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A warming climate will make Australian
soil a net emitter of atmospheric CO2

Check for updates

R. A. Viscarra Rossel 1 , M. Zhang1, T. Behrens2,3 & R. Webster4

Understanding the change in soil organic carbon (C) stock in awarmer climate and the effect of current
land management on that stock is critical for soil and environmental conservation and climate policy.
By simulation modeling, we predicted changes in Australia’s soil organic C stock from 2010 to 2100.
These vary from losses of 0.014–0.077 t C ha−1 year−1 between 2020 and 2045 and 0.013–0.047 t C
ha−1 year−1 between 2070 and 2100, under increasing emissions of greenhouse gases and
temperature. Thus, Australian soil will be a net emitter of CO2. Depending on the future socio-
economic conditions, we predict that croplands will accrue as much as 0.19 t C ha−1 year−1 between
2020 and 2045 due to their management, but accrual will decrease with warming and increased
emissions by 2070–2100. The gainswill be too small to counteract the losses ofC from the larger areas
of rangelands and coastal regions that are more sensitive to a warmer climate. In principle, prudent
management of the rangelands, for example, improving grazing management and regenerating
biodiverse, endemic native plant communities, could sequester more C and mitigate the loss; in
practice, it may be more difficult, requiring innovation, interdisciplinary science, cultural awareness
and effective policies.

The Earth’s soil is a crucial component of the global carbon (C) cycle. Its
immense C store1–3 and concerns about the effects of a warming climate on
its stability have forced scientists and politicians to take serious note of the
soil4. Small changes in the soil’s C store can significantly affect the terrestrial
C cycle. Understanding the effects of climate change on the soil’s C
dynamics is therefore crucial for land management, adaptation to a
warming climate, and mitigation in the medium- (2045–2070) and long-
term (2070–2100).

It is generally agreed that the Earth has warmed by approximately 1∘C
in the last 100 years, mainly due to increased CO2 emissions from industry
and transport. A further increase to1.5∘Cabove preindustrial temperature is
expected within the foreseeable future unless we can reduce emissions and
remove greenhouse gases from the atmosphere5. Delegates at COP27,
although wishing to limit the increase to 1.5 ∘C by 2050, failed to agree on
cuts in emissions to achieve that goal. Worse, if emissions continue at the
current rate, an increase to 2 ∘C is likely sometime this century. Such
warming is predicted tohavedire consequences andpotentially catastrophic
impacts on humankind, the environment, and the economy. The warnings
have been repeated by scientists, andmany politicians, too, are now treating

them seriously. If we are to restrict global warming beyond 1.5 ∘C then we
need to limit thenet increase inCO2 in the atmosphere to zero, togetherwith
substantial reductions in the emissions of other greenhouse gases such as
methane and nitrous oxide. Therefore, scientists, stakeholders, and politi-
cians are considering the capture and storage of greenhouse gases (GHG)
and C sequestration to achieve ‘net zero’ emissions.

The capture and storage of CO2 at sources from industry and power
stations is a matter of technology. That from the atmosphere must depend
on nature, by photosynthesis and on land by storing C in the soil. Soil and
vegetation currently absorb roughly one-third of global anthropogenic
emissions3. The soil’s capacity to sequesterC could be increasedby changing
land use, conservation, restoration, and sound soil management. These
‘Nature-based’ actions, aided by modern technologies, could be imple-
mented immediately and cost-effectively to limit the effects of climate
change6. Unlike the C stored in vegetation, C in the soil is more resilient to
fire, pests, and wind, providing a medium for plant growth and ecosystem
services, such as greater water storage and reduced runoff, erosion and
flooding, landscape rehabilitation, food security and sustainable
development7.
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The Coupled Model Intercomparison Project Phase 6 (CMIP6) pre-
dicts that in Australia, temperature and the concentration of CO2 in the
atmosphere will continue to increase, precipitation will become more
variable, and these together will cause significant changes in the terrestrial C
cycle8. The CMIP6 also forecasts that a warming climate will cause more
frequent heat waves, fires, and droughts9, which could result in losses of C
from the soil, with long-lasting effects on C cycling10. That, coupled with
mismanagement of the land, would make the storage of C in the soil and
vegetation less likely, andultimately, itwould releasemuchof the storedC to
the atmosphere as CO2. This, in turn, would exacerbate climate change.
Despite the current discussion, however, we have yet to determine whether
the soil will act as a sink or source of atmospheric CO2 in the future.

Australian soil holds 27.95 Gt C in its uppermost 30 cm layer11.
The soil for arable cropping and grazing on modified pastures holds
approximately 16% of the C stock. The soil of the rangelands con-
tains relatively little C, on average 27 t ha−1. Nevertheless, because
rangelands are vast and occupy around 80% of the continental land
area, it remains Australia’s largest store of terrestrial C with ≈ 70% of
the total C stock12, which is more than the estimated 7–15 Gt of all
above-ground C in these regions13. Land clearing for agriculture and
pastoralism by European settlers over the past 230 years in Australia
has caused overgrazing and degradation. It has been the primary
cause of the soil’s loss of C since. Conversion of native vegetation to
agriculture has decreased the stocks of organic C in the soil by
20–70%14,15. However, uncertainty remains about the potential of soil
in Australia to store C, the rate of C accumulation, and its perma-
nence. Under a warmer, drier climate, Australian soil risks becoming
a source of C rather than a sink, further enhancing its dispropor-
tionate emissions ( ≈ 1.4% of global emissions) relative to its popu-
lation ( ≈ 0.3% of the global population). The scarcity of data and the

lack of understanding of the soil’s C dynamics mean there is no
consensus on the soil’s likely response to future climate change.

