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Regenerative agriculture improves 
productivity and profitability while  
reducing greenhouse gas emissions on 
Australian sheep farms
 

Albert Muleke1,2, Karen Michelle Christie-Whitehead    1, Michelle Cain    2, 
Ke Liu    1  , Paul John Burgess    3, Catherine Wiltshire2, Georgios Pexas2 & 
Matthew Tom Harrison    1 

Regenerative agriculture can be deconstructed into several constituent 
practices, including adaptive multi-paddock (AMP) grazing, improved 
biodiversity, silvopasture, and minimizing cultivation and synthetic fertilizer 
inputs. Here, using farms across a rainfall gradient, we examined how three 
constituents—pasture species composition, antecedent soil organic carbon 
(SOC) and AMP grazing—influenced SOC accrual, greenhouse gas (GHG) 
emissions, production and profitability. Whole-farm stocking rate and rainfall 
exerted a stronger influence on pasture production, SOC, GHG emissions 
and profit than pasture diversity or grazing management. Production was 
more strongly associated with individual pasture species, rather than species 
diversity per se. Notwithstanding carbon removals through increased 
SOC stocks, enteric methane remained the dominant source of farm GHG 
emissions. Low-intensity grazing with short rest periods was generally more 
profitable, whereas AMP grazing promoted greater pasture growth, SOC 
accrual and emissions abatement; AMP also performed more favourably when  
emissions, profit and productivity were considered together. Persistent trade- 
offs between economic and environmental outcomes indicate that grazing 
regimes delivering the greatest SOC accrual and GHG mitigation are not 
necessarily the most profitable, reinforcing the need to rationalize objectives 
when designing resilient, practical and low-emissions farming systems.

In the absence of land-use change, livestock production systems  
typically exhibit higher greenhouse gas (GHG) emissions than most 
other agricultural sectors1–3. As a result, substantial effort has focused 
on identifying management interventions capable of delivering emis-
sions reductions and removals within existing production landscapes. 
Regenerative agriculture has emerged prominently in this context, 
promoted both for its mitigation potential4 and broader ecosystem 
services, including improved soil health, soil organic carbon (SOC), 

nutrient cycling, water infiltration and biodiversity5,6. Despite wide-
spread adoption, regenerative agriculture remains loosely defined 
and is often evaluated as a bundled system, complicating attribution 
of observed outcomes to specific practices.

Regenerative agriculture is generally conceptualized as a con-
stellation of practices intended to restore ecological function while 
sustaining or enhancing productivity. These practices include adap-
tive multi-paddock (AMP) grazing with short grazing durations and 
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These dynamics may explain divergent findings in meta-analyses of 
grazing effects on SOC17, particularly where episodic drought offsets 
multiple years of accumulation11,16. Explicit consideration of anteced-
ent SOC and long-term climatic variability is therefore essential when 
assessing regenerative agriculture outcomes.

Here, we quantified the relative influence of three core regenera-
tive constituents—pasture species composition, antecedent SOC and 
AMP grazing—on SOC dynamics, GHG emissions, livestock production 
and profitability across a rainfall gradient in southern Australia. Using 
four commercial sheep farms representing dominant production 
regions and enterprise scales, we established ‘Baseline’ systems against 
which alternative management scenarios were evaluated using an 
integrated biophysical–economic modelling framework.

Recognizing that economic viability underpins long-term adop-
tion, we assessed profitability by integrating livestock revenue, 
supplementary feed costs and carbon pricing. Carbon credits were  
applied where net farm emissions declined relative to Baseline, while 
notional carbon liabilities were assigned where SOC-driven CO2  
removals were overcompensated by increases in other GHGs, par-
ticularly enteric methane associated with higher stocking rates18. By  
initializing simulations across multiple SOC stock levels, antece
dent SOC was treated explicitly as an experimental factor, allowing 
SOC accrual to be evaluated as a response variable rather than an 
assumed outcome.

Results
Pasture species identity, not diversity, governs productivity 
and SOC accrual
Across farms, sward productivity was driven primarily by pasture 
species identity rather than species richness (Fig. 1 and Supplemen-
tary Table 1). The most productive swards comprised three high-yielding 

extended recovery periods; increased pasture species and functional 
diversity; reduced reliance on synthetic fertilizers and pesticides; 
avoidance of cultivation; application of organic amendments; cover 
cropping; perennial pasture systems; and integration of trees, forage 
and livestock (for example, silvopasture)7–9. Collectively, these inter-
ventions aim to emulate natural disturbance–recovery dynamics and 
enhance ecosystem resilience.

When implemented in combination, regenerative practices have 
been purported to reduce net GHG emissions through enhanced 
pasture productivity and increased SOC sequestration10,11. How-
ever, outcomes are highly context dependent, varying with climate, 
soil type, historical management and extant SOC stocks. Several 
studies indicate additive or synergistic effects among regenerative 
components. For example, combining improved grazing manage-
ment with diverse pasture composition can enhance SOC accrual 
relative to conventional grazing alone12, and high-intensity grazing 
coupled with diverse swards has been associated with lower GHG 
emissions than low-intensity, low-diversity systems13. Yet, pasture 
productivity and species performance are themselves constrained by  
rainfall and edaphic conditions5,11,14, and the interactive effects of  
grazing management and botanical composition across rainfall 
gradients remain poorly resolved. This knowledge gap is particularly 
important given that a large proportion of global livestock produc-
tion occurs in rainfed environments, often under high prevailing  
aridity15.

The effectiveness of management interventions is also contingent 
on baseline (antecedent) SOC. Organic carbon accrual potential is 
greatest where antecedent stocks are low16; as SOC stocks approach 
a biophysical ceiling determined by climate, carbon inputs, soil prop-
erties and management, further sequestration becomes increasingly 
constrained and can even reverse towards long-term equilibria16,17. 
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Fig. 1 | Monthly pasture growth rates in four regions across several botanical 
compositions and grazing regimes. Column titles depict farm abbreviation  
(F1–4), long-term average annual rainfall (mm yr−1) and location (SA, South 
Australia; VIC, Victoria; WA, Western Australia). The top row shows pasture 
growth rate of several botanical compositions, and the bottom row shows 
pasture growth rate associated with several grazing treatments. The most and 
least productive three species represent the most and least productive swards, 
each comprising three pasture species, while the most and least productive five 

species indicate the highest and lowest productivity swards, each comprising 
five pasture species. Subterranean clover and capeweed represent swards 
comprising only that species. Baseline represents set stocking and is compared 
with five grazing treatments of varying stocking rate, duration and rest period 
(low-intensity long rests, high-intensity long rests, low-intensity short rests, high-
intensity short rests and variable grazing with duration adjusted dynamically  
in response to seasonal conditions; see Extended Data Table 4 and the Methods 
for details).
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species, whereas increasing species number consistently reduced 
productivity. Over the long term, high-performing swards increased  
mean annual pasture production by 7% relative to Baseline systems, 
while the least productive swards produced 39% lower seasonal yields 
(Fig. 1 and Supplementary Table 1). Reduced pasture production 
translated directly into higher supplementary feed requirements in 
low-performing swards across rainfall zones (Supplementary Table 1).

