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Abstract

While society increasingly demands emissions abatement from the livestock sector, farmers are concurrently being forced
to adapt to an existential climate crisis. Here, we examine how stacking together multiple systems adaptations impacts on
the productivity, profitability and greenhouse gas (GHG) emissions of livestock production systems under future climates
underpinned by more frequent extreme weather events. Without adaptation, we reveal that soil carbon sequestration (SCS)
in 2050 declined by 45-133%, heralding dire ramifications for CO, removal aspirations associated with SCS in nationally
determined contributions. Across adaptation-mitigation bundles examined, mitigation afforded by SCS from deep-rooted
legumes was lowest, followed by mitigation from status quo SCS and woody vegetation, and with the greatest mitigation
afforded by adoption of enteric methane inhibitor vaccines. Our results (1) underline a compelling need for innovative, disrup-
tive technologies that dissect the strong, positive coupling between productivity and GHG emissions, (2) enable maintenance
or additional sequestration of carbon in vegetation and soils under the hotter and drier conditions expected in future, and (3)
illustrate the importance of holistically assessing systems to account for pollution swapping, where mitigation of one type
of GHG (e.g., enteric methane) can result in increased emissions of another (e.g., CO,). We conclude that transdisciplinary
participatory modelling with stakeholders and appropriate bundling of multiple complementary adaptation-mitigation options
can simultaneously benefit production, profit, net emissions and emissions intensity.

Keywords Cross-disciplinary framework - Climate change adaptions - Greenhouse gas mitigation options - Livestock
production - Carbon neutral - Future climates

Introduction

While agricultural productivity gains have contributed to
local food security on one hand (Liu et al. 2020a, b), increas-
ingly severe extreme weather events borne by the climate
crisis continue to threaten the reliability of global food
supply on the other (IPCC 2021). Ambient carbon dioxide
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(CO,) concentrations have risen by 47% since the industrial
revolution, while ambient methane (CH,) and nitrous oxide
(N,O) concentrations have increased by 156% and 23%,
respectively (IPCC 2021). The need to sustainably intensify
agri-food systems production while concurrently reducing
GHG emissions could appear a polarized aspiration, given
the recalcitrant linkage between productivity and GHG emis-
sions (Harrison et al. 2021; Hong et al. 2021; Sandor et al.
2020; Farina et al. 2021). The development of sustainable,
transdisciplinary and enduring solutions that systematically
disentangle the tight coupling between production and GHG
emissions while also facilitating adaptation to the climate
crisis is imperative (Cole et al. 2018; Harrison et al. 2016b).

The Australian red meat industry contributed AU$17.6B
to the Gross Domestic Product in 2018-2019 from 25M
cattle and 74M sheep (MLA 2022). In the absence of adap-
tation to climate change, livestock production and profit-
ability across many regions will decline, driven largely by
a truncated pasture growth duration and concerningly com-
mon compounding and cascading extreme weather events
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(Harrison 2021). While gradual climate change trends have
had little effect on farm-level production, extreme weather
events often result in deep cuts to farm income and can cause
significant natural, human and social costs through animal
mortality, loss of vegetation, biodiversity and soil carbon,
staff redundancies and labour shortages, and destruction of
farm infrastructure (Godde et al. 2021; IPCC 2021; Flem-
ing et al. 2022). The global scientific community must now
urgently prioritise new research on systemic adaptation to
extreme weather events, rather than adaptations to gradual
and long-term changes in climate. Indeed, complementa-
rities between adaptation and mitigation options should
be given closer attention (Henry et al. 2018). Herein we
define ‘climate change adaptation’ as actions aiming to
avoid, manage or reduce the detrimental impacts of climate
variability through technological, management and policy
options, while we define ‘mitigation’ as actions evoking
GHG reduction, GHG avoidance, and/or carbon removal
from the atmosphere (Harrison et al. 2021). Adaptation and
mitigation goals may not always be symbiotic, for example,
beneficial adaptation may result in additional GHG emis-
sions, as a positive change in the farming sub-system is
compensated for by other simultaneous negative changes
(Snow et al. 2021).