Here, we integrate more than 4000 observations of the 0–30 cm total
organic C (TOC), the particulate organic C (POC), and mineral-associated
organicC (MAOC)with theRothamstedCarbonModelRothC16, oneof the
constituent models in Australia’s Full Carbon Accounting Model
(FullCAM)17, under the frameworkdevelopedby18, and explore the effects of
climate and C inputs on the C dynamics of Australian soil from 2010 to the
year 2100. We aim to assess whether Australia’s soil is a sink or a source of
atmospheric CO2 and use climate forcing from an ensemble of six Earth
SystemModels (ESM) from the CMIP619,20, site-specific C inputs, and three
shared socioeconomic pathways (SSPs)21,22:

SSP1-2.6 represents a ‘sustainability’ pathway with an expected radiative
forcing of 2.6 W m2 in 2100. Emissions of GHGs are small, and CO2

emissions are cut to zero by 2075. Temperatures will increase by 1.7∘C
between 2040 and 2060 and by 1.8∘C between 2080 and 2100.
SSP2-4.5 represents a ‘middle-of-the’ road scenario with an expected
radiative forcing of 4.5 W m2 in 2100. Emissions of CO2 remain until
2050 approximately as now and then decrease, eventually reaching zero
in 2100. Temperatures are assumed to increase by 2.0∘C between 2040
and 2060 and 2.7 ∘C between 2080 and 2100.
SSP5-8.5 represents ‘fossil-fueled development’, with an expected
radiative forcing of 8.5 W m2 in 2100. It includes significant GHG
emissions, particularly a tripling of CO2 emissions by 2075, and
estimated warming of 2.4∘C between 2040 and 2060 and 4.4 ∘C between
2080 and 21008.

Results
Australia’s climate to the end of the century is predicted to become warmer
and drier (Fig. 1). The vast rangelands—arid to semi-arid and seasonally

Fig. 1 | Predicted median temperature and precipitation from the year 2010
to 2100. aMedian temperatuer and precipitation over all of Australia, b the ran-
gelands, c croppping regions, and d coastal temperate regions, for the three shared
socio-economic pathways (SSP): SSP1-2.6 represents ‘sustainability’, SSP2-

4.5 ‘middle-of-the-road’, and SSP5-8.5 ‘fossil-fueled development’ scenarios. The
shaded ribbons represent the interdecile range of the predictions made with the six
Earth System Models (see “Methods”, Table 3).

https://doi.org/10.1038/s41612-024-00619-z Article

npj Climate and Atmospheric Science |            (2024) 7:79 2



high rainfall regions—will warm more than other areas. Changes in the
amount and distribution of rain remain uncertain, but rainfall ismore likely
to increase in the wet season in the northern rangelands. In contrast, the
southern rangelands will generally have less rain in winter and spring, and
the number of dry days will increase23. Regions under cropping will warm
more slowly than the rangelands, and precipitation will decrease more
slowly (Fig. 1). Coastal temperate regionswill warm less than the rangelands
and cropping regions (Fig. 1). The coastal temperate region has the largest
annual rainfall both now and predicted in 2100. Though the predictions are
uncertain, precipitation will generally decrease, and the area will become
more susceptible to drying (Fig. 1).

Soil carbon dynamics
TheRothC frameworkwe used to predict changes in soil C18 enables a data-
driven initialization of the model using POC and MAOC measurements,
which represent themodel’s primary pool structure16. Therefore, we did not
need spin-up simulations (i.e. simulations until the model reaches equili-
brium). This meant that we could effectively run the simulations at any site
with its particular conditions inAustralia topredict the effects of climate and
management on the soil’s C dynamics (see “Methods”).

WederivedC inputs separately for the rangelands, cropping (including
modified grazing), and coastal regions and then combined the results to
obtain the Australia-wide C inputs (see Methods). The simulated median
annual C inputs across Australia increase from the baseline period and
remain relatively constant under SSP1-2.6. Under SSP2-4.5, however, the C
inputs decrease steadily, and faster under SSP5-8.5 (Fig. 2a). The median
change in C inputs relative to the ≈ 1 t ha−1 at the baseline tends to decline
into the future, and it is smallest under SSP5-8.5 (Table 1). TheTOCstockof
Australian soil at the baselinewas 27.4 t ha−1, and until 2020,we predict that
the soil gained on average ≈ 0.7 t ha−1 organic C (Fig. 2e). The gain can be
attributed towetter years, for example, fromaprolongedLaNiñaperiod and

enhanced productivity24 with concomitant increases in C inputs and POC
production.

Under SSP1-2.6, the predicted TOC stock in 2020 is 28.1 t ha−1,
decreasing slightly to 2050 and thenmore rapidly by ≈ 0.5 t ha−1 until 2100
(Fig. 2e). Relative to the baseline, under SSP2-4.5 and SSP5-8.5 the change in
TOCwill also remainpositive, but onlyuntil 2050.After that,wepredict that
Australian soil will, on balance, lose C faster under SSP2-4.5 and SSP5-8.5,
respectively (Fig. 2e). Here, the predicted C inputs will not compensate the
climate-driven C losses, needing C inputs of more than ≈ 1.2 t ha−1 to
compensate for the soil C loss due to the ≈ 1. 4∘C change in temperature
(Fig. 2, Table 1, Fig. 1). The median loss under SSP2-4.5 relative to the
baseline will be 0.68 t ha−1 by 2070–2100 (Table 1). Our simulations with
RothC show that the loss ofMAOCand its loss ratewill be greater than that
of POC, which is replenished by the addition of C from plants (Fig. 2e).

We derived C inputs for the rangelands by adjusting the rate of change
inNPP from theESMensemble,which accounts for the fertilization effect of
CO2 (seeMethods). Carbon inputs per unit area in the rangelands are small
and at the baseline are a little more than ≈ 0.5 t ha−1 (Fig. 2b). We predict
that the median C input change will decrease slightly and steadily between
now and 2100 (Table 1). Although increases in CO2 are likely to provide
positive responses in plant growth in the rangelands25, the decreased pro-
ductivity in the warmer climate appears to counteract any gains from that
potential growth. Relative to the baseline, soil in the rangelands will lose
organic C (Fig. 2f), with average predicted losses by 2020–2045 of
0.51( ± 0.49) t ha−1 under SSP1-2.6, 0.80(±0.34) t ha−1 under SSP2-4.5 and
0.70( ± 0.67) t ha−1 under SSP5-8.5. The loss is more significant with
increasedwarming by 2045–2070 and greater by 2070–2100 (Table 1). Both
the loss ofMAOC and its loss rate are greater than that of the POC (Fig. 2f).
The implications are important because small losses per unit area over the
vast extent of the rangelandswill significantly affect soil C sequestration and
accrual in Australia as a whole.