Differences in pasture productivity propagated to SOC dynamics. 
High-yielding swards increased SOC stocks over 100 years, with abso-
lute gains ranging from 7 to 41 tC ha−1 (Fig. 2, Extended Data Fig. 1 and 
Supplementary Table 1). By contrast, low-productivity swards resulted 
in net SOC losses across sites (Extended Data Fig. 1). Increased SOC 
accrual reduced net GHG emissions and emissions intensity by 
approximately 6%, whereas low-productivity swards increased both 
net emissions and emissions intensity by ~13% (Figs. 2 and 3 and 
Extended Data Table 1).

Absolute GHG emissions scaled strongly with rainfall and stocking 
rate, ranging from >5.7 t CO2 equivalents (CO2e) ha−1 yr−1 in high-rainfall 
systems (F4) to 0.4–0.6 tCO2e ha−1 yr−1 in low-rainfall systems (farm 
(F)1; Fig. 3, Extended Data Table 1 and Supplementary Table 1). These 
patterns demonstrate that agroecological context exerts dominant 
control over emissions, independent of pasture diversity.

Antecedent SOC exerts greater influence on SOC accrual than 
management practices
Antecedent SOC strongly constrained subsequent SOC trajecto-
ries across farms. Low antecedent SOC (0.3%) elevated SOC accrual 
in surface soils (0–30 cm), whereas high antecedent SOC (6%) 
resulted in substantial long-term SOC losses over 100 years (Fig. 2, 
Extended Data Table 1 and Supplementary Tables 1 and 2).

Low antecedent SOC reduced net GHG emissions and emissions 
intensity across the rainfall gradient, whereas high SOC increased  

emissions from 0.7 to 6.3 tCO2e ha−1 yr−1 (Fig. 3 and Extended Data  
Table 2). Averaged across farms, low SOC reduced emissions intensity 
by 13%, while high SOC increased emissions intensity by 27%, highlight-
ing the disproportionate influence of SOC flux on whole-farm GHG 
balances (Fig. 3). Increased emissions under high SOC were driven 
primarily by CO2 losses associated with SOC decline, with secondary 
contributions from methane (Extended Data Table 2). Supplemen-
tary feed requirements were largely insensitive to antecedent SOC 
(Supplementary Table 2).

Emissions reductions associated with SOC accrual were propor-
tionally greater in low-rainfall systems, indicating that extensified 
systems benefit most from SOC gains when starting from depleted 
carbon stocks (Fig. 3 and Extended Data Table 2).

AMP grazing is more conducive to SOC accrual than set 
stocking
AMP grazing based on pasture biomass (‘variable grazing’) achieved 
the greatest SOC accrual in surface soils across all sites, whereas 
low-intensity grazing with short rest periods produced smaller gains 
(Fig. 2, Extended Data Table 3 and Supplementary Table 3). SOC 
responses were strongest in high-rainfall, clay-rich soils (VIC F3) and 
constrained in low-rainfall, sandy soils (SA F2).

Variable grazing also maximized pasture growth across the  
rainfall gradient (Fig. 1 and Supplementary Table 3). Relative to  
Baseline systems, supplementary feed intake increased under variable 
grazing in low-rainfall regions but declined under high-productivity 
swards in higher-rainfall environments (Supplementary Table 3).  
High SOC accrual under variable grazing reduced emissions intensity 
(Fig. 3 and Extended Data Table 3), whereas high-intensity grazing  
with short rest periods increased net GHG emissions due to elevated  
methane, despite similar or lower emissions intensity than Baseline  
systems.
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Fig. 2 | Long-term SOC in the surface layer (0–30 cm) for multiple grazing 
regimes, with simulations initialized at low (0.3%) and high (6%) antecedent 
SOC levels. Data shown for four regions positioned along a rainfall gradient 
in Western Australia (WA), South Australia (SA) and Victoria (VIC). Panel titles 
depict farm abbreviation (F1–4) and long-term average annual rainfall (mm yr−1). 

Baseline represents set stocking and is compared with five grazing treatments 
of varying stocking rate, duration and rest period (low-intensity long rests, 
high-intensity long rests, low-intensity short rests, high-intensity short rests 
and variable grazing with duration adjusted dynamically in response to seasonal 
conditions; see Extended Data Table 4 for details).
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Under drought, variable grazing mitigated SOC losses relative to 
high-SOC Baseline soils, whereas low-productivity swards exhibited 
the lowest SOC accrual and highest supplementary feed requirements 
(Supplementary Figs. 1–6).

Sward productivity has greater bearing on farm profit than 
carbon prices
High-productivity swards increased farm gross margins relative to 
Baseline systems, with rainfall exerting a stronger influence than live-
stock prices or carbon prices (Fig. 4a and Supplementary Tables 4–6). 
Carbon credits increased revenue in high-rainfall zones; however, car-
bon liabilities associated with higher emissions frequently offset these 

gains (Fig. 4b and Supplementary Fig. 8). Low-productivity swards were 
consistently least profitable, particularly in high-rainfall environments, 
due to higher carbon liabilities (Fig. 4a and Supplementary Figs. 7 and 8).

Preventing soil carbon loss is conducive to improved farm 
profitability
High antecedent SOC reduced long-term profitability through 
SOC losses, whereas low SOC increased gross margins via carbon 
credits, particularly under high carbon prices and low meat prices 
(Fig. 2, Supplementary Fig. 12 and Supplementary Tables 6 and 7). 
Low-intensity grazing with short rest periods generated the highest 
profitability through reduced supplementary feed costs (Figs. 5 and 6 
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nitrous oxide (N2O) for several botanical compositions (first column), 
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containing the least and most productive three pasture species averaged over the 
simulation. Low SOC (0.3%) and high SOC (6%) represent SOC concentrations used 
for model initialization. Baseline represents set stocking and is compared with five 
grazing treatments of varying stocking rate, duration and rest period (low-intensity 
long rests, high-intensity long rests, low-intensity short rests, high-intensity short 
rests and variable grazing with duration adjusted dynamically in response to 
seasonal conditions; see Extended Data Table 4 and the Methods for details).
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and Supplementary Tables 5, 6 and 8–10), while high-intensity grazing 
with long rest periods produced the lowest margins.