Hitherto, scientists have generally focused on incremen-
tal adaptations in a unidisciplinary and reductionist manner,
such as studies of adaptations to the feedbase or to animal
management (Harrison et al. 2019). By way of example,
investigation of new plant genotypes for climate change
adaptation is common in the literature, often underpinned
by studies with a drought or heat tolerance lens (Ibrahim
et al. 2018, 2019; Langworthy et al. 2018; Meier et al.
2020). For example, adoption of deeper-rooted pastures can
increase pasture production and soil organic carbon under
drier conditions (Langworthy et al. 2018; Meier et al. 2020),
increase profitability (Ho et al. 2014) and reduce net farm
GHG emissions (Christie et al. 2020; Meier et al. 2020).
However, while many studies have examined GHG emis-
sions mitigation interventions in isolation (e.g., altering
lambing or calving times, increasing ewe genetic fecun-
dity, changing trading model/enterprise mix etc.) (Alcock
et al. 2015; Harrison et al. 2014), few works have stacked
(or combined) multiple GHG mitigation interventions and
examined the combination in a holistic and dynamic spatio-
temporal system (Harrison et al. 2021). Such work requires
multidisciplinary input across social, environmental, eco-
nomic and institutional dimensions; accordingly, multidis-
ciplinary work tends to be more difficult and time expensive
than unidisciplinary studies (Harrison et al. 2021). Docu-
mented assessments of stacked and contextually-customised
climate change adaptions with concurrent mitigation GHG/
carbon sequestration actions in the literature are very much
in their infancy (Makate et al. 2019; Harrison et al. 2021).
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The present paper is designed to help fill this gap: here, we
develop a generic multidisciplinary approach for participa-
tory co-development of holistic systems-based adaptations,
with a focus on innovations designed to mitigate or over-
come the impacts of extreme events. The use of whole-farm
system modelling may be one of the most suitable avenues
for assessing farm management options to elicit adaptation
and mitigation potential (Moore et al. 2014; Ash et al. 2015;
Ho et al. 2014). Genuine involvement of stakeholders using
participatory modelling increases end-user awareness and
acceptance of perceived problems, stakeholder confidence
in and legitimacy of modelled outcomes (Ara et al. 2021).
The objective of this study was to develop a participatory
approach for exploring the nexus between profitability, pro-
ductivity and GHG emissions of stacked climate change
adaptation and GHG emission mitigation/carbon offset
options in livestock systems across a rainfall gradient under
2030 and 2050 climates in Tasmania, Australia. While we
apply this process to climate change and livestock systems,
the conceptual framework could be applied generically
across disciplines and commodities.

Materials and methods

Study overview: people-centric cross-disciplinary
co-design of thematic adaptations

An integrated, cross-disciplinary participatory modelling
framework for farming systems adaptation to future cli-
mates was developed. In this way, biophysical, environmen-
tal and economic interventions (Fig. 1) were co-designed
with an expert group of industry practitioners (hereafter, the
Regional Reference Group or RRG). In a subsequent paper,
we consider social aspects of co-designed adaptations, such
as barriers to adoption, social license to operate, and new
skills required for adoption. The first stage documented
here includes the characterization of case study farms (see
High rainfall beef production system and Low-rainfall sheep
production system sections) and the simulation of current
management under historical, 2030 and 2050 climate scenar-
ios (see “Historical and future climate data”). Two diverse
regions of Tasmania, Australia, were used to showcase this
approach: a low rainfall zone in central Tasmania practic-
ing a sheep production system (hereafter sheep farm) and
a relatively high rainfall zone in north-western Tasmania
practicing a beef production system (hereafter beef farm).
Climate change impacts on farm outcomes and incremental
adaptation elements were selected and refined over a series
of workshops with the RRG. Refinement included feed-
back on supplementary feed requirements, pasture growth,
management practices such as pasture renovation, and
economic metrics such as key costs and income streams.



Sustainability Science (2023) 18:1795-1811

1797

e Lo :,;3_ . Adaptation options Historical and Future Climate Projections
<D
’ /\,\5-‘) Biophysical and economic modelling (more extreme weather events)

DY Social issues Tasmania

“'Social Science Research | Beof farm O

— Industry readi to respond to cli hang High rainfall zone

New skills/knowledgeflabour required b 4 v
— A toh social, fi ial capital 8 C5e3
— Public perceptions of the red meat sector ;..‘,'\Shoop farm
} . low rainfall zone

h

— Farmer attitudes to cli

ge and adap

/)

)

# -

Regional Reference C}oup

GrassGro

Pasture Production
—— Supplementary feeding
Meat and Wool Production
_[_
v v v v
o M”
SB-GAF c FullCAM @RISK
GHG Emissions Soil Organic Carbon Forestry System Economic analysis

: Pasture and livestock production,
profitability and net GHG emissions

Fig. 1 Transdisciplinary approach pioneered in the present paper
(‘NEXUS project’) including modelling frameworks used to exam-
ine the nexus between productivity, profitability, GHG emissions

Once finalised, individual adaptation elements were stacked
together in a mutually synergistic way, such that each incre-
mental adaptation was contextualised and bundled with
other appropriate adaptations (see The role of the Regional
Reference Group: model calibration, testing of assumptions
and adaptation co-design section, Table 1 and Tables S1 and
S2). A range of modelling approaches were used to simulate
future climate data, biophysical and economic aspects of the
farm system (details below).