Fig. 2 | Predicted median carbon inputs (C inputs) and soil organic C from 2010
to 2100. a–dC inputs and e–h toal soil organic C (TOC),mineral-associated organic
C (MAOC), and particulate organic C (POC), over all of Australia (a, e), the ran-
gelands (b, f), cropping regions (c, g) and coastal temperate regions (d, h), for the

three shared socio-economic pathways (SSP): SSP1-2.6 represents ‘sustainability’,
SSP2-4.5 ‘middle-of-the-road’, and SSP5-8.5 ‘fossil-fueled development’ scenarios.
The shaded ribbons represent the interdecile range of the predictions made with the
six Earth System Models (see “Methods”, Table 3).
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C inputs to cropland soil and the coastal temperate regions were
derived with a crop growth model parameterised with data on agricultural
activities that are linked to crop type at the Statistical Area Level 2 (SA2)
regions (see “Methods”). We assumed that the crops were grown in rota-
tions and used agricultural activity data to determine the rotations by
identifying the three most common crops or grasses at each site in a par-
ticular SA2 region (Fig. 3; see “Methods”). We then conducted the simu-
lations at each site withthe three crop or grass types using six different
climatemodels for eachSSP scenario. This helped to simulate potential crop
andpasture rotations and to implicitly account for the effect ofmanagement
practices on the allocation of C inputs to the soil (Fig. 3; see “Methods”).We
prioritized the explicit selection of crops and pastures overmanagement [as
suggested by Unkovich_et_al.26, for soil C accounting] because in Australia,
there has been widespread adoption and implementation of no-till farming
since the 1980–1990s27, and data on fertilizer use and stubble retention are
scarce26.Weused only one annual or perennial grass species for sites that fell
in the coastal temperate region (Fig. 3).

Carbon inputs under SSP1-2.6 will increase until 2050, but under
SSP2-4.5 and SSP5-8.5, they will decrease from 2070 onwards (Fig. 2c).
Relative to the ≈ 1.5 t ha−1 baseline, the change in C inputs by 2020–2045 is
1.25( ± 0.88) t ha−1 for SSP1-2.6, remaining relatively constant under the
different SSPs, but decreasing to the year 2100 (Table 1). The predicted
organicC in cropping soil underSSP1-2.6 increases faster thanSSP2-4.5 and
SSP5-8.5 (Fig. 2g). Relative to the baseline, we predict that soil under
cropping will gain 6.47( ± 3.62) t ha−1 under SSP1-2.6, 5.90( ± 3.63) t ha−1

under SSP2-4.5 and 5.58( ± 3.30) t ha−1 under SSP5-8.5. The accrual
decreases with increasing warming and emission scenarios to 2100 (Table
1). The predictions have similar trends for MAOC and POC, but MAOC
accumulates more than POC, which is more seasonal and readily decom-
posed (Fig. 2g).

TheC inputs in the coastal temperate region are the largest inAustralia;
the median annual change in C inputs to 2100 decreases slightly under the
three SSPs, and the simulated changes becomemore uncertain in the future
(Fig. 2d). Themagnitudeof the change inC inputs relative to the ≈ 3 tha−1 at
the baseline will decrease slightly throughout the simulation, as there are
fewer C inputs available with increased warming under SSP1-2.6, SSP2-4.5
andSSP5-8.5 (Table 1).Wepredict that organicCwill be lost fromsoil in the

coastal temperate region at a decreasing rate between now and 2100, with
themost significant losses before 2050 (Fig. 2h). The average loss of organic
C relative to the baseline will be 1.76( ± 1.19) t ha−1 by 2020–2045 and
4.67( ± 5.17) t ha−1 by 2070–2100 under SSP1-2.6 (Table 1). MAOC and
POC will be lost at similar rates between 2020 and 2045, but subsequently,
MAOC will be lost more slowly than POC (Fig. 2h).

Mapping the change
To represent the significant spatial and temporal variation in the change of
TOC, POC and MAOC stocks throughout Australia, for each of the three
SSPs, we mapped the predicted median change over 25-year periods from
2020–2045, 2045–2070 and 2070–2100 (see “Methods”) (Fig. 4). The spatial
models were unbiased (mean deviations ≈ 0) and R2 values ranged between
0.73 and 0.92.

Under SSP1-2.6, relative to the baseline, we predict losses of organic C
in the northernmost rangelands, and the losses will extend towards the
south andwest increasingly by 2045–2070 and 2070–2100 (Fig. 4a).MAOC
will be lost in larger proportions than POC, and locally, in the southern
rangelands, POC will increase somewhat (Fig. 4), possibly due to variable
increases in precipitation. However, these small gains will not compensate
for the loss of soil organic C in the rangelands. Under SSP2-4.5 and SSP5-
8.5, there will be no regional gains in organic C, and the spatial patterns of
the changes are similar, but the loss is more significant in 2070–2100 (Fig.
4b, c). Under SSP1-2.6, in 2020–2045, the median loss of organic C equates
to 0.293( ± 0.280) Gt, 0.805( ± 1.033) Gt in 2045–2070 and 1.239( ± 1.784)
Gt in 2070–2100 (Fig. 4d). The loss is more significant under the SSP2-4.5
and SSP5-8.5 scenarios (Fig. 4e, f).

In the cropping region, dryland arable farming and modified pastures
dominate. The simulations under all three SSPs predict that the soil will gain
C but decreasingly with increasedwarming under SSP1-2.6 to SSP2-4.5 and
SSP5-8.5, respectively. For SSP2-4.5 and SSP5-8.5, by 2070–2100, the maps
show losses in the western extent of the eastern cropping region (Fig. 4b, c).
However, these losses are offset by the gains in C elsewhere.