Gross margins per grazed area were more sensitive to rainfall, total 
livestock numbers and sheep prices than to carbon price or grazing 
regime (Fig. 5 and Supplementary Tables 8–10). High-rainfall farms with 
greater stocking rates achieved higher margins per unit area despite 
incurring larger carbon taxes (Fig. 5 and Supplementary Tables 6  
and 8–10). Although variable grazing generated higher carbon credits 
and lower carbon taxes, increased supplementary feed costs reduced 
margins per DSE and per hectare relative to low-intensity grazing 
with short rest periods, particularly under high-rainfall environments 
(Fig. 5 and Supplementary Tables 5, 6 and 8–10). Over the long term, 
high-intensity grazing with long rest periods was the least profitable 
due to persistently higher feed costs (Supplementary Tables 5 and 
8–10). Overall, the most profitable systems were characterized by faster 
rotations, short rest periods and lower stocking rates, which improved 
pasture utilization and reduced supplementary feed demand.

Normalized multidimensional impact analysis
Normalized multidimensional analysis showed that variable grazing 
delivered the highest integrated benefit across productivity, profitabil-
ity, and GHG mitigation, although dominant drivers differed regionally 
(Fig. 7). In VIC (F4), benefits were driven primarily by increased produc-
tion and profitability, whereas in F1–F3, GHG mitigation dominated the 
positive response. Low-productivity pastures performed poorly across 
all dimensions, underscoring the combined agronomic, environmental 
and economic advantages of maintaining productive, palatable swards 
under AMP grazing.

Discussion
Sustainable livestock carrying capacity must be calibrated on 
production during climatic adversities
Regenerative agriculture encompasses multiple practices, includ-
ing increased biodiversity, adaptive grazing, minimal cultivation and 
reduced synthetic inputs. When implemented together, isolating the 

WA (F1), 353 mm yr–1 SA (F2), 447 mm yr–1 VIC (F3), 657 mm yr–1 VIC (F4), 734 mm yr–1

Least productive
M

ost productive

H
ig

h 
ca

rb
on

 p
ric

e

Lo
w

 c
ar

bo
n 

pr
ic

e

N
o 

ca
rb

on
 p

ric
e

H
ig

h 
ca

rb
on

 p
ric

e

Lo
w

 c
ar

bo
n 

pr
ic

e

N
o 

ca
rb

on
 p

ric
e

H
ig

h 
ca

rb
on

 p
ric

e

Lo
w

 c
ar

bo
n 

pr
ic

e

N
o 

ca
rb

on
 p

ric
e

H
ig

h 
ca

rb
on

 p
ric

e

Lo
w

 c
ar

bo
n 

pr
ic

e

N
o 

ca
rb

on
 p

ric
e

−50,000

−40,000

−30,000

−20,000

−10,000

0

0

10,000

20,000

30,000

G
ro

ss
 m

ar
gi

ns
 re

la
tiv

e 
to

 b
as

el
in

e 
(A

U
D

 y
r–1

)

a

WA (F1), 353 mm yr–1 SA (F2), 447 mm yr–1 VIC (F3), 657 mm yr–1 VIC (F4), 734 mm yr–1

Le
as

t p
ro

du
ct

iv
e

Ba
se

lin
e

M
os

t p
ro

du
ct

iv
e

Le
as

t p
ro

du
ct

iv
e

Ba
se

lin
e

M
os

t p
ro

du
ct

iv
e

Le
as

t p
ro

du
ct

iv
e

Ba
se

lin
e

M
os

t p
ro

du
ct

iv
e

Le
as

t p
ro

du
ct

iv
e

Ba
se

lin
e

M
os

t p
ro

du
ct

iv
e

−2,500

0

2,500

5,000

7,500

10,000

12,500

15,000

C
ar

bo
n 

in
co

m
e 

(A
U

D
 y

r–1
)

Low sheep price High sheep price

b
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and the Methods for details).
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contribution of individual components is challenging due to complex 
interactions and feedbacks within agroecosystems. Here, we disentan-
gled the effects of pasture species diversity, antecedent SOC and AMP 
grazing on pasture productivity, GHG emissions and farm profitability 
across contrasting environments.

Through interdisciplinary assessment, we showed that AMP 
grazing exerted a stronger influence than pasture species diver-
sity on pasture production, SOC accrual and GHG mitigation 

(Fig. 1 and Extended Data Table 3). Under high carbon prices, these 
gains translated into higher gross margins per DSE and per unit area 
(Fig. 5, Supplementary Figs. 7 and 8 and Supplementary Tables 8–10)  
and substantially lower emissions intensity, with variable grazing 
averaging 54% lower emissions intensity than Baseline systems 
(Extended Data Table 3). Although variable grazing optimized pro-
ductivity and emissions abatement through enhanced SOC sequestra-
tion (Figs. 1 and 2 and Supplementary Table 3), higher supplementary 
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feed requirements occasionally offset economic returns (Figs. 5 and 
6). By contrast, low-intensity grazing with short rest periods required 
less supplementary feed and frequently maximized gross margins per 
area on intensively stocked farms in wetter regions and profit per DSE 
in arid, lightly stocked systems (Figs. 5 and 6).

These findings indicate that, while specific grazing regimes can 
deliver substantial SOC accrual and GHG abatement19,20, downside 
economic risk persists when pasture supply is constrained21,22. Sustain-
able stocking rates must therefore respond to both short-term climatic 
variability and long-term carrying capacity, governed by regional 
climate and soil water holding capacity. Carrying capacity should be 
calibrated to the most severe seasonal conditions or sequences of 
climatic adversity, which vary spatially and are projected to intensify 
under climate change23–25. Importantly, this principle extends beyond 
regenerative practices to all rainfed pastoral systems.

Long-term simulations that integrate grazing management,  
herd or flock dynamics, and pasture production during minimum  
forage availability provide a robust basis for estimating sustain-
able carrying capacity. Such approaches can incorporate farmer risk 

preferences, including decisions around supplementary feeding, agist-
ment or enterprise restructuring. Maintaining livestock numbers 
within thresholds imposed by drought ensures adequate pasture per 
animal, reduces labour requirements, limits erosion, maintains ground 
cover, facilitates pasture recovery and prevents SOC loss26–28. AMP 
grazing operationalizes these principles through paddock subdivi-
sion and grazing duration adapted according to available biomass, 
with some AMP practitioners adjusting paddock size to inherent 
soil productivity to maintain consistent grazing pressure across 
heterogeneous landscapes.

Pasture identity, not diversity, drives productivity, SOC 
accrual and carbon dioxide removals
Inclusion of high-yielding pasture species enhanced both productiv-
ity and GHG mitigation (Extended Data Table 1). Swards containing 
subterranean clover, phalaris and lucerne increased annual pasture 
production by 7% and liveweight by 2% relative to Baseline species, 
whereas low-productivity swards reduced output by 39% and increased 
net emissions and emissions intensity. These effects were driven pri-
marily by differences in peak spring growth (Fig. 1) and are consistent 
with empirical evidence of summer–autumn production gains from 
species with superior production29–31. Aligning whole flock feed demand 
with seasonal pasture supply through tactical lambing and destocking 
can further reduce emissions intensity and improve profitability32–34.