Future climate data were developed using novel meth-
ods that perturb historical climate data based on monthly
global climate model projections, accounting for increased
frequency and severity of extreme climatic events while

and social factors under historical and future climate scenarios that
included more frequent extreme weather events

preserving global climate model monthly projects in the
future climate data (Harrison et al. 2016a). Daily pasture
and livestock production for historical and future climate
horizons was simulated using the whole-farm model,
GrassGro® (Moore et al. 1997; version 3.3.10). GrassGro®
outputs were used to compute soil organic carbon stocks and
sequestration using the RothC model (Coleman and Jenkin-
son 2014; version 26.3 in Microsoft Excel format) and car-
bon sequestered in trees using the Full CAM model (Richards
and Evans 2004; version 4.1.6). Outputs from GrassGro®,
RothC, FullCAM were then used to compute net farm GHG
emissions using the Sheep Beef-Greenhouse Accounting
Framework (Dunn et al. 2020; SB-GAF version 1.4). Farm
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Table 1 Summarised thematic adaptations co-designed with a Regional Reference Group (RRG)

Theme

Incremental adaptations stacked into holistic adaptation theme

LHF Altered lambing/calving dates to better match seasonal pasture supply

Altered selling dates/SR/LW to better match seasonal pasture supply

Adopting pasture species with 10% improvements in maximum root depth (Cullen et al. 2014)

Increasing soil fertility with SSP and N by 3% (Harrison et al. 2014; all paddocks except the native pastures for the sheep farm)

Increasing FCE (Alcock and Hegarty 2011)

Introduction of Talish clover (Trifolium tumens) to a proportion of the sheep farm

Removing cattle from the sheep farm and increasing rainfed introduced pasture area to the two sheep flocks

TCN Strategic manipulation of livestock selling dates/SR/LW to better match seasonal pasture supply

Pasture renovation with (and increased farm area of) lucerne pastures

Injecting animals with an enteric CH, inhibitor vaccine to reduce CH, by 30% (Reisinger et al. 2021)
Purchase 50 ha of land for the beef farm to establish a tree plantation of Tasmanian Blue Gums to offset livestock GHG emissions

Thickening of 200 ha of existing nature pasture (non-grazed) land for sheep farm with environmental plantings (trees, shrubs and

understory species endemic to the region)

Each thematic adaptation comprised multiple stacked incremental adaptations suggested by the RRG; the extent to which each factor was varied
from the baseline level was derived from feasible values from the literature. Further details are provided in Tables S1 and S2

LHF low-hanging fruit, TCN towards carbon neutral; this theme also included all incremental adaptations for LHF, SR stocking rate, LW live-
weight per head, FCE feed conversion efficiency, RD rooting depth, SSP single superphosphate fertiliser, N nitrogen fertiliser

costs and profitability were modelled stochastically using
the @Risk model (Palisade Corporation 2012) to account for
market volatility (Fig. 1). Using a normalised multidimen-
sional impact assessment, we ranked all interventions and
climate horizons by integrating the relative benefits across
economic, biophysical and environmental disciplines into
a single indicator of impact (see ‘“Normalised multidimen-
sional impact assessments”).

Historical and future climate data

The beef farm was located at Stanley in the cool temper-
ate zone in north-western Tasmania, Australia (40° 43’
41" S 145° 15" 43" E), while the sheep farm was located
west of Campbell Town, in the Midlands of Tasmania (41°
56’ 30" S 147° 25’ 02" E). Long-term mean and standard
deviation annual rainfall at Stanley and Campbell Town
were 807 +139 mm and 499 + 103 mm, respectively, with
corresponding average daily temperatures of 16.5 °C and
16.7 °C in January and 9.1 °C and 6.5 °C in July, respec-
tively (Fig. S1). Daily historical climate data for the base-
line period of 1 January 1980 to 31 December 2018 were
sourced from SILO meteorological archives (http://www.
longpaddock.qld.au/silo). These data were used to generate
future climate data (maximum and minimum temperature
and rainfall) following Harrison et al. (2016a). Future cli-
mate projections were downscaled from global circulation
models (GCMs) (Harris et al. 2019) and altered using a
stochastic approach to account for extreme weather events,
including heatwaves, longer droughts and more extreme
rainfall events (Harrison et al. 2016a). The approach used
to generate future climate data (1) includes mean changes
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in future climates projected for a region by an ensemble of
global climate models (GCMs), (2) accounts for historical
climate characteristics for a given site that are most often
obviated by raw GCM data per se and (3) notwithstand-
ing point (1), generates climatic projections with increased
variability. Future climate projections were developed using
monthly regional climate scaling factors (Table S1) based on
Representative Concentration Pathway (RCP) 8.5 for 2030
and 2050 using raw data from GCMs provided in Harris
et al. (2019). Atmospheric CO, concentrations were set at
350 ppm, 450 ppm and 530 ppm for the historical, 2030
and 2050 climate scenarios, respectively, following RCP8.5
projections adapted from the platform Climate Change in
Australia (CCIA 2020).

