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Abstract

To develop sustainable sheep production, there is a need to stack multiple mitigation interventions on the one land
parcel, such as grazing management associated with soil organic carbon (SOC) accrual and feed additives for
enteric methane reduction. The study, thus, aimed to investigate trade-offs between farm profit and greenhouse
gas (GHG) emission reduction associated with those interventions.

We used soil carbon data measured in a long-term field experiment in New South Wales and data of net emissions
(associated with using different feed additives) on two sheep farms (440 ha and 3786 ha), representative for small-
scale and larger-scale farms. Then, a mixed-binary nonlinear programming model was applied to identify
combinations of grazing management and feed additives to maximise farm profit and minimise net GHG
emissions.

The results of both farms indicated that the most appropriate grazing management and feed additives varied
depending on farmer’s objective was profit or emission reduction or both. If profit was key goal, combination of
multi paddock-fast rotation-high stocking rate and 1% walnut shell biochar would be adopted. In contrast, 15
paddock-slow rotation-low stocking rate and flexible grazing stacking with 0.2% Bovaer would be considered to
minimise net emissions. If the objective was to maximise profit and minimise net emissions simultaneously, results
of adopting multiple grazing management varied depending on farm size. The small-scale farm tended to adopt 15
paddock-slow rotation-low stocking rate and flexible grazing, while the larger-scale farm implemented 15
paddock-fast rotation-high stocking rate and flexible grazing. Furthermore, carbon price was a driver of farmer’s
decisions on mitigation interventions. The larger-scale farm would change to adopt 15 paddock-slow rotation-low
stocking rate and flexible grazing when carbon price was equal or more than $ AU50/tonne CO2-equivalent. Thus,
policies and legislative process relevant to increases in carbon price should be considered.

Introduction

There is a need to adopt mitigations for sustainable production that balance economic viability with environmental

responsibility. Farm management relevant to soil carbon (Meyer et al. 2018) and feed additives (Gerber et al. 2015)

are key for GHG emission reduction. While each mitigation has its strengths, combinations of grazing and feed
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management may provide greater benefits by enhancing emission reduction, improving soil health and boosting
farm profitability. This study aims to determine what combination of feed additives and grazing management
results in the lowest net farm GHG emissions while maximising profit.

Methods

In terms of data source, measured data of soi carbon sequestration was from a field experiment (Simmons, pers.
comment.) at the Orange Agricultural Institute, New South Wales, Australia; while simulated data of sheep
production (sheep productivity, feed volume, sheep age, total GHG emissions and emission intensity) were
calculated through GrassGro software and SB-GAF tool. Farm characteristics (revenues of selling sheep and wool,
land management cost, selling cost, stock management cost, pasture cost, supplement cost, and fixed costs) was
collected though two real commercial sheep farms, 430 ha and 3786 ha. Consistent with Pham-Kieu et al. (2024),
we extrapolated experimental data to the farm scale and combined with sheep production, then a invoked
programming modelling approach.

We developed three mixed-binary nonlinear programming models to identify optimal combinations of grazing
treatments — feed additives, grazing area allocation, the number of sheep sold and their age. These models aimed
to maximize farm profit, minimize net GHG emissions, or achieve a balance between the two objectives. While
the models differed in their objective functions, they shared a similar set of constraints. We assumed that farmers
would maintain consistent grazing and feed management practices over a six-year period for a single sheep flock.
Then the models were formulated below:

Model | Model 11 Model III
Objective Max Min Max
function Sheep profit Net GHG emissions Profit = Sheep profit + environmental
income

Subject to - Constraints of SOC accrual
all - Constraints of sheep productivity and enteric methane reduction
constraints - Constraint of total GHG emissions