Together, these findings suggest that functional traits and sea-
sonal growth patterns of dominant species, rather than botanical 
diversity per se, determine both production and SOC inputs. Diversity 
may still confer resilience or ecological benefits not captured here, but 
productivity and SOC outcomes in temperate grazing systems appear 
to be governed primarily by the performance of key species.

Antecedent SOC exerts stronger control over SOC accrual than 
climate or practice change
Antecedent SOC exerted a stronger control on subsequent SOC dyna
mics than either management or climate35–37. Our 100-year simula-
tions showed long-term SOC additionality ranging from −0.7 to 0.5 t  
SOC ha−1 yr−1 in the top 30 cm, depending on initial SOC (Fig. 2), far 
lower than short-term gains reported in some carbon projects38. Such  
discrepancies probably reflect anomalously high seasonal rainfall 
affecting carbon flux portioning and potential contamination of 
organic carbon measurements with inorganic carbonates39, underscor-
ing the need for biophysically plausible SOC flux ceilings to maintain 
carbon market legitimacy38.

Low antecedent SOC stocks exhibited greater sequestration 
potential, consistent with previous studies16 and delivered dispro-
portionate reductions in farm-level GHG emissions (Figs. 3 and 7). 
However, antecedent SOC had minimal influence on pasture produc-
tivity or supplementary feed demand, indicating that soil organic 
matter (SOM) status exerted weaker control over forage production 
than grazing management. These results emphasize the importance of 
multimetric evaluation and highlight opportunities to target degraded 
soils for SOC restoration, nutrient cycling, biodiversity restoration and 
natural capital accumulation14.

Variable grazing durations outperform conventional set 
stocking, yet trade-offs abound
Variable grazing increased SOC stocks relative to set stocking, whereas 
low-intensity short-rest grazing produced the lowest SOC accrual 
(Extended Data Table 3). Variable grazing also enhanced herbage 
productivity, particularly in high rainfall zones, delivering up to 35% 
higher annual production, compared with 16% under high-intensity 
long-rest grazing. Supplementary feed requirements increased under 
variable grazing in arid systems, while long-rest grazing raised sup-
plementary feed demand in wetter, heavily stocked environments 
(Supplementary Table 3).
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Fig. 6 | Gross margin per grazed area as a function of costs associated with 
supplementary feeding and carbon taxes for high and low sheep prices. 
Interventions comprised pasture species diversity, antecedent SOC and AMP 
grazing assessed across four agroecological environments. Rows depict farm 
abbreviation (F1–4), region (Western Australia, WA; South Australia, SA; Victoria, 
VIC) and grazing treatment. Baseline represents set stocking and is compared 
with five grazing treatments of varying stocking rate, duration and spelling 
period, including low-intensity long rests, high-intensity long rests, low-intensity 
short rests, high-intensity short rests and variable grazing with duration adjusted 
dynamically in response to seasonal conditions; low and high SOC represent SOC 
concentrations used for model initialization (0.3% and 6%, respectively); least 
and most productive species represent swards containing three pasture species 
with the lowest or highest average annual production, respectively. Columns 
depict factorial combinations of carbon price and sheep price, while colours 
show gross margin per grazed area.
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AMP grazing influenced profitability more strongly than pasture 
diversity (Figs. 5 and 6). While variable grazing enhanced productiv-
ity and SOC sequestration, higher feed costs sometimes reduced net 
margins. Conversely, low-intensity short-rest grazing minimized feed 
costs, offset carbon taxes and maximized profit. These outcomes 
reflect inherent trade-offs: productive pastures reduce feed depend-
ence, whereas extended rest periods enhance recovery and SOC but 
can increase reliance on imported feed, with secondary nutrient inputs 
potentially benefitting fertility in nutrient-limited systems40–42.

Context-dependent management outcomes and policy 
relevance
The relative performance of grazing systems was context dependent 
and influenced by the weighting attributed to sustainability objec-
tives. In low-rainfall regions, low-intensity short-rest grazing was most  
profitable under high livestock prices and in the absence of carbon 
pricing, whereas set stocking and variable grazing performed poorly 
under low livestock prices and high carbon costs. In high-rainfall 
systems, variable grazing delivered superior SOC accrual and GHG 

mitigation, although short-rest grazing remained most profitable 
under high livestock prices without carbon pricing. Carbon pricing 
was more influential in productive, high-emissions systems, while graz-
ing management remained the dominant determinant of profitability 
across environments.

When profitability was prioritized, low-intensity short-rest grazing  
was optimal; when productivity, profitability and mitigation were 
weighted equally, variable grazing provided the most balanced  
outcome (Fig. 7). These results highlight the potential for regionally 
differentiated carbon incentives that better align emissions mitigation 
with production and stewardship objectives.

SOC responses to grazing management were governed primarily 
by antecedent SOC and environmental constraints, with species per-
formance outweighing diversity effects. AMP grazing, combined with 
appropriate species selection and stocking rate calibration, enhanced 
SOC accrual and reduced GHG emissions but did not universally maxi-
mize profitability. Short-rest grazing maximized profit, whereas longer 
rests maximized SOC sequestration. Persistent trade-offs among 
productivity, profitability and mitigation outcomes underscore the 
need for context-specific, multimetric assessment. Aligning stocking 
rates with pasture growth, feed demand and climatic expectations can 
reduce supplementary feed reliance and moderate carbon exposure. 
Ultimately, practices that maximize SOC accrual and emissions mitiga-
tion are not always the most profitable, reinforcing the need to balance 
economic and environmental objectives when designing resilient, 
low-emissions pastoral systems.

Methods
Climate and soil characteristics
Historical daily climate data including maximum and minimum 
temperature, rainfall and solar radiation spanning 1 January 1924 
to 31 December 2023 were obtained as SILO43 patch-point data43 
(Supplementary Table 11). The most representative soil types for each 
farm were selected using the Digital Atlas of Australian Soils44. To 
account for variability in antecedent SOC stocks, simulations were 
initialized with contrasting SOC stocks in upper (0–30 cm) and lower 
(30–50 cm) soil profiles.

Case study farming systems
Because climate and soil type influence pasture growth, SOC dynam-
ics, livestock carrying capacity and often farm scale, commercial 
farms were strategically selected across Australian sheep produc-
tion zones45 following a national call for participation ( January 2022; 
MLA Weekly, SALRC, NABRC and WALRC). From 115 expressions of 
interest, 4 farms were chosen to represent distinct agroecological 
regions, spanning cool temperate Victoria to semi-arid Western  
Australia (Supplementary Table 11), based on their position within  
key livestock production zones of Australia45 and agroecological 
region, ranging from cool temperate in southern Victoria to semi-arid 
in Western Australia. Enterprises typified Australian meat and/or wool 
production systems. Site-specific climate, soil, pasture and manage-
ment data were used to initialize simulations before testing alternative 
interventions—and scenarios within interventions—in silico.