The role of the Regional Reference Group: model
calibration, testing of assumptions and adaptation
co-design

We sense-checked model assumptions and results and co-
designed adaptation themes using an iterative process with
the RRG. Model outputs refined with the RRG included
pasture growth rates, stocking rates, livestock and live-
weight produced, wool production, supplementary feed-
ing, costs, income, depreciation, net cash flows and wealth.
After achieving consensus RRG agreement on the modelled
outputs for each baseline farm, we ran several biophysical
and economic models for each of two 26-year periods (first
6 years of data to allow for model stabilisation), with results
data centered on 2030 (2022-2041) and 2050 (2042-2061)
using the future climate data described above. Over the
three workshops, we gleaned RRG thinking and feedback
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on tactical and strategic incremental and systems adaptation
and mitigation opportunities in light of quantified holistic
impacts of climate change on the two case study farms. We
combined several incremental adaptations into two distinct
themes; ‘low hanging fruit’ and ‘towards carbon neutral’
and compared outcomes of these themes with the base-
line scenario (adaptation themes are detailed below). We
again refined model parameters considering RRG advice
on the feasibility and magnitude of variables simulated
for each adaptation theme. Taken together, this process (1)
ensured rigor and realism of modelled results, (2) allowed
the research team to learn directly from expert practition-
ers about realistic adaptation and mitigation opportunities,
(3) engendered confidence in the analytical process and
simulated results by end-users and (4) helped raise ends-
user awareness of a diverse and multi-disciplinary array of
opportunities for climate crisis adaptation. Further details
of the adaptation processes co-developed with the RRG are
given below and detailed further in the supplementary infor-
mation (Tables S2, S3).

Pasture and livestock production assessments

The model GrassGro® (Moore et al. 1997; version 3.3.10)
combines biophysical (climate, soils, pastures and livestock),
farm management (soil fertility, paddock size and layout,
pasture grazing rotations, stocking rate and animal man-
agement) and economics (gross margins), enabling simula-
tion of ruminant grazing enterprises of southern Australia
(Moore et al. 1997; version 3.3.10). GrassGro® has been
used to explore the effects of climate, pasture, soils and man-
agement on livestock productivity and profitability (Harri-
son et al. 2016b) and has reliably predicted climate change
impacts and adaptation for pasture-based industries across
Australia (Cullen et al. 2021), North America and Northern
China (Duan et al. 2011; Lynch et al. 2005). On a daily basis,
GrassGro® computes soil moisture, pasture production, pas-
ture quality [Dry Matter Digestibility (%DMD) and Crude
Protein (%CP)] for each pasture species, paddock and farm.
The model also calculates sward characteristics, pasture
cover, persistence and pasture availability, pasture intake,
feed supplement required, liveweight change and feed carry-
over effects from 1 year to the next, as well as many other
factors. Here, we initialised and parameterised GrassGro®
with baseline farm information for the two regions. Prelimi-
nary model outputs were iteratively refined with the RRG;
outputs iteratively refined with the RRG included pasture
growth rates, stocking rates, livestock and liveweight pro-
duced, wool production, supplementary feeding, costs,
income, depreciation, net cash flows and wealth.