Under themore sustainable SSP1-2.6 scenario, theC gain in the period
2020–2045 ismainly inPOC, but in time, by 2045–2070 and 2070–2100, the
contribution from MAOC also increases as it is accrued (Fig. 4a). Under
current management practices, soil used for cropping (and modified

Table 1 | Predicted median changes in carbon inputs (C inputs) and total organic carbon (TOC) relative to the 1990–2010
baseline, for 2020–2045, 2045–2070 and 2070–2100, in tonnes per hectare

C inputs /t ha−1 TOC /t ha−1

Scenario SSP1-2.6 SSP2-4.5 SSP5-8.5 SSP1-2.6 SSP2-4.5 SSP5-8.5

Year Australia-wide

2020–2045 0.22 (0.29) 0.23 (0.30) 0.21 (0.31) 0.70 (1.29) 0.33 (1.21) 0.27 (1.35)

2045–2070 0.23 (0.44) 0.20 (0.43) 0.17 (0.47) 0.60 (2.78) − 0.09 (2.57) − 0.37 (2.96)

2070–2100 0.22 (0.57) 0.18 (0.57) 0.11 (0.74) 0.28 (4.31) − 0.68 (4.26) − 1.96 (4.77)

Rangelands

2020–2045 − 0.01 (0.11) − 0.01 (0.10) − 0.02 (0.13) − 0.51 (0.49) − 0.8 (0.34) − 0.7 (0.67)

2045–2070 − 0.01 (0.27) − 0.02 (0.25) − 0.05 (0.33) − 1.39 (1.79) − 1.75 (1.33) − 1.85 (1.59)

2070–2100 − 0.01 (0.47) − 0.04 (0.46) − 0.10 (0.55) − 2.15 (3.09) − 2.85 (2.59) − 3.51 (2.91)

Cropping

2020–2045 1.25 (0.88) 1.30 (0.98) 1.25 (0.90) 6.47 (3.5) 5.9 (3.58) 5.58 (3.30)

2045–2070 1.30 (1.02) 1.18 (1.08) 1.16 (1.01) 9.37 (6.2) 7.43 (6.29) 7.18 (7.28)

2070–2100 1.23 (1.04) 1.13 (1.14) 0.99 (1.41) 10.86 (8.2) 8.54 (9.05) 6.05 (11.18)

Coastal

2020–2045 − 0.14 (0.55) − 0.20 (0.57) − 0.22 (0.53) − 1.74 (3.83) − 2.86 (4.1) − 3.81 (3.72)

2045–2070 − 0.06 (0.58) − 0.16 (0.59) − 0.21 (0.62) − 2.02 (4.75) − 3.22 (6.29) − 5.12 (6.18)

2070–2100 − 0.07 (0.59) − 0.13 (0.69) − 0.23 (1.01) − 2.42 (7.43) − 3.56 (8.19) − 5.32 (7.84)

Values in brackets represent interdecile ranges.
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grazing) is a C sink, with predicted increases in total organic C under SSP1-
2.6 of 0.941( ± 0.509)Gt in 2020–2045, 1.362( ± 0.901)Gt in 2045–2070 and
1.579( ± 1.192)Gt by2070–2100 (Fig. 4d).UnderSSP2-4.5 andSSP5-8.5 the
gains are smaller and by 2070–2100 under SSP5-8.5 it is 0.880( ± 1.625) Gt
(Fig. 4e, f). The wet coastal temperate regions support several forms of land
use, from intensive farming and animal grazing mainly on modified pas-
tures to temperate forests with the largest C stocks per unit area in
Australia11. The predicted spatial pattern of the change in C shows increases
in southeastern Australia, but losses predominate elsewhere from
2020–2045 to 2070–2100 and under the three SSPs (Fig. 4). The predicted
change inMAOCandPOC is similar in 2030and 2050, but by 2100, the loss
ofMAOCis greater under all three scenarios (Fig. 4).The loss of organicC in
coastal temperate regions is expected to increase from 0.083( ± 0.182) Gt in
2020–2045 under SSP1-2.6 to 0.254( ± 0.374) Gt in 2070–2100 under SSP5-
8.5 (Fig. 4d–f).

Magnitude of the future changes
In the 25 years between 2020 and 2045, we predict the median
relative rate of soil organic C loss in Australia under the sustainable
scenario, SSP1-2.6, to be 0.0137( ± 0.0774) t ha−1 year−1 (Table 2).
With a warmer climate under the middle of the road scenario, SSP2-
4.5, the losses are larger, ranging from 0.0228( ± 0.0871) t ha−1 year−1

in 2020–2045 and 0.0343( ± 0.0602) t ha−1 year−1 in 2070–2100.
Under SSP5-8.5 the loss is largest between 0.070( ± 0.0861) t ha−1

year−1 in 2020–2045 and 0.0466( ± 0.0805) t ha−1 year−1 in 2070–2100
(Table 2).

In the rangelands, the predicted rates of C loss between 2020 and 2045
are similar for all three SSPs and range between 0.0450( ± 0.0397) t ha−1

year−1 under SSP1-2.6 and 0.0499( ± 0.0279) t ha−1 year−1 under SSP5-8.5.
The rates of change between 2045 and 2070 and 2070–2100 increase
somewhat but remain of similar magnitude with increased warming under
the different emissions scenarios (Table 2).

In the cropping region, under the simulated activities (Fig. 3; see
“Methods”) we predict amedian annual sequestration of C in 2020–2045 of
0.1947( ± 0.1682) t ha−1 year−1 for SSP1-2.6, 0.0950( ± 0.1429) t ha−1 year−1

for SSP2-4.5 and (0.1249 ± 0.1982) t ha−1 year−1 for SSP5-8.5 (Table 2).
These values are within the range of sequestration rates of 0.1 to 0.4 t ha−1

year−1 reported in the literature for practices including stubble retention,
reduced tillage and crop rotation28–30. In part, the predicted gains can be
attributed to increases in C as the simulated agricultural management
effectively counteracted the effect of a warming climate. Between 2045 and
2070, the sequestration rates decrease under the sustainable andmiddle-of-
the-road scenarios, and with more severe warming under SSP5-8.5 C is lost
at 0.0302( ± 0.2192) t ha−1 year−1. Between 2070 and 2100, the C seques-
tration rates decrease to 0.0314( ± 0.1675) t ha−1 year−1 under SSP1-2.6 and
with SSP2-4.5 and SSP5-8.5 we predict C losses at a rate of− 0.0171( ±
0.1222) t ha−1 year−1 and− 0.0663( ± 0.0983) t ha−1 year−1, respectively
(Table 2).