Regenerative farm F1, Kulin, Western Australia. Large flocks under 
rotational grazing. Rams were purchased; wethers were sold in late 
summer (February–April) or mid-winter (August). Approximately 80% 
of wether lambs were marketed at 130 days and 20% at 210 days. Ewes 
were culled at 5–8 years. Soils were sandy loams and medium clays 
(Supplementary Table 11).

Conventional management farm F2, Meningie, South Australia. 
Paddock rotations occurred at 7–21-day intervals depending on 
pasture availability. Breeding ewes were purchased at 5 years; no 
replacements were retained. Around 1,040 ewe lambs were sold from  
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Fig. 7 | Normalized multidimensional integration of productivity, profitability 
and GHG emissions. Interventions comprised pasture species diversity, 
antecedent SOC and AMP grazing assessed across four agroecological 
environments. Bars show normalized multidimensional impact scores 
integrating pasture production, GHG emissions and profit. Higher integrated 
assessment scores indicate more desirable outcomes (Methods). Rows depict 
farm abbreviation (F1–4), region (Western Australia, WA; South Australia,  
SA; Victoria, VIC) and grazing treatment. Baseline represents set stocking and 
is compared with five grazing treatments of varying stocking rate, duration and 
spelling period, including low-intensity long rests, high-intensity long rests, 
low-intensity short rests, high-intensity short rests and variable grazing with 
duration adjusted dynamically in response to seasonal conditions; low and high 
SOC represent SOC concentrations used for model initialization (0.3% and 6%, 
respectively); the least and most productive species represent swards containing 
three pasture species with the lowest or highest average annual production, 
respectively.
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October at 60 kg (7.5 months). Approximately 1,040 wether lambs were 
sold from mid-August at 46 kg (≤6 months). Breeding ewes were culled 
at 7–8 years (Supplementary Table 11).

Conventional management farm F3, Casterton, Victoria. Wool 
and meat production with 2,200 ewes plus 480 replacements  
per age cohort. Meat flock ewes were set stocked during lambing 
( July–September); Merino ewes rotationally grazed (August–October).  
Lambing occurred in mid-July (meat) and mid-August (wool), with 
weaning in November. Wether lambs were sold from mid-July at 
45 kg or by mid-November. A total of 2,300 lambs were sold from 
December at 38 kg or by February. Ewes were culled at 5–6 years 
(Supplementary Table 11).

Regenerative farm F4, Winslow, Victoria. Case Merino wool enter-
prise with 2,532 ewes and 884 replacements per age group. Rotational 
grazing operated across 440 ha arable pasture. Lambing occurred in 
early September and weaning in late November. Lambs (1,340 head) 
were sold May–November at 27 kg liveweight. Ewes were culled at 
5–6 years (Supplementary Table 11).

Biophysical modelling
Farming systems were simulated using the SGS model (v5.4.3)46,47, 
which has been extensively calibrated and validated alongside sister 
model DairyMod. The model operates at daily time steps and simulates 
soil water balance, SOC and nutrient dynamics, botanical composition, 
ground cover, livestock growth and production (wool, meat, milk), 
pasture growth and senescence, animal transactions, and pasture and 
supplementary feed utilization46.

SOC is partitioned into fast (particulate), slow (humus) and inert 
pools derived from litter, manure and roots. The inert pool does not 
decay in the absence of fire and is not simulated. SOC turnover depends 
on temperature, soil moisture, substrate inputs and pool-specific decay 
rates. Soil nutrient processes include mineralization, immobilization, 
leaching, adsorption and gaseous losses46.

Livestock movement among paddocks followed rule-based  
management reflecting each farm system. Supplementary feeding 
to maintain target liveweights included lupins (24 MJ metabolisable 
energy (ME) kg−1 dry matter (DM)), barley straw (11 MJ), barley grain 
(14 MJ), faba beans (12.8 MJ), grass silage (12 MJ) and hay (7.6 MJ).

Simulations ran continuously from 1 January 1924 to 31 December 
2023. Atmospheric CO2 concentration was fixed at 380 ppm to approxi-
mate mid-simulation atmospheric conditions48. Stocking intensity was 
standardized using dry sheep equivalents (DSEs), where 1 DSE equals a 
45-kg Merino wether consuming 7.6 MJ ME per day. To examine rainfall 
extremes, we analysed consecutive 2-year high (>20% above mean) 
and low (>20% below mean) rainfall periods for F1 (2019–2020 wet; 
1992–1993 dry) and F4 (1989–90 wet; 2014–15 dry). SOC fluxes were 
normalized to initial SOC stocks (Supplementary Figs. 8–13).

GHG accounting
Model outputs for livestock numbers, feed intake, production and 
SOC were entered into the Sheep & Beef Greenhouse Gas Accounting 
Framework (SB-GAF)49 to quantify average annual GHG emissions over 
100 years. SOC sequestration was converted into CO2e using a factor of 
3.67, and 100-year global warming potentials of 28 for CH4 and 265 for 
N2O were applied50. Net farm emissions were calculated as gross emis-
sions plus soil respiration minus SOC sequestration. Emissions were 
allocated to meat and wool in proportion to protein output to derive 
product-level intensities (kgCO2e kg−1 liveweight or clean wool)49.

Economic analyses
Gross margins (Australian dollars (AUD) ha−1 and AUD per DSE) were cal-
culated from SGS and SB-GAF outputs combined with literature-derived 
prices. Scenarios reducing net emissions relative to the Baseline 

generated carbon credit income, whereas increased net emissions 
incurred carbon tax liabilities. Carbon prices of AUD $38 and $100 
per tonne of CO2e were examined. Other costs were held constant 
(Supplementary Table 12).

Farming systems interventions
Using codesign with case study farmers, we simulated three farming 
systems interventions to deconstruct constituent principles underpin-
ning the broader ‘regenerative agriculture’ philosophy: AMP, anteced-
ent SOC and pasture species diversity. The pasture species intervention 
was designed to examine effects of ecotype diversity compared with 
Baseline botanical compositions (Supplementary Table 13), with appro-
priate pasture species being informed by case study farmers. Within 
each intervention, we examined multiple scenarios. For example, 
several botanical compositions were simulated, first including swards 
with individual pasture species, then by combining the most and least 
productive botanical compositions (Supplementary Table 13). For AMP, 
we contrasted short, intense grazing with conventional long-duration, 
lower stocking rates including six grazing regimes with scenarios con-
figured relative to Baseline farming systems (Extended Data Table 4). 
One AMP scenario, ‘variable grazing’, was explored by initiating and 
terminating grazing duration as a function of seasonal conditions based 
on pasture biomass availability (Extended Data Table 4). To examine 
effects of historical (antecedent) SOC stocks, two SOM levels were 
used to initialize SGS. These were designed to represent low or high 
SOC (0.5% SOM/0.3% SOC and 10% SOM/6% SOC, respectively) in the 
0–30 cm and 30–50 cm soil layers on the first day of the simulation (1 
January 1924). The ensuing simulated SOC (including slow, fast, and 
inert pools) was compared across interventions and farm locations.