High rainfall beef production system

The beef farm at Stanley in NW Tasmania had a land area
of 569 ha and ran a self-replacing cow and calf enterprise.
This comprised 367 mature cows calving in late winter (1
Aug with 95% weaning rate, first calving at 2 years of age)
from which 74 replacement heifers were sourced each year.
An additional 115 of weaners were purchased at 6 months
of age (1 Feb) at approx. 200 kg liveweight (LW) and 155
steers were purchased at 16 months of age (1 Feb) at approx.
375 kg LW each year. Mature cows were retained for five
lactations before being cast for age on 10 Feb. Home-bred
non-replacement heifers and steers were sold at 25 months
(1 Sep) at approx. 550 and 600 kg, respectively. Purchased
weaners were sold at 25 months (1 Sep) at approx. 600 kg,
while purchased steers were sold at 28 months (31 Jan) at
approx. 545 kg LW. Pasture species comprised perennial
ryegrass (Lolium perenne L.), cocksfoot (Dactylis glomerata
L.), white clover (Trifolium repens L.), subclover (Trifo-
lium subterraneum L.) and lucerne (Medicago sativa). The
soil type in GrassGro was described as Uc2.3 based on the
Northcote classification (Northcote 1979). To replicate long-
term average irrigation water applied, 5% of farm area (20 ha
lucerne/ryegrass and 8 ha ryegrass/cocksfoot/white clover
pastures) was irrigated between 21 Nov and 31 Mar each
year (20 mm/event on a 14-day interval). Production feed-
ing rules were implemented in GrassGro to either maintain
LW (cows) or achieve target LWs (all other stock) using hay
[dry matter digestibility (DMD) of 77% and crude protein
(CP) of 20%)]. All stock grazed rainfed pastures, with the
home-bred steers also accessing irrigated pastures on a year-
round basis. Further details can be found in Supplementary
Material (Table S2).

Low-rainfall sheep production system

The sheep farm was located west of Campbell Town in the
low rainfall Midlands of Tasmania and ran a self-replacing
Merino superfine wool, prime lamb and beef cattle enter-
prise. The arable farm area used for grazing was 3170 ha and
consisted of 49% native grasslands, 48% rainfed developed
pastures and 3% centre pivot irrigation (introduced grasses
and legumes). The farm also had ~4600 ha of native wood-
lands that were not subjected to grazing. The soil type was
described as Dy5.61 based on the Northcote classification
(Northcote 1979). Developed rainfed pastures were either
pure stands of phalaris (Phalaris aquatica L.), or a blend of
phalaris and subclover. The land under the centre pivot irri-
gation was also for dual-purpose wheat that was grazed for
4 months and lucerne used for grazing and hay production.
Lucerne and wheat paddocks were irrigated from 1 Sep to
31 Mar with 18 mm of water per application to fill the soil
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profile to 95% of field capacity whenever soil water deficit
reached 50%, following actual farm practice.

The farm ran 24,750 sheep in two flocks: a self-replacing
Merino flock (SMF) and a prime lamb flock (PLF). The SMF
consisted of 5300 mature superfine Merino ewes, 7500 weth-
ers and 5500 replacement ewes and wethers. The SMF ewes
first lambed at 2 years of age and were retained for three
lambings before entering the PLF for two more annual births
then cast for age at 7 years of age (16 Dec). Wethers were
retained for 5 years before cast for age (14 Oct). All non-
replacement ewe and wether lambs were sold 1 Feb. The
PLF contained 3450 Merino ewes from the SMF and were
mated with White Suffolk rams; the 2950-lamb progeny
were sold in mid-December at 27 kg LW. All sheep (except
prime lambs) were shorn 20 Jul, fleeces weights were
3.3-4.1 kg [clean fleece weight (CFW)] with fibre diameters
of 17.4-18.1 um (variation in CFW and micron depended on
stock class and age). Maintenance and production feeding
rules and grazing rotations are further detailed in Supple-
mentary Material (Table S3). The self-replacing beef cat-
tle herd consisted of 340 mature cows and 60 replacement
heifers per age group. Mature cows calved for the first time
(30 Aug) at 2 years of age and were retained for 8 years of
age before being cast for age. Non-replacement heifers (90
head) were sold post-weaning (1 Apr) at 200 kg LW, while
steers (150 head) were sold at 18 months of age (28 Feb at
~460 kg LW).