Fig. 3 | Allocation of agricultural activities for deriving carbon (C) inputs. In
cropping and coastal temperate regions, which include areas of modified pastures,
allocation occurred at a Statistical Area Level 2 (SA2). For carbon inputs in the

rangelands, we adjusted the monthly C inputs at the baseline with the annual rate of
change in net primary productivity (NPP) from the ESMs. See “Methods” for details.
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In the coastal temperate region, the predicted rate of change between
2020 and 2045 is − 0.0925( ± 0.0933) t ha−1 year−1 under SSP1-2.6,
increasing to− 0.1366( ± 0.0953) t ha−1 year−1 under SSP5-5.85 (Table 2).
The rates at which C is lost decrease in 2045–2070 and 2070–2100, but
increase with increasing warming (Table 2).

Discussion
Under the prevailing (middle-of-the-road) socioeconomic scenario of
SSP2-4.5, characterized by modest shifts from historical patterns and a
future where efforts to reduce emissions are insufficient to limit global
warming to that required for amore sustainable and climate-resilient future,
our predictions suggest that Australian soil will act as a net emitter of C, in
addition to CO2 emissions predicted from all sectors of the Australian
economy. In the 25 years between 2020 and 2045, we predict median
emissions from soil to reach 0.064( ± 0.197) Gt CO2-e year−1 (CO2-
equivalent) (Fig. 5). By 2045–2070, this trajectory predicts emissions of
0.030( ± 0.320) Gt CO2-e year−1 and 0.097( ± 0.176) Gt CO2-e year

−1 by
2070–2100 (Fig. 5). The emissions during 2020–2045 are equivalent to 14%
of Australia’s total 2022 emissions of 0.464 Gt CO2-e from all sectors of the
economy, 82% of emissions from agriculture (0.078 Gt CO2-e), and 18% of
the forecasted total emissions of 0.354 Gt CO2-e in 203031.

Scenario SSP5-8.5 may seem improbable32, but we included it because
it matches the increases in emissions and global temperatures over the past
two decades33. It is an upper limit in our modeling, illustrating the potential
consequences if those trends continue unabated. Under this scenario, soil
emissions in 2020–2045 will be greater than those of middle-of-the-road or
more sustainable scenarios, but predictions are alsomore uncertain (Fig. 5).
By 2045–2070, under this trajectory,Australian soilwill emit 0.123( ± 0.148)

Table 2 | Predictedmedian rates of change in total soil organic
carbon (TOC) for periods 2020–2045, 2045–2070 and
2070–2100, in tonnes per hectare per year

TOC change /t ha−1 year−1

Scenario SSP1-2.6 SSP2-4.5 SSP5-8.5

Year Australia-wide

2020–2045 − 0.0137 (0.0774) − 0.0228 (0.0871) − 0.0770 (0.0861)

2045–2070 − 0.0101 (0.0828) − 0.0106 (0.0617) − 0.0436 (0.0722)

2070–2100 − 0.0125 (0.0413) − 0.0343 (0.0602) − 0.0466 (0.0805)

Rangelands

2020–2045 − 0.0450 (0.0397) − 0.0499 (0.0279) − 0.0442 (0.0366)

2045–2070 − 0.0253 (0.0612) − 0.0339 (0.0465) − 0.0526 (0.0458)

2070–2100 − 0.0297 (0.0277) − 0.0358 (0.0393) − 0.0522 (0.0603)

Cropland

2020–2045 0.1947 (0.1682) 0.0950 (0.1429) 0.1640 (0.1982)

2045–2070 0.0949 (0.1671) 0.0939 (0.1589) − 0.0302 (0.2192)

2070–2100 0.0314 (0.1675) − 0.0171 (0.1222) − 0.0663 (0.0983)

Coastal

2020–2045 − 0.0925 (0.0933) − 0.1106 (0.0845) − 0.1366 (0.0953)

2045–2070 − 0.0361 (0.0752) − 0.0664 (0.0920) − 0.0851 (0.1007)

2070–2100 − 0.0320 (0.0616) − 0.0287 (0.0458) − 0.0363 (0.0609)

Values in brackets represent the interdecile ranges.

Fig. 4 | The change in soil organic carbon (C) in Australia. a–cMaps of the change
in total (TOC),mineral-associated (MAOC) and particular (POC) organic carbon in
Australia between the 1990–2010 baseline and 2020–2045, 2045–2070 and
2070–2100 (t ha−1), for the three shared socio-economic pathways (SSP) and six

climate models (Table 3). d–fMedian total change reported in gigatonnes (Gt) for
the predictions over all of Australia, the rangelands, the cropping and the coastal
temperate regions. The error bars represent the interdecile range.
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Gt CO2-e year
−1, which is equivalent to 35% of Australia’s total projected

emissions in 203031. In 2070–2100, we predict emissions from soil will
increase further (Fig. 5).

Under SSP1-2.6, which imagines a socioeconomic shift toward sus-
tainability, we predict emissions from soil to be smaller than the other
scenarios, reaching 0.039( ± 0.198) Gt CO2-e year

−1 in the 25 years between
2020–2045 (Fig. 5). These are the smallest predicted emissions from Aus-
tralian soil and are equivalent to 8.3%ofAustralia’s total emissions for 2022,
49% of agricultural emissions, and 11% of the total emissions forecast for
203031. This trajectory predicts emissions of 0.029( ± 0.207)GtCO2-e year

−1

by 2045–2070 and 0.035( ± 0.135) Gt CO2-e year
−1 by 2070–2100 (Fig. 5).

Uncertainty in model predictions of future soil C dynamics is well
documented, and our understanding of the sources of this uncertainty is
evolving34. Our study strived to reduce parameter and input data
uncertainty in the simulations by calibrating Roth C to Australian
conditions18, parameterizing the main conceptual pools in Roth C, the
RPM, HUM, and IOM, with measured POC, MAOC, and pyrogenic
organic C fractions, respectively35, using region-specific approaches to
derive future C inputs in cropping, coastal and rangeland areas with
different possible crop types, NPP, and accounting for the CO2 fertili-
zation effect, using a selection of six ESMs from the CMIP6, correcting
for bias in the future climate data, and propagating the uncertainties from
the ESM and C inputs through the predictions of future soil C stocks. We
do not account for structural model uncertainty because models with
relatively simple structures (such as Roth C) are known to produce
predictions of soil C dynamics with smaller uncertainty over larger scales,
compared to more complex models, which produce much more sig-
nificant uncertainties in response to climate change36.