Normalized multidimensional impact assessments
To integrate productivity, profitability and mitigation, annual pasture 
production (kg DM ha−1), profit (AUD ha−1) and net GHG emissions 
(tCO2e ha−1) were normalized against scenario maxima40 (Fig. 7). Emis-
sions were inverted, such that higher values indicated better mitiga-
tion. Equal weighting produced an integrated score ranging from 0 
(least favourable) to 3 (most favourable).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Model files and datasets are available via Zenodo at https://doi.org/ 
10.5281/zenodo.18400404 (ref. 51).

References
1.	 Harrison, M. T. et al. Carbon myopia: the urgent need for 

integrated social, economic and environmental action in the 
livestock sector. Glob. Change Biol. 27, 5726–5761 (2021).

2.	 Taylor, C. A., Harrison, M. T., Telfer, M. & Eckard, R. Modelled 
greenhouse gas emissions from beef cattle grazing irrigated 
leucaena in northern Australia. Anim. Prod. Sci. 56, 594–604 
(2016).

3.	 Chang-Fung-Martel, J. et al. Negative relationship between dry 
matter intake and the temperature-humidity index with increasing 
heat stress in cattle: a global meta-analysis. Int. J. Biometeorol. 65, 
2099–2109 (2021).

4.	 Meier, E. A., Thorburn, P. J., Bell, L. W., Harrison, M. T. & Biggs, J. S. 
Greenhouse gas emissions from cropping and grazed pastures 
are similar: a simulation analysis in Australia. Front. Sustain. Food 
Syst. 3, 121 (2020).

5.	 Bilotto, F. et al. Can seasonal soil N mineralisation trends be 
leveraged to enhance pasture growth?. Sci. Total Environ. 772, 
145031 (2021).

http://www.nature.com/natfood
https://doi.org/10.5281/zenodo.18400404
https://doi.org/10.5281/zenodo.18400404


Nature Food

Article https://doi.org/10.1038/s43016-026-01331-2

6.	 Phelan, D. C. et al. Advancing a farmer decision support tool for 
agronomic decisions on rainfed and irrigated wheat cropping in 
Tasmania. Agric. Syst. 167, 113–124 (2018).

7.	 Schulte, L. A. et al. Meeting global challenges with regenerative 
agriculture producing food and energy. Nat. Sustain. 5, 384–388 
(2022).

8.	 Rehberger, E., West, P. C., Spillane, C. & McKeown, P. C. What 
climate and environmental benefits of regenerative agriculture 
practices? An evidence review. Environ. Res. Commun. 5, 052001 
(2023).

9.	 O’Grady, A. P. et al. Grazing systems and natural capital: influence 
of grazing management on natural capital in extensive livestock 
production systems. Nat.-Based Solut. 6, 100181 (2024).

10.	 Colley, T. A., Olsen, S. I., Birkved, M. & Hauschild, M. Z. Delta  
life cycle assessment of regenerative agriculture in a sheep 
farming system. Integr. Environ. Assess. Manag. 16, 282–290 
(2020).

11.	 Kabir, M. J. et al. Extreme weather dominates farm management 
effects on long-term trends in soil carbon. Trends Food Sci. 
Technol. 146, 104409 (2024).

12.	 Conant, R. T., Cerri, C. E. P., Osborne, B. B. & Paustian, K. Grassland 
management impacts on soil carbon stocks: a new synthesis. 
Ecol. Appl. 27, 662–668 (2017).

13.	 McPhee, M. J. et al. GrassGro™ simulation of pasture, animal 
performance and greenhouse emissions on low and high sheep 
productivity grazing systems: 1-year validation and 25-year 
analysis. Animal 18, 101088 (2024).

14.	 Shahpari, S., Allison, J., Harrison, M. T. & Stanley, R. An integrated 
economic, environmental and social approach to agricultural 
land-use planning. Land 10, 364 (2021).

15.	 Henry, B. et al. Soil carbon sequestration in rangelands: a 
critical review of the impacts of major management strategies. 
Rangeland J. 46, RJ24005 (2024).

16.	 Muleke, A. et al. Clarifying confusions over carbon conclusions: 
antecedent soil carbon drives gains realised following 
intervention. Glob. Environ. Change Adv. 1, 100001 (2023).

17.	 McDonald, S. E. et al. Grazing management for soil carbon in 
Australia: a review. J. Environ. Manage. 347, 119146 (2023).

18.	 Harrison, M. T. Climate change benefits negated by extreme heat. 
Nat. Food 2, 855–856 (2021).

19.	 Rawnsley, R. et al. A review of whole farm-system analysis in 
evaluating greenhouse-gas mitigation strategies from livestock 
production systems. Anim. Prod. Sci. 58, 980–989 (2018).

20.	 Ara, I. et al. Modelling seasonal pasture growth and botanical 
composition at the paddock scale with satellite imagery. In Silico 
Plants 3, diaa013 (2020).

21.	 Harrison, M. T. & Liu, K. Holistic systems analyses accelerate 
progress towards Sustainable Development Goals. Nat. Food 5, 
544–545 (2024).

22.	 Fleming, A. et al. Improving acceptance of natural capital 
accounting in land use decision making: barriers and 
opportunities. Ecol. Econ. 200, 107510 (2022).

23.	 Harrison, M. T., Evans, J. R., Dove, H. & Moore, A. D. Recovery 
dynamics of rainfed winter wheat after livestock grazing 2. Light 
interception, radiation-use efficiency and dry-matter partitioning. 
Crop Pasture Sci. 62, 960–971 (2011).

24.	 Muleke, A. et al. Earlier crop flowering caused by global warming 
alleviated by irrigation. Environ. Res. Lett. 17, 044032 (2022).

25.	 Cottle, D. J., Harrison, M. T. & Ghahramani, A. Sheep greenhouse 
gas emission intensities under different management practices, 
climate zones and enterprise types. Anim. Prod. Sci. 56, 507–518 
(2016).

26.	 Ren, S. et al. Historical impacts of grazing on carbon stocks and 
climate mitigation opportunities. Nat. Clim. Chang. 14, 380–386 
(2024).

27.	 Bilotto, F. et al. Costs of transitioning the livestock sector to net-zero 
emissions under future climates. Nat. Commun. 16, 3810 (2025).