Quantifying net farm greenhouse gas emissions

Net farm greenhouse gas emissions were calculated using
the Sheep-Beef Greenhouse Accounting Framework (Dunn
et al. 2020; SB-GAF version 1.4), which incorporates Inter-
governmental Panel on Climate Change methodology and is
detailed in the Australian National Greenhouse Gas Inven-
tory. The use of biophysical model outputs (Harrison et al.
2012a, b) as SB-GAF inputs (and predecessor software,
S-GAF and B-GAF) has been previously undertaken for
sheep (Harrison et al. 2014) and beef enterprises (Herd et al.
2015). SB-GAF has 100-year global warming potentials
(GWP, ) of 28 and 265 to convert CH, and N,0O, respec-
tively, into carbon dioxide equivalents (CO,e). Twenty-year
seasonal mean data from GrassGro were used as input data
to estimate GHG emissions in SB-GAF. Greenhouse gas out-
puts were calculated as net farm emissions (t CO,e/annum)
and emissions intensity (t CO,e/t product). Allocation of
emissions between meat and wool was based on protein
mass ratio following Wiedemann et al. (2015). Greenhouse
gas emissions considered included enteric and manure CH,
from livestock; N,O from nitrogenous (N) fertiliser, waste
management, urinary deposition and indirect N emissions
via nitrate leaching and ammonia volatilization (Smith et al.
2021); CO, from synthetic urea applications, electricity and
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diesel consumption, as well as CO,e pre-farm embedded
emissions for fertiliser and supplementary feed. Annual elec-
tricity and diesel consumption are computed as a function
of location, enterprise type, cultivation and machinery use,
as well as livestock numbers and use of farm infrastructure.

Soil organic carbon in grazed pastures

The Rothamsted Carbon model (RothC) was used to sim-
ulate dynamic soil organic carbon (SOC) (Coleman and
Jenkinson 2014; version 26.3 in Microsoft Excel format).
RothC has been used extensively to model the impacts of
climate and management on SOC stocks around the world
(Morais et al. 2019). RothC is driven by monthly means of
temperature, rainfall and pan evaporation. Monthly average
GrassGro outputs were input into RothC including dung and
litter. Root residue C inputs were derived considering the
allocation of net primary production between plant compo-
nents, active root length density and proportion of root by
layer (0-30 cm and 30-100 cm depth). Soil types primar-
ily consisted of Vertosols on the river flats and Dermosols
on the slopes adjacent to native vegetation on sheep farm
(Smith et al. 2012) and clay loam Red Ferrosols on beef
farm (Cotching 2018). Historical SOC was derived from
regional sources (Cotching 2018). Soil clay contents in
the 0-30 cm and 30-100 cm layers were sourced from the
TERN-ANU Landscape Data Visualiser (https://maps.tern.
org.au/#/). RothC considers C transfers between several soil
organic matter pools, including decomposable plant mate-
rial (DPM), resistant plant material (RPM), fast and slow
microbial biomass (BIOF and BIOS), humified organic
matter (HUM) and inert organic matter (IOM) (Coleman
and Jenkinson 2014). The IOM, RPM and HUM fractions
were comparable to historical data for Dermosols and Red
Ferrosols (Cotching 2018). The IOM fraction was similar
to that reported by Falloon et al. (1998); allocations across
SOC pools given by Hoyle et al. (2013) for initial fractions
of DPM, BIOF and BIOS were adopted here (1%, 2% and
0.2% of initial SOC stocks, respectively). Decomposition
constants at 30 cm were derived following Jenkinson and
Coleman (2008), except for the decomposition rate for
RPM, which was set to 0.17 following Richards and Evans
(2004), similar to 0.15 reported by Cotching (2018), such
that decomposition rates constants for DPM, RPM, BIO
and HUM were 10, 0.17, 0.66 and 0.02, respectively. At
30-100 cm, decomposition rates were calculated following
Jenkinson and Coleman (2008); all values were lower than
values at 0-30 cm, reflecting lower decomposition rates at
depth. Decomposition rates constants for DPM, RPM, BIO
and HUM were 0.33, 0.01, 0.02 and 0.00, respectively.
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Tree growth, carbon in wood and soil carbon
beneath tree canopies

We invoked the FullCAM model (Richards and Evans 2004,
version 4.1.6) to simulate dynamic temporal tree growth,
along with carbon sequestration in biomass and in soils
beneath trees. FullCAM is currently used in Australia’s
National Carbon Accounting System and is driven using
mean monthly temperature, rainfall and open-pan evapora-
tion. Soil organic matter and carbon in FullCAM is simu-
lated by RothC; all soil parameters were matched with those
we used for RothC described above. FullCAM simulates C
cycling between forest and soil components, including litter,
surface and subsurface debris. We modelled planting of Tas-
manian blue gum and ‘environmental’ plantings (combina-
tion of trees, understory and shrubs native to the region) for
the beef and sheep farms, respectively. Full CAM simulations
were run continuously from 2022 to 2062 by combining the
climate data for the two future time frames, as opposed to
two individual simulations commencing 2022 and 2042.
We modelled planting of shelter belts for the beef farm and
woody thickening of pre-existing woody vegetation for the
sheep farm; livestock grazing beneath trees (silvopasture)
was not permissible following advice from the RRG.

