive relationships for
Calcarosol, Sodosol and Tenosol soil types and negative
relationships for Ferrosol, Kandosol and Vertosol, which differed
from the 0-0.1-m layer where Kandosol and Ferrosol had no
relationship.

Discussion

Understanding the environmental and management drivers and/
or associated land condition indicators on the variation in SOC
stocks in extensive grazing land is important as it may lead to C
accounting methodologies that significantly impact Australia’s
greenhouse gas position. In addition, grazing businesses may be
able to generate additional ‘C’ income by utilising the Australian
Government’s Emissions Reduction Fund.

Climate and soil type

As expected from numerous studies reported in the literature,
climate variables proved to be the dominant driver of SOC stock
variability in this study, with a positive relationship with annual
average rainfall and VP, and a negative relationship with
temperature. Soil type was also an important explanatory term.
Soil type and climate are outside the influence of grazing
management but are likely to provide substantial constraints on
the magnitude of SOC stock change. Year-to-year climate
variability is likely to have little impact on total SOC in grazing
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land (Segoli et al. 2015), but longer-term climate change may
impact SOC stocks and stability due to effects on biomass
production (Parton et al. 1995).

Grazing land management and SOC stock

The effects of grazing land management in terms of land
condition and livestock productivity are generally well
understood (Mclvor et al. 1995a; Quirk and Mclvor 2007; Orr
and Phelps 2013; Hunt et al. 2014). However, the relationship
between grazing land management activities and SOC stocks is
less apparent.

Grazing management strategies including, varying stocking
rates, rotational grazing, removal of livestock and sowing
alternate forage species (e.g. legumes or high biomass producing
species), impacts on pasture biomass, ground cover, pasture
species composition and vegetation quality. Research indicates
that the response of SOC stocks to ‘improved’ grazing
management has been inconsistent, with negative, positive and
negligible responses found, and these effects are often
confounded by interactions with land type (Holt 1997; Pringle
etal.2011,2014; Allen et al. 2013; McSherry and Ritchie 2013;
Pringle et al. 2014; Sanderman ef al. 2015). This may in part be
due to different management activities resulting in the same
land condition, for example, continuous grazing and rotational
grazing (Hall ez al. 2011; Sanderman ez al. 2015). Protection of
pasture from grazing has also demonstrated variable results with
similar or higher SOC stocks when compared with grazed
pasture (Bird et al. 2000; Carter and Fraser 2009; Wittetal. 2011,
Allen et al. 2013; Pringle et al. 2014; Walsh and Shotton 2015).

Varying the abundance and distribution of woody plants
through tree clearing for pasture improvement or by encouraging
tree regrowth for vegetation C sequestration or other
environmental reasons might also be expected to impact SOC
stocks. However, numerous studies report little or no detrimental
impact of these practices on SOC stocks (Guo and Gifford
2002; Dalal et al. 2005; Harms et al. 2005; Marin-Spiotta et al.
2009; Fujisaki et al. 2015).

Manipulating the frequency, intensity and timing of fires
influences soil nutrient availability and the composition of forage
and woody plants (Cook 1994; Orr et al. 1997; Crowley et al.
2009; Cowley et al. 2014). However, fire management in grazing
land appears to have little consistent or clear impact on SOC
stocks, although some studies have found evidence that long
unburnt areas have higher SOC compared with burnt areas (Bird
et al. 2000; Fynn et al. 2003; Allen et al. 2014).

Land condition indicators and SOC stock

Given the inconsistent evidence of the impact of broad grazing
land management practices on SOC stocks, we hypothesised
that land condition might be an appropriate surrogate for
detecting SOC change. In the paired-site sampling experiment,
the following land condition indicators demonstrated significant
relationships with SOC stocks: distance to perennial tussock,
pasture and total biomass, ground cover, land condition class and
tree canopy class. Tree basal area also demonstrated explanatory
power in the collated dataset. These relationships and the
implications for SOC stocks and management are discussed
below.
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Perennial grass

The perennial grass land condition indicators, distance to nearest
perennial grass tussock and perennial grass basal area, were
expected, respectively, to have a strong negative and a strong
positive relationship with SOC stocks, as depicted in Fig. 1
(Northup etal. 1999,2005; Ash etal. 2001). However, the paired-
site sampling experiment demonstrated a weak positive
relationship between SOC stock and distance to perennial tussock
for four of the five land types sampled (Fig. 4). This finding was
supported by the collated dataset where a positive relationship
was also found. Distance to perennial tussock was an explanatory
term included in the regression model for the quadrat-scale
collated data. These findings suggest that perennial grasses are an
important factor in determining SOC stock, although not as strong
or consistent or necessarily in the same direction as depicted in
Fig. 1. A recent study from grazing land in western New South
Wales also found that perennial grass patches had the highest
SOC stocks for the 0-0.1- and 0—0.3-m soil layers, but they were
not significantly different from patches classified as ‘Bare’ or
‘Annual’ (Waters et al. 2015). A possible explanation for this is
that in many land types, substantial amounts of ephemeral (short-
lived) grasses and forbs grow between the perennial grass
tussocks, possibly masking the strong contours of SOC
concentration that are depicted in Fig. 1. For example, the ‘Good’
condition Granite site in the paired-site sampling experiment had
aperennial grass basal area of 3.6% and an ephemeral basal area of
5.6%. Additionally, although perennial grass tussocks are often
long-lived (Orr and Phelps 2013), when they do eventually die,
the area ofhigh SOC stock would remain for many years due to the
slow turnover of SOC (Krull et al. 2005), which could confound
the results when measuring distance to the nearest ‘live’ perennial
grass tussock.