- Constraints of stocking rate and sheep numbers

- Constraints of revenue and production costs

Results

Optimal grazing and feed management

When profit was prioritised on two farms (Model I), they would raise more sheep (approximately 1.5 times larger
than those of Model II), achieved higher sheep profit and released higher emission intensity (Fig.1). While 15
paddock-fast rotation-high stocking rate was dominated on larger farm, there was a split between grazing area
subject to this treatment and 30 paddock-fast rotation-high stocking rate on small farm (Fig.2). Despite generating
greater profit, large farm had an emission intensity of approximately 0.6 tCO2-e/DSE higher than small farm. In
contrast, if the primary goal was to reduce GHG emissions, higher emission reduction and lower profit were
realised with flexible grazing and 15 paddock-slow rotation-low stocking rate. For trade-off between profit and
emissions, similar adoption was considered on small farm, while combination of 15 paddock-fast rotation-high
stocking rate and flexible grazing was adopted on large farm. Such grazing regimes led to higher emission intensity
(about 0.4 tCO2-e/DSE higher) and lower environmental income (around $AU3/DSE less) compared with small
farm. 1% biochar was used to maximise profit, while 0.2% Bovaer was considered to minimise net emissions or
achieve both goals on 2 farms.
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Fig. 1. Farm profit and emission intensity over 10-year simulation for three models subject to adoption
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Fig. 2. Grazing management scenarios examined in the study and simulated number of sheep sold.

Impacts of carbon price on farm decision-making
When carbon price increased, small-scale farmer tended to sell sheep at early age, but did not alter their decisions
on adopting grazing and feed management. In contrast, large-scale farmer adjusted their grazing management,
shifting from 15 paddock-fast rotation-high stocking rate to 15 paddock-slow rotation-low stocking rate with
flexible grazing dominated the grazing area, although they did not change feed management or the timing of sheep

sales.
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Fig. 3. Impacts of carbon price on grazing area allocation and emission intensity on farms.

Discussion

Align with Beauchemin et al. (2022), we found that combinations of grazing and feed management varied
depending on farmer’s objectives, even though these combinations bring greater results in emission reduction than
any single management (Fujisaki et al. 2018; Harrison 2021). Fast rotation-high stocking rate with 1% biochar
was most conducive to profit-aim, while flexible grazing and slow rotation-low stocking rate with 0.2% Bovaer
was more conducive to emission-aim. Fast rotation-high stocking rate, though preferred for profit, is detrimental
to SOC in the long term as it would negatively impacts on pasture productivity, decreasing above- and below-
ground biomass and reducing SOC (Bilotto et al. 2023). In contrast, flexible grazing or slow rotation-low stocking
rate (Rouquette 2015; Badgery et al. 2017) can reduce grazing pressure, promote forage growth, and increase both
above and below-ground biomass, contributing to greater SOC accrual. Although multiple paddock systems can
optimise pasture use and promote environmental sustainability (Jorns et al. 2023), the 30-paddock system was not
preferable on large farm due to its high costs and substantial infrastructure requirements. For feed additives,
biochar was preferable for profitability due to its ability to improve animal productivity (Mirheidari et al. 2019)
and its lower cost compared with other feed additives, wheares Bovaer was more effective in reducing enteric
methane emissions (Martinez-Fernandez et al. 2014). Asparagopsis was excluded from all models due to its high
cost.

Consistent with Pham-Kieu et al. (2024), our results indicated that trade-offs between profit and emission reduction
was context-dependent, varying across farm size. Large-scale farmer tended to favour grazing treatments with
lower infrastructure cost since they focus on optimising efficiency and minimising infrastructure investment to
reduce overall production costs. Small-scale farmer, however, split the adoption of low- and high-cost treatments,
likely due to higher potential for environmental income. As farmers would alter management relating to mitigation
when potential profit was greater than their current activities, increased carbon price may attract more participants
to join carbon credit markets and mitigate net emissions on their farms. However, the extent of these changes may
depend on farm size, as large-scale farmer is likely to be responsive with price fluctuation. This could be due to
their greater capacity to absorb risks, access to resource, or more substantial economic incentives. In contrast, the
small farm may have limited financial resources and less flexibility to make major changes unless the financial
benefit is clearly significant. Hence, future policies and legislation should thus consider mechanism to increase
carbon prices and create opportunities to realise economic, environmental, social and cultural co-benefits
associated with carbon farming practices.
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