28.	 Bilotto, F., Christie-Whitehead, K. M., Malcolm, B. & Harrison, M. T.  
Carbon, cash, cattle and the climate crisis. Sustain. Sci. 18, 
1795–1811 (2023).

29.	 Ward, G. N. et al. Summer-active perennials in pasture systems 
improve seasonal pasture distribution without compromising 
winter–spring production. Crop Pasture Sci. 64, 673–686 (2013).

30.	 Bell, L. W., Moore, A. D. & Thomas, D. T. Integrating diverse  
forage sources reduces feed gaps on mixed crop-livestock farms. 
Animal 12, 1967–1980 (2018).

31.	 Henry, B., Dalal, R., Harrison, M. T. & Keating, B. Creating 
frameworks to foster soil carbon sequestration. In Understanding 
and Fostering Soil Carbon Sequestration (ed. Rumpel, C.) 767–808 
(Burleigh Dodds Science Publishing, 2022).

32.	 Harrison, M. T. et al. Increasing ewe genetic fecundity improves 
whole-farm production and reduces greenhouse gas emissions 
intensities: 1. Sheep production and emissions intensities. Agric. 
Syst. 131, 23–33 (2014).

33.	 Harrison, M. T., Christie, K. M., Rawnsley, R. P. & Eckard, R. J.  
Modelling pasture management and livestock genotype 
interventions to improve whole-farm productivity and reduce 
greenhouse gas emissions intensities. Anim. Prod. Sci. 54, 
2018–2028 (2014).

34.	 Ho, C. K. M., Jackson, T., Harrison, M. T. & Eckard, R. J. Increasing 
ewe genetic fecundity improves whole-farm production and 
reduces greenhouse gas emissions intensities: 2. Economic 
performance. Anim. Prod. Sci. 54, 1248–1253 (2014).

35.	 Bossio, D. A. et al. The role of soil carbon in natural climate 
solutions. Nat. Sustain. 3, 391–398 (2020).

36.	 Slessarev, E. W. et al. Initial soil organic carbon stocks govern 
changes in soil carbon: reality or artifact?. Glob. Change Biol. 29, 
1239–1247 (2023).

37.	 Arndt, K. A. et al. Initial soil conditions outweigh management in a 
cool-season dairy farm’s carbon sequestration potential. Sci. Total 
Environ. 809, 152195 (2022).

38.	 Mitchell, E. et al. Making soil carbon credits work for climate 
change mitigation. Carbon Manag. 15, 2430780 (2024).

39.	 Nguyen, N. B. et al. Widespread underestimation of rain-induced 
soil carbon emissions from global drylands. Nat. Geosci. 18, 
851–857 (2025).

40.	 Kharti-Chhetri, U. et al. Adaptive multi-paddock grazing  
increases mineral associated soil carbon in northern grasslands. 
Agric. Ecosyst. Environ. 369, 109000 (2024).

41.	 Mehre, J., Schneider, K., Jayasundara, S., Gillespie, A. & 
Wagner-Riddle, C. Adaptive multi-paddock grazing increases 
soil carbon stocks and decreases the carbon footprint of beef 
production in Ontario, Canada. J. Environ. Manage. 371, 123255 
(2024).

42.	 Mosier, S. et al. Adaptive multi-paddock grazing enhances soil 
carbon and nitrogen stocks and stabilization through mineral 
association in southeastern U.S. grazing lands. J. Environ. Manage. 
288, 112409 (2021).

43.	 Jeffrey, S. J., Carter, J. O., Moodie, K. B. & Beswick, A. R. Using 
spatial interpolation to construct a comprehensive archive of 
Australian climate data. Environ. Model. Softw. 16, 309–330 (2001).

44.	 McKenzie, N. J. & Hook, J. Interpretations of the Atlas of Australian 
Soils. Consulting Report to the Environmental Resources 
Information Network (ERIN). CSIRO Division of Soils Technical 
Report 94/1992 (Australian Government, 1992).

45.	 Sheep numbers June 2021. Natural Resource Management 
Region. Meat & Livestock Australia https://www.mla.com.au/
globalassets/mla-corporate/prices--markets/documents/trends--
analysis/fast-facts--maps/mla_sheep-distribution-map-june-2021_
v02-final.pdf (2022).

http://www.nature.com/natfood
https://www.mla.com.au/globalassets/mla-corporate/prices--markets/documents/trends--analysis/fast-facts--maps/mla_sheep-distribution-map-june-2021_v02-final.pdf
https://www.mla.com.au/globalassets/mla-corporate/prices--markets/documents/trends--analysis/fast-facts--maps/mla_sheep-distribution-map-june-2021_v02-final.pdf
https://www.mla.com.au/globalassets/mla-corporate/prices--markets/documents/trends--analysis/fast-facts--maps/mla_sheep-distribution-map-june-2021_v02-final.pdf
https://www.mla.com.au/globalassets/mla-corporate/prices--markets/documents/trends--analysis/fast-facts--maps/mla_sheep-distribution-map-june-2021_v02-final.pdf


Nature Food

Article https://doi.org/10.1038/s43016-026-01331-2

46.	 JohnsonI. DairyMod and the SGS Pasture Model: A Mathematical 
Description of the Biophysical Model Structure (IMJ Consultants, 
2016).

47.	 Johnson, I. R., Lodge, G. M. & White, R. E. The Sustainable Grazing 
Systems Pasture Model: description, philosophy and application 
to the SGS National Experiment. Aust. J. Exp. Agric. 43, 711–728 
(2003).

48.	 Hofmann, D. J., Butler, J. H. & Tans, P. P. A new look at atmospheric 
carbon dioxide. Atmos. Environ. 43, 2084–2086 (2009).

49.	 Lopez, M. B., Dunn, J., Wiedemann, S. & Eckard, R. A greenhouse 
accounting framework for beef and sheep properties based on 
the Australian National Greenhouse Gas Inventory methodology. 
Primary Industries Climate Challenges Centre https://piccc.org.au/
resources/Tools (2024).

50.	 Myhre, G. et al. Anthropogenic and natural radiative forcing. In 
Climate Change 2013: The Physical Science Basis. Contribution 
of Working Group I to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change (eds Stocker, T. F. 
et al.) 689–684 (Cambridge Univ. Press, 2013).

51.	 Muleke, A. et al. Regenerative agriculture improved productivity 
and profitability while reducing greenhouse gas emissions 
on Australian sheep farms. Zenodo https://doi.org/10.5281/
zenodo.18400404 (2026).