The concept of ‘3P’ grasses (perennial, productive and
palatable) is a key parameter within the ABCD land condition
framework. Sites in Good to Fair (A/B) condition will always
have a substantially higher density of 3P grasses and a greater
contribution of 3P grasses to pasture biomass, than Poor or
Degraded (C/D) sites. However, sites with a low density of 3P
grasses may still have a high density and biomass contribution
from perennial grasses which are not palatable, such as Aristida
spp. or less desirable species, such as B. pertusa. The distinction
between 3P and non-3P grasses was not made across datasets
within this study. However, it seems likely that any perennial
grass with high biomass will make a strong contribution to SOC
stocks regardless of its palatability. The density of ‘3P’ grasses,
although a key parameter in assessing ABCD land condition and
pastoral productivity may thus be a poor indicator of SOC stocks
when considered in isolation.

Tree cover

SOC stocks in the paired-site sampling experiment were 16-25%
higher directly under the tree canopy in the 0-0.1-m layer
compared with areas away from the tree canopy. This supports
similar findings in grazing land in western New South Wales
(Waters et al. 2015). However, at the paddock scale, the area of
tree canopy is relatively small (average of 10% in the paired-site
sampling experiment) meaning the impact on SOC stocks may
be relatively small unless higher tree densities are achieved.
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Conversely, when tree canopy cover is high, pasture biomass will
decline (Scanlan 2002), negatively influencing SOC stock. In the
collated dataset, tree basal area was the primary land condition
indicator in the regression model at the paddock scale and was an
explanatory term at the quadrat scale for both soil depth layers.
At the paddock scale there was an interaction between tree basal
area and soil type with increases in SOC being associated
with Kandosols and Sodosols and a negative relationship with
Vertosols in the 0—0.1-m layer. The reason for this interaction is
unclear, but may be related to some of the Vertosol sites being
cleared or naturally treeless.

Pasture biomass and ground cover

In northern Australia’s grazing land there is a positive
relationship between pasture biomass and ground cover
(Bartley et al. 2010; Fraser 2013). Increased pasture biomass
and ground cover were positively correlated with SOC stock
for the paired-site sampling experiment. Pasture biomass and
ground cover at any point in time will be impacted by recent
grazing and fire. However, in general, higher pasture biomass
and ground cover mean more perennial grasses (Mclvor and
Gardener 1995) and higher leaf area and therefore more net
primary productivity that increases C inputs into the soil,
potentially leading to higher SOC stocks. In the collated
dataset, ground cover and its interaction with soil type were
explanatory terms in the quadrat-scale regression for both soil
depth layers. The Calcarosol, Sodosol and Tenosol soil types
had positive relationships between SOC stocks and ground
cover, whereas Vertosols had a negative relationship. Further,
pasture biomass and its interaction with soil type were also
explanatory terms in the quadrat-scale regression, but only for
the 0—0.1-m layer, with the Vertosol soil type having a positive
relationship with SOC stock. No explanation is apparent for
the lack of a positive relationship for the other soil types to
pasture biomass and the different response between the pasture
biomass and ground cover land condition indicators.

Managing grazing land for higher pasture biomass and
increased ground cover would contribute to reducing the grazing
industry’s potentially adverse environmental impacts. From a
greenhouse gas balance perspective, high average pasture
biomass would store more C from the atmosphere than low
average pasture biomass (Bray et al. 2014; Whish et al. 2016).
This is potentially significant when considered across the
207 million ha of grazing land in northern Australia. Additional
co-benefits of managing grazing land for higher pasture biomass
and ground cover would be through enhanced rainfall infiltration
and reduced sediment loss (Bartley et al. 2014; Fraser and Stone
2016) as well as increased productivity, profitability and reduced
drought risk (Scanlan et al. 2013; Hunt et al. 2014; O’Reagain
et al. 2014; Walsh and Cowley 2016).

Land condition class

The ABCD land condition classification is based on pasture,
soil and woodland condition parameters and is inherently an
indicator of net primary productivity. More pasture biomass is
expected to be grown when land is in good condition, thus
contributing to enhanced grazing productivity (Table 1; Mclvor
et al. 1995a). We had anticipated that this would translate to a
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higher input to SOC and higher SOC stock. In the paired-site
sampling experiment there was 17% less (P=0.055) SOC stock
in the 0-0.1-m layer for land in very poor D condition compared
with A/B land condition. Fraser and Stone (2016) found a
similar relationship in the 0-0.05-m soil layer for SOC
concentration in grazed plots with greater than 60% sand
content, but this relationship was not apparent when SOC stocks
were subsequently calculated. Using a land condition class
system based on three classes, Ash et al. (1995) found a much
stronger impact on SOC concentration with a >40% decline
between pastures in good and poor condition.