Economic analyses

In concert with GrassGro outputs, we used the @Risk Soft-
ware (Palisade Corporation 2012) to stochastically simulate
annual feed supply, changes in annual carrying capacity and
added annual supplementary feed requirements, commod-
ity prices and animal farm incomes, following approaches
outlined in previous studies (Bell et al. 2015). Long-term
wool, meat and livestock prices adjusted for inflation were
adopted from Thomas Elder Markets, Data and Consultancy
(http://thomaseldermarkets.com.au). The probability distri-
bution of each price variable was derived from analysis of
the price data series using BestFit software (Accura Surveys
Ltd) (Tables S4-S7). Prices of livestock products were cor-
related. Economic assessments of the baseline and adapta-
tions were assessed using the @Risk model. To account for
economic risk and uncertainty, we performed Monte Carlo
simulations using 10,000 iterations of runs of 10-year annual
NCFs, as well as measures of profit and addition to net
worth. Changes in annual average net cash flows were used
as proxies for changes in annual average profit. To attribute a
cost for carbon offsetting (purchasing carbon external to the
farm to reduce farm GHG emissions compared to baseline),
we also computed NCF plus a carbon ‘tax’, in which each
tonne of CO,e above baseline GHG emissions was taxed
at $60-$100/t CO,e, following Stiglitz et al. (2017). The
farmer shares of the total carbon tax paid were 35% and

post-farm gate (i.e., consumers and the value chain) received
or afforded the remaining 65% (Zhang et al. 2018).

Normalised multidimensional impact assessments

Normalised multidimensional impact assessments were
used to rank all interventions and climate horizons through
integration of the relative benefit of each adaptation across
economic, biophysical and environmental disciplines into
a singular unified metric. Following principles outlined
by Gephart et al. (2016), liveweight production, net cash
flow (pre-carbon taxes) and net farm GHG emissions were
selected for normalisation by the maximum value for each
corresponding metric, such that normalised values ranged
from O to 1. Normalised net farm GHG emissions were com-
puted as the additive inverse of 1 (i.e., lI—normalised net
farm GHG emission factor) given that lower values for this
specific metric are desired. Normalised multidimensional
impact was calculated as the sum of three key normalised
metrics with equal weighting for each metric, such that each
normalised output value ranged from O (very low impact) to
3 (representing very high beneficial impact in each of the
productivity, profitability and GHG emissions dimensions).
In addition, to better distinguish the relative impacts of
future climates and the effects of adaptation options for mul-
tiple variables analysed, we compared long-term averages
(20 years simulation) supplementary feeding (kg DM ha™!),
pasture production (kg DM ha™!), liveweight production (kg
protein production ha™'), net cash flows ($), emission inten-
sity (kg protein kg~! CO,e), total greenhouse gas emissions
(t CO,e) and net farm emissions (t CO,e).

Stacking incremental adaptations
into contextualised thematic adaptations

Prospective incremental adaptations were shortlisted through
a multi-stage engagement and refinement process between
the project team and the RRG as described above. The out-
come of this process was the co-design of two distinct adap-
tation themes where incremental adaptations suggested by
the RRG were selectively stacked (Table 1): the first, “low-
hanging fruit” or LHF, consisted of simple, immediate and
reversible changes to existing farm systems that were con-
sidered good management practice and may occur over time
in the absence of the present study. Incremental adaptations
for LHF included changes in animal management/genetics,
feedbase management, plant breeding and improved soil
fertility (further details shown in Tables 1, S2 and S3). The
second thematic adaptation was co-designed with an over-
arching aspiration of reducing net farm GHG emissions year
on year, such that the trajectory of net farm GHG emissions
over time diminished. We called this theme “towards car-
bon neutral” or TCN. Incremental adaptations subset within
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TCN comprised longer term, more difficult, higher cost and
sometimes irreversible interventions imposed on top of those
in LHF including, but not limited to, pasture renovation with
deep-rooted genotypes, injecting livestock with an enteric
CH, inhibition vaccine and planting regionally appropriate
trees on a portion of existing farmland or on newly pur-
chased land. A summary of each adaptation theme together
with subset incremental adaptations are shown in Table 1
(further details are provided in Tables S2 and S3).

Results
Climate crisis impacts on status quo operations

Despite a 3-7% and 5-11% reduction in annual rainfall
in 2030 and 2050 and 4-14% higher monthly tempera-
tures (Fig. S1), elevated atmospheric CO, concentrations
under future climates improved annual pasture production
for the beef and sheep farms by 2-3% and 7-8%, respec-
tively. This result was primarily attributed to a 10-30%
increase in late winter and early spring pasture growth
rates (Fig. S2). However, the lower rainfall and higher

temperatures in 2050 decreased late spring pasture pro-
duction falling below the historical herbage growth rates
(Fig. S2).