As part of international efforts to mitigate climate change, the Aus-
tralian government’s revised Nationally Determined Contribution (NDC)
aims for a 43% emissions reduction by 2030 and ‘net zero’ by 205031, thus
achieving its commitment to the Paris Agreement and keeping 1.5∘Cwithin
reach.Australia’s Long-TermEmissionsReductionPlan37 identifies soilC as
a priority low-emissions technology, proposing that improvedmanagement
of one-quarter of Australia’s crop and grazing soil could sequester
0.035–0.090 Gt CO2-e year

−1, or as much as 0.103 Gt CO2-e year
−1 in areas

with more rain37. However, our findings suggest that those estimates are
overly optimistic; we predict more modest gains under current practice.
Under SSP2-4.5, in all of Australia’s cropping regions (including modified
grazing) over the 25 years from 2020 to 2045, we predict median seques-
tration rates of 0.051( ± 0.076) Gt CO2-e year−1, ranging from
0.104( ± 0.090)GtCO2-e year

−1 under SSP1-2.6 to0.088( ± 0.106)GtCO2-e
year−1 under SSP5-8.5. The predicted gains in cropping regions decrease to
roughly half that in 2045–2070. Under SSP2-4.5 and SSP5-8.5, the gains are

smaller, and by 2070–2100 under SSP2-4.5 and 2045–2100 under SSP5-8.5,
Australian soil is a net C emitter of up to 0.036( ± 0.052) Gt CO2-e year

−1

(Fig. 5).
Our results show that warmer and drier conditions will lead to more

significantC loss in the rangelands thanelsewhere inAustralia.Under SSP1-
2.6, in the 25 years between 2020–2045, the net loss of soil organic C in the
rangelands corresponds to emissions of 0.095( ± 0.077) Gt CO2-e year

−1. By
2045–2070 and 2070–2100, the predicted emissions decrease slightly as a
more favorable climate stimulates plant growth and increases in soil C in the
central and southern rangelands (Fig. 4). Emissions are greater under the
SSP2-4.5 and SSP5-8.5 scenarios (Fig. 5). The rangelands of Australia are
diverse. They sustain biodiversity that has been little altered since the advent
of European settlement, indigenous cultures, and pastoral and mining
industries. The risks and threats to rangeland ecosystems from climate
change are global and systemic.Any change to the use ormanagementmust
recognize that rangelands are also complex and adaptive ecosystems where
organic C can cycle through phases of accumulation, conservation, and loss
after disturbance from, for example, clearing, overgrazing, fire, drought or
flood25.

Significantly, the soil organic C losses from the rangelands and the
coastal temperate region, which occupy approximately 82% of the country,
are not offset by the predicted gains of soil C under cropping (Fig. 4).
Rangeland soils have potential for C sequestration38, butmuch of the region
has a dry and variable climate; its productive capacity is small because
vegetative cover is sparse, and it suffers from alterations that result in live-
stock grazing, frequent fires, weed infestations and grazing by feral
animals25. Overcoming these to sequester additional C will be difficult, but
rangeland soil could capture at least some of that potential by improving
grazingmanagement, enacting cultural burning practices, and regenerating
biodiverse, endemic native plant communities. With more organic C, soils
could absorb and store more water, reduce erosion, enhance biodiversity
and lead to more stable ecosystems39.

The predicted net losses of organic C from soil will significantly affect
Australia’s ability toachieve itsGHGemissions reduction target. IfAustralia
could shift from its current behavior towards amore sustainable pathway, it
would be better able to meet its target. For this shift to occur, however, it
must embrace existing GHG removal technologies and develop new large-
scale solutions to achieve sustainability.Australiawouldhave to build on the
potential of agriculture to sequester C in the soil and to improve soil con-
servation in the rangelands. It could do so by continuing to support and
develop scientifically sound carbon crediting initiatives (such as the Aus-
tralian Carbon Credit Unit (ACCU) scheme) and Nature Positive plans,
which provide economic incentives for farmers and land managers to
sequester C and conserve biodiversity on their land actively. Although not a

Fig. 5 |Median relative change in total organic carbon (TOC) during 25-year periods. aOver all of Australia, b the rangelands, c cropping regions and d coastal temperate
regions, for each of the three shared socioeconomic pathways, SSP1-2.6, SSP1-2-4.5, SSP1-5-8.5. Error bars represent the interdecile range.
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panacea, such nature-based schemes must be integral to government poli-
cies. By doing so, policymakers can encourage sustainable practices while
bolstering the agricultural and environmental sectors’ roles in achieving
national emission reduction targets.

Our findings present decision-makers and researchers with informa-
tion on the significance of soil organic C for Australia’s greenhouse gas
inventory. Addressing the vulnerability of soil C stocks in the rangelands
and coastal temperate regions and continuing to harness the potential for
sequestration in cropping areas must become integral components of
Australia’s emissions reduction strategies towards a sustainable environ-
mental future. Climate change is a difficult problem that requires a global,
multifaceted, and interdisciplinary approach to address it effectively. Aus-
tralia and other countries must consider the soil and enact effective action
and collaborations with researchers and stakeholders to pave the way for
sustainable climate change mitigation, environmental preservation and
conservation.

Methods
Model description
Roth Cmodels the processes by which organic C changes in the soil. It has a
monthly time step and four active pools: decomposable plant material
(DPM), resistant plant material (RPM), microbial biomass (BIO) and
humified organicmatter (HUM), plus a pool of inert organicmatter (IOM).
We used version 26.3 of themodel. Themodel was calibrated for a range of
Australian agricultural systems40 and used for the soil C component of the
Full Carbon Accounting Model (FullCAM) in the Australian National
Greenhouse Gas Inventory17. The decomposition rate constants for the
DPM, RPM, BIO, and HUM pools are 10, 0.3, 0.15 and 0.02 year−1,
respectively40. The active pools decompose following first-order kinetics.
They are assumed to increase with increasing air temperature but are
reduced by soil water deficit and vegetated soil cover. The soil cover factor is
set to 1.0 for bare soil and 0.6 to slow organic matter decomposition when
soil is vegetated. Incoming C from plant residues or exogenous organic
matter (e.g., manure) is split between DPM and RPM, decomposed to BIO
and HUM and lost as CO2. The conceptual pools of RPM, HUM and IOM
in the original model were replaced with the measurements of particulate
(POC), mineral-associated (MAOC) and resistant organic C (PyC) frac-
tions, respectively40,41.