In the collated dataset, we found that land condition class
was not a significant explanatory variable for SOC stocks in
either soil depth layer or the two scales assessed. This may be
related to the fact that the ABCD land condition framework
focuses on the presence of 3P grasses, while underestimating the
potential contribution to SOC stocks of unpalatable perennial
grasses and ephemeral species, as discussed above. It may also be
related to the propensity for low 3P grass density under high tree
and shrub canopy cover. In addition, the pastorally focussed
ABCD land condition framework would have a lower land
condition rating when tree and shrub cover was higher than
considered desirable. Current SOC stocks may also be influenced
by long-term site history, with finer C fractions persisting for
millennia, and hence potentially decoupled from the current land
condition of a site. In addition, where soils are in poor condition,
have poor rainfall infiltration or have been eroded and lost
nutrients, soil microbial activity may be reduced thereby
slowing the rate of SOC loss (Sollins et al. 1996; Pringle et al.
2014).

Implications for SOC sequestration

1. Interactions between soil type and land condition
indicators were common

Interactions with soil type were found for tree basal area,
distance to perennial tussock, pasture biomass and ground cover.
Soil type interactions have also been found for specific
management activities (Pringle e al. 2011; Allen et al. 2013).
Fraser (2013) classified sites on texture classes in an attempt to
avoid soil type interactions. The interaction with soil type
means that management activities or objectives to change land
condition indicators to increase SOC stocks, need to carefully
account for soil type and cannot be applied generally across
a paddock, property or region.

2. Surface soil layers were more responsive to land
condition variation than deeper soil layers

The surface 0-0.1-m layer was more likely to have a
significant difference in SOC stocks in response to varying
land condition, particularly as indicated by pasture biomass
and distance to perennial tussock. This is probably due to the
shorter mean residence times for C in this layer reflecting more
recent land condition change (Krull er al. 2005). Sampling
strategies for verifying SOC change as part of a sequestration
project should focus on the surface soil layer, with the deeper
soil layers possibly sampled less regularly, reducing sampling
costs.
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3. SOC stocks were more closely correlated with
certain land condition indicators

Tree basal area, tree canopy cover, ground cover, pasture
biomass and distance to perennial tussock were the most
explanatory land condition indicators of SOC stocks across
datasets and analysis scales. In combination with soil type,
these land condition indicators accounted for up to 42% of the
variation in the residuals after climate was removed. SOC stock
sampling and monitoring strategies may benefit from including
these indicators to reduce the cost of monitoring by providing
evidence on the likely direction of SOC change between SOC
sampling events.

4. The risk of incorrectly predicting the direction
of change in SOC stocks was high

Despite identifying trends between land condition indicators
and SOC stock for different datasets, analysis scales and soil
depth layers, we found that the response of different land
condition indicators often varied between soil types. Forexample,
distance to perennial tussock had a strong negative relationship
for one soil type in the paired-site sampling experiment,
contrasting with a negligible or a weak positive relationship for
the other soil types. In addition, the interaction of soil type with
tree basal area, ground cover and pasture biomass adds to the
complexity, creating high uncertainty when assessing the
potential benefits of a C sequestration project for any particular
location.

5. Management for SOC sequestration is complementary
to other environmental and productivity goals

Grazing management to improve or maintain land condition
and higher average pasture biomass and ground cover has been
shown to improve herd profitability and per head productivity
(Burrows et al. 2010; Orr et al. 2010b; O’Reagain and Bushell
2013; Scanlan et al. 2013; Hunt et al. 2014; O’Reagain et al.
2014; Walsh and Cowley 2016) and lead to a reduction in
potential adverse environmental impacts through maintaining
higher C stocks in the pasture biomass, improved rainfall
infiltration and reduced sediment loss (Bartley et al. 2014; Bray
et al. 2014; Fraser and Stone 2016). However, increasing tree
biomass for C sequestration is likely to have trade-offs with
grazing productivity and profitability, which needs to be
carefully assessed (Donaghy et al. 2010; Gowen and Bray 2016;
Whish et al. 2016).

Conclusion

Relationship between SOC stocks and the condition of grazing
land was examined at 329 sites across northern Australia, using
a range of land condition indicators. We found significant
relationships between certain land condition indicators and SOC
stocks. However, the strength of these relationships was not
consistent across all the datasets and at the different spatial
scales used. In addition, interactions between soil type and land
condition indicators complicate the interpretation of results.
Based on this analysis, together with evidence from other
published scientific studies, it is recommended that beef
producers in northern Australia exercise caution when
considering the implementation of SOC sequestration projects.
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There is a high risk of incorrectly predicting the direction and
magnitude of SOC stock change based on land condition
indicators and land management activities for a particular
paddock or property.

Despite the uncertainty for generating income from SOC
sequestration activities, focusing grazing management to
improve land condition is likely to have the complementary
benefits of improved productivity and profitability, as well as
positive environmental effects.
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