Acknowledgements
This project was funded by several grants, including the Australian 
Wool Innovation (AWI), which invests in research, development, 
innovation and marketing activities along the global supply chain 
for Australian wool (project no. ON-00899, obtained by M.T.H.). AWI 
is grateful for its funding, which is primarily provided by Australian 
woolgrowers through a wool levy and by the Australian Government, 
which provides a matching contribution for eligible R&D activities. The 
project was also supported by Meat & Livestock Australia (project no. 
B.CCH.2121, obtained by M.T.H.). These grants supported salary and 
operating costs associated with A.M., K.M.C.-W., K.L. and M.T.H. The 
UKRI Transforming Food Systems Strategic Priority Fund (grant no. BB/
V004581/1) also supported time of A.M. A UK Research and Innovation 
Future Leaders Fellowship (grant no. MR/W010577/1) supported 
C.W. and M.C. The study was approved by the University of Tasmania 
Human Research Ethics Committee (project ID 27905; ethics reference 
no. H0027905 [H-98843]).

Author contributions
M.T.H.: conceptualization, methodology, software, formal analysis, 
investigation, funding acquisition, resources, supervision and writing— 
original draft, review draft. A.M.: formal analysis, software, investigation, 
and writing—original draft. K.M.C.-W.: methodology, formal analysis, 
software, investigation, supervision and writing—original draft,  

review draft. M.C.: investigation, supervision and writing—review draft. 
K.L.: formal analysis, investigation, data curation, supervision and 
writing—review draft. P.J.B.: formal analysis and writing—review draft. 
C.W.: formal analysis and writing—review draft. G.P.: formal analysis 
writing—review draft. All authors discussed interpretation of the 
results and significance of the conclusions.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at  
https://doi.org/10.1038/s43016-026-01331-2.

Supplementary information The online version  
contains supplementary material available at  
https://doi.org/10.1038/s43016-026-01331-2.

Correspondence and requests for materials should be addressed to 
Ke Liu or Matthew Tom Harrison.

Peer review information Nature Food thanks Iryna Herzon and the 
other, anonymous, reviewer(s) for their contribution to the peer review 
of this work.

Reprints and permissions information is available at  
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and 
reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if you modified the licensed 
material. You do not have permission under this licence to share 
adapted material derived from this article or parts of it. The images 
or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit 
line to the material. If material is not included in the article’s Creative 
Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2026

1Tasmanian Institute of Agriculture, University of Tasmania, Launceston, Tasmania, Australia. 2Cranfield Environment Centre, Cranfield University, Cranfield, 
UK. 3Centre for Soil, Agrifood and Biosciences, Cranfield University, Cranfield, UK.  e-mail: ke.liu@utas.edu.au; matthew.harrison@utas.edu.au

http://www.nature.com/natfood
https://piccc.org.au/resources/Tools
https://piccc.org.au/resources/Tools
https://doi.org/10.5281/zenodo.18400404
https://doi.org/10.5281/zenodo.18400404
https://doi.org/10.1038/s43016-026-01331-2
https://doi.org/10.1038/s43016-026-01331-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ke.liu@utas.edu.au
mailto:matthew.harrison@utas.edu.au


Nature Food

Article https://doi.org/10.1038/s43016-026-01331-2

Extended Data Fig. 1 | Long-term soil organic carbon (SOC) in the surface 
layer (0-30 cm) for the most and least productive botanical compositions. 
The most and least productive three-species swards represent the highest 
and lowest productivity compositions containing three species, while the 
most and least productive five-species swards indicate the highest and lowest 
productivity compositions containing five species. Baseline represents existing 

species, while subterranean clover and capeweed represent swards containing 
only that species. Panel titles indicate State (SA, South Australia; VIC, Victoria; 
WA, Western Australia), farm number (F1–F4), and average annual rainfall. F, 
farm; SOC, soil organic carbon; SA, South Australia; VIC, Victoria; WA, Western 
Australia.
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Extended Data Table 1 | SOC sequestration, annual GHG emissions, and emissions intensity for pastures under Baseline, low 
or high productivity swards

SOC sequestration, annual GHG emissions, and emissions intensity of wool and sheep meat for the highest- and lowest-productivity three-species pasture swards across four regions with 
differing average annual rainfall. Negative SOC sequestration indicates SOC loss and increased net GHG emissions, while positive SOC sequestration indicates SOC accrual and reduced net 
GHG emissions. SOC is reported for the surface layer (0–30 cm). Net GHG emissions include methane, nitrous oxide, and carbon dioxide from soil and livestock. Column headings indicate 
State (WA = Western Australia; SA = South Australia; VIC = Victoria), farm number (F1–F4), and average annual rainfall (mm year−1). Abbreviations: CH4, methane; CO2, carbon dioxide; F, farm; 
GHG, greenhouse gas; N2O, nitrous oxide; SA, South Australia; SOC, soil organic carbon; VIC, Victoria; WA, Western Australia.
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Extended Data Table 2 | SOC sequestration, annual GHG emissions and emissions intensity for Baseline farm systems, low 
(0.3%) and high (6%) antecedent SOC levels across four Australian sheep farms

Antecedent SOC represents the SOC concentration used for model initialization. Negative SOC sequestration represents SOC loss and increased net GHG emissions, while positive SOC 
sequestration represents SOC accrual and reduced net GHG emissions. SOC values are reported for the surface layer (0–30 cm). Column titles indicate State (SA, South Australia; VIC, 
Victoria; WA, Western Australia), farm number (F1–F4), and average annual rainfall. CH4, methane; CO2, carbon dioxide; N2O, nitrous oxide; F, farm; GHG, greenhouse gas; SOC, soil organic 
carbon.
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Extended Data Table 3 | SOC sequestration, annual GHG emissions and emissions intensity under adaptive multi-paddock 
(AMP) grazing regimes across four agroecological regions

Negative SOC sequestration represents SOC loss and increased net GHG emissions; positive SOC sequestration represents SOC accrual and reduced net GHG. SOC values reported for the 
surface layer (0–30 cm). Baseline represents set stocking; variable grazing represents grazing duration dynamically adjusted according to seasonal conditions; intensity represents stocking 
rate; rest period represents time between grazing events. Column titles indicate State (SA, South Australia; VIC, Victoria; WA, Western Australia), farm number (F1–F4), and average annual 
rainfall. AMP, adaptive multi-paddock; CH4, methane; CO2, carbon dioxide; F, farm; GHG, greenhouse gas; N2O, nitrous oxide; SOC, soil organic carbon.
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Extended Data Table 4 | Grazing management scenarios simulated for four agroecological regions

Baseline represents set stocking; variable grazing represents grazing duration dynamically adjusted according to seasonal conditions; intensity represents stocking rate; rest period 
represents time between grazing events. Column titles indicate State (SA, South Australia; VIC, Victoria; WA, Western Australia), farm number (F1–F4), and average annual rainfall. DM, dry 
matter; DSE, dry sheep equivalent; F, farm; VIC, Victoria; WA, Western Australia.
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