Input data for the simulations
We used a subset of the soil data on the POC, MAOC and PyC fractions in
the 0–30 cm layer at 4045 sites across Australia, which we compiled in
previous studies18,35,42. The samples represent allAustralian soil classification
orders43, except for Anthroposols, all land use types, and all states and
territories of Australia. Other soil attributes needed for the simulations
include clay content (%), bulk density (g cm−3) and available water capacity
(AWC) (mm m−1), and we sourced these from42.

Data on historical and current air temperature, precipitation and pan
evaporation were obtained from the SILO database of Australian climate
data44. We estimated pan-evaporation by dividing the evaporation rates
from the ESMs (see below) by site-specific pan coefficients that we acquired
from the SILO44 data for the years 1991 to 2018.

Data on land use at the national (1:2 500 000) scale (NLUM) were
obtained from the Australian Bureau of Agricultural and Resource Eco-
nomics and Sciences45. The NLUM data include information on detailed
land uses.We re-classified the land use at each site into four broad land uses:
arable cropping, modified grazing, native grazing, and areas for nature
conservation, including for indigenous and other minimal uses. The model
requires C inputs. We estimated these monthly using the four land use
classes, vegetation type and management regimes, and a crop model, as
described in18 and briefly described next.

Baseline simulations of soil organic C
Lee et al.18 provide the details on the baseline simulations. In the following,
we summarize the main points relevant to this study. We selected the

1991–2010 to represent the baseline and as the benchmark for the (future)
simulations. Themodelwas initializedwith themeasuredPOC,MAOCand
PyC fractions and clay content (see above).We extracted daily weather data
for the baseline period from SILO and aggregated them to monthly total
precipitation, pan evaporation, and average air temperature. We estimated
monthly C inputs as follows. Under arable cropping, we assumed that crops
were grown in rotations. To determine the rotations during the baseline
period, we used data on agricultural activities and crop types46 at the Sta-
tistical Area Level 2 (SA2), which are functional areas that represent socially
and economically coherent communities47. For modified grazing sites, we
used only a single annual or perennial grass species46, while for native
grazing sites, we used a perennial native grass. For the sites under nature
conservation, we assumed small but consistent C inputs fromplant residues
only48 and set the C inputs at a constant value of 0.049 t ha−1 month−1.

To simulate plant growth, we used a crop model by49 that uses the
amount of water available to the plant (derived from the AWC) to derive
a potential dry matter increment that is water-limited (WLDM). We
calculated the WLDM from the fraction of evapotranspiration that is
transpired, the fraction of deep water drainage that occurs during the
fallow period, and the transpiration efficiency of the crop or pasture18.
Evapotranspiration and deep drainage were derived by a soil water
balance with pan evaporation, rainfall, clay content, bulk density, and
specific crop parameters49. Thus, the model calculates dry matter pro-
duction incrementally to produce the accumulated dry matter in a
season. For perennial plant growth, the model calculates dry matter
production over the seasons. The model estimates root biomass using a
fixed root-to-shoot ratio of 0.3. For both modified and native pastures,
we assumed grazing to occur if the grass accumulated 1.2 t ha−1 of shoot
dry matter, with no grazing effect on its growth. We also assumed that
grazing animals consumed 50% of daily shoot growth, returned 50% of
the consumption to the soil as dung and shed 50% of daily root growth.
When the available soil water fell to <15% of water holding capacity, we
assumed that 1% and 0.5% of the shoot and root dry matter died daily.
The C content of above-ground and below-ground residues was 42% by
mass, which is the value used in the FullCAM17.

We adjusted the estimated initial C inputs iteratively to fit the simu-
latedCpools to themeasuredTOC, POC, andMAOC, assuming long-term
(100-year) steady-state equilibrium and selected the DPM/RPM ratio that
produced the smallest deviation between themeasured and simulated stock
ofTOC.We repeated theweatherdataunder the same averagemanagement
regimes to attain this condition in the simulations. Therefore, we optimised
the amount, timing, and quality of C inputs at each site to maintain current
soil organic C stocks.

Future simulations
To simulate soil organic C between 2010 and 2100, we assumed constant
land management so that the predicted change would depend only on
changes in climate. Thus, we used climate projections from the different
ESMs for the simulation, considering three shared socio-economic sce-
narios (SSPs) and with C inputs derived from agricultural activities in
rotations and simulated NPP.

Climate data and NPP. We used monthly climate data (2-degree reso-
lution) for the years 2000 to 2100 from six ESMs from the CoupledModel
Inter-comparison Project Phase 6 (CMIP6) (Table 3).

We used projectedNPP from the ESMs andNPP from aMODISNPP
product (MOD17A3H) for 2002–201650 to estimate the annual rate of
change in NPP for the 2010 to 2100 period. In this way, our simulations
could account for the CO2 fertilization effect and the increase in tran-
spiration efficiency51. Before using the climate projections, we removed bias
from the future monthly data with the multivariate bias correction algo-
rithm, which uses a multivariate generalization of the quantile regression
method to correct for biases in climate variables from ESMs52. We used the
reference period between 1970 and 2010 for the corrections and imple-
mented the techniques with the R package MBC53.
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Future carbon inputs. To simulate future C inputs under cropping and
coastal regions, we used historical agricultural activity data and crop type
in each SA2 region for 1970–201546. Under cropping, we again assumed
that crops were grown in rotations, while for coastal areas, we assumed
the growth of a single grass species (Fig. 3). To quantify the organic C
response of soil to future climate while considering possible crop and
pasture rotations, we identified the three most representative crop or
grass species at each site in an SA2 region.We ran the cropmodel with the
most representative crop type and used the six climate models per SSP
scenario to derive the C inputs (see above) for the Roth C simulations.
Then, we repeated for the second and third most representative crop
types. For modified grazing sites, which also represent coastal temperate
regions, we used only one annual or perennial grass species in the rotation
(see above).

For areas under native grazing and under nature conservation,
which represent the Australian rangelands, we assumed that future
changes in soil organic C would be driven mainly by changes in future
NPP and climate. Thus, to account for the amount and timing of C
inputs in 2010–2100, we adjusted the monthly C inputs with the annual
rate of change in NPP (see above) and combined the results. In this way,
we could account for the fertilization effect of CO2 and increases in
transpiration efficiency51.

Analyses
We addressed uncertainty in model inputs due to different climate
change predictions with the several ESMs for each SSP. We calculated
the median annual TOC, POC, and MAOC from estimates with each
ESM and SSP across the sites from 2010 to 2100. We used an 11-year
moving average to focus on longer-term trends rather than year-to-year
fluctuations in the data. We calculated changes in temperature, pre-
cipitation, and organic C relative to the 1990–2010 baseline for four
distinct periods: 2010–2020 representing the recent past, 2020–2045
representing the near future, 2045–2070 representing the mid-future
and 2070–2100 the far-future. We report results in tonnes C per hectare
(t ha−1) and gigatonnes C, calculated as Gt C ¼ C ðt ha�1Þ×
Area ðhectaresÞ � 109. We also report the relative annual change in soil
organic C for 2020–2045, 2045–2070 and 2070–2100 in tonnes of C per
hectare per year (t ha−1 year−1) and in gigatonnes CO2-equivalents per
year, calculated by Gt CO2 � e year�1 ¼ C change ðt ha�1 year�1Þ×
Area ðhectaresÞ× 3:67� 109, where 3.67 is the molecular weight ratio of
CO2 (44) to C (12).We chose 25-years for the near- andmid-futures as it
corresponds to the minimum permanence period that soil C must be
stored in sequestration projects under the Australian Carbon Credit
Units (ACCU) scheme.

The uncertainty around the climate projections, soil organic C stocks,
andC inputswere calculated as thedifference between thefirst and theninth
deciles (10% and 90%), i.e. the interdecile range.

Mapping
Wemapped the 4045 predictions of TOC, POC andMAOC for each of the
three SSPs using data representing 25-year periods from 2020–2045,
2045–2070 and 2070–2100 by interpolation with punctual kriging with
external drift (KED)54, as follows.Weusedcubist42,55,56 tomodel the response
variables at the 4045 sites as functions of the spatially explicit forcings for the
respective decade and SSP and a set of static covariates representing soil and
landscape attributes. All covariates were resampled to a 1 km pixel resolu-
tion by bilinear interpolation. The climate and vegetation forcing used were
the average of the mean annual temperature (MAT), mean annual pre-
cipitation (MAP), mean pan evaporation, and NPP from the six ESMs
(Table 3). We also derived the Prescott index57 for each year and SSP
combination from those data. The static covariateswere the digital elevation
model (DEM), slope, topographic wetness index (TWI); mineralogy,
represented by the gamma radiometric total dose and potassium, and the
clay minerals kaolinite, illite and smectite58. We then used the respective
models to predict the TOC, POC, and MAOC stock at each future period
and for eachSSP elsewhere acrossAustralia. The cubistmapsof the response
variableswere the external drift covariates in theKEDof theTOC, POCand
MAOC stocks. The advantages of this approach are that the modeling with
cubist to derive the covariates helps capture any non-linear responses in the
modeling, and the KED provides the uncertainties of the mapping59. We
validated the models with a 10-fold cross validation and, to assess them,
recorded the coefficient of determination (R2). The 1 km resolution digital
maps helped to identify the regional spatial and temporal variability of
predicted future C stocks and composition in Australia and their suscept-
ibility to change.

Data availability
The soil dataset is available from Zenodo (https://doi.org/10.5281/zenodo.
10783970). The climate data are available at the Earth System Grid Fed-
eration portal (https://esgf-node.llnl.gov/projects/cmip6/). Other spatial
datasets are available from the Terrestrial Ecosystem Research Network
(TERN) data portal (https://portal.tern.org.au). The Roth-C model is
available from Rothamsted Research (https://www.rothamsted.ac.uk/
rothamsted-carbon-model-rothc) and in R via the SoilR library (https://
cran.r-project.org/web/packages/SoilR/index.html). Our implementation
and the code for processing the input datasets and for collating the outputs
from the simulations is available from the corresponding author on request.

Code availability
The soil dataset is available from Zenodo (https://doi.org/10.5281/zenodo.
10783970). The climate data are available at the Earth System Grid Fed-
eration portal (https://esgf-node.llnl.gov/projects/cmip6/). Other spatial
datasets are available from the Terrestrial Ecosystem Research Network
(TERN) data portal (https://portal.tern.org.au). The Roth-C model is
available from Rothamsted Research (https://www.rothamsted.ac.uk/
rothamsted-carbon-model-rothc) and in R via the SoilR library (https://

Table 3 | Earth system models (ESM) and their climate projections used in the simulations

Earthsystemmodel Description Land component Reference

ACCESS-ESM1.5 Australian Community Climate and Earth System Simulator, ver-
sion 1.5

Community Atmosphere Biosphere Land Exchange (CABLE) 60

CESM2 Community Earth System Model version 2 Community Land Model (CLM) 61

CNRM-ESM2-1 Center National de Recherches Météorologiques Earth Sytem
Model, version 2.

Interaction Soil-Biosphere-Atmosphere-CNRM Total Runoff
Integrating Pathways coupled system

62

IPSL-CM6A-LR L’Institut Pierre-Simon Laplace, Coupled Model, low resolution
version 6

Organizing C and Hydrology in Dynamic Ecosystems
(ORCHIDEE)

63

MIROC-ES2L Model for Interdisciplinary Research on Climate Earth System
version 2, for Long-term simulations

Spatially Explicit Individual-Based DynamicGlobal Vegetation
Model (SEIB-DGVM)

64

NorESM2-LM Norwegian Earth SystemModel, version 2, low-medium resolution Community Land Model (CLM) 65

The climate data are available at the Earth System Grid Federation portal: https://esgf-node.llnl.gov/projects/cmip6/.
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cran.r-project.org/web/packages/SoilR/index.html). Our implementation
and the code for processing the input datasets and for collating the outputs
from the simulations is available from the corresponding author on rea-
sonable request.
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