Under future climates, liveweight produced by the beef
farm increased by around 1% (Table 2). The liveweight
production of the sheep farm increased by 3% and 4%
for 2030 and 2050, respectively, while wool production
remained similar to historical values (Table 3). Future
climate change resulted in a 1-3% reduction in supple-
mentary feed requirement for the beef farm and a 6-13%
reduction for the sheep farm. Warmer future climates
facilitated higher stocking rates through longer retainment
of juvenile animals before sale and reduced lamb mortal-
ity, coupled with a significant reduction in SOC fluxes of
45-133% by 2050. Collectively, these changes increased
net GHG emissions and emissions intensities (Tables 2 and
3). Increased pasture and livestock production combined
with lower supplementary feed inputs requirements under
future climates increased net cash flows (NCF; per-car-
bon tax) by 13% for the beef farm for both time horizons
(Fig. 2a) and by 16-18% for the sheep farm (Fig. 2b) by
2030 and 2050, respectively.

Table 2 Long-term average historical, 2030 and 2050 biophysical, environmental, and economic outcomes for the high rainfall beef production

system
Variables Scenarios
Hist Base30  Base50 LHF30 LHF50 TCN30  TCNS0

Livestock system
Stocking rate (DSE ha™! year™) 24.2 244 244 253 252 25.8 25.6
Farm liveweight production (t LW year™') 287 291 290 332 332 344 349
Protein production (t protein year™") 52 52 52 60 60 62 63
Pasture production (t DM ha~! year™) 20.0 20.5 20.3 21.5 21.2 22.6 19.8
Supplementary feeding (t DM ha™! year™) 0.80 0.78 0.79 0.67 0.67 0.30 0.29
Total livestock GHG emissions (t CO,e) 3864 3881 3892 4364 4364 4496 4619
Methane vaccine (t CO,e ha™! year™!, CH, reduction) - - - - - 1.53 1.55
Initial SOC stocks (t C ha™!, 1 m depth) 235 240 241 240 243 240 249
Final SOC stocks (t C ha™!, 1 m depth) 238 241 241 243 244 249 254
SOC change (t C ha™! year™) 0.14 0.06 —-0.05 0.12 0.06 0.45 0.21
SOC change (t CO,e ha™! year™!) 0.53  0.21 -0.18 044 0.20 1.65 0.77

Forestry system
Site C change (t C ha™! year™") - - - - - 8.3 4.6
Site C change (t CO,e ha™! year™) - - - - - 30.5 16.7
Site C change x 50 ha (t CO,e year™") - - - - - 1527 836
Net farm emissions (t CO,e) 3563 3762 3992 4114 4250 1161 2462
Net emission intensity (kg CO,e kg™! LW produced) 12.4 12.9 13.8 12.4 12.8 7.8 9.5
Net emission intensity (kg CO,e kg™ protein) 69 72 76 69 71 43 53
Net cash flow-pre-carbon tax/income (‘000 AU$, mean 5 years) 446 512 513 525 532 579 573
Net cash flow-post-carbon tax/income (‘000 AU$, mean 5 years) 515 524 661 623

Hist historical, Base baseline farm with no adaptation, LHF low hanging fruit, TCN towards carbon neutral

@ Springer



Sustainability Science (2023) 18:1795-1811

1803

Table 3 Long-term average historical, 2030 and 2050 biophysical, environmental and economic outcomes for the low rainfall sheep production

system
Variables Scenarios
Hist Base30  Base50 LHF30 LHF50 TCN30  TCN50

Livestock system
Stocking rate (DSE ha~! year™") 9.0 9.1 9.1 9.1 9.1 10.0 10.4
Farm liveweight production (t LW year™) 371 384 387 371 380 476 495
Farm wool production (t CFA year™") 70 70 70 86 86 95 95
Protein production (t protein year™") 137 139 139 152 154 181 184
Pasture production (t DM ha~! year™) 7.2 7.7 7.8 7.8 8.0 8.2 8.6
Supplementary feeding (t DM ha™! year™) 0.32 0.30 0.28 0.12 0.12 0.08 0.06
Total livestock GHG emissions (t CO,e) 7037 7094 7081 7666 7676 8479 8650
Methane vaccine (t CO,e ha™! year™!, CH, reduction) - - - - - 0.62 0.63
Initial SOC stocks (t C ha™!, 1 m depth) 175 183 185 183 185 183 186
Final SOC stocks (t C ha™!, 1 m depth) 179 185 187 185 188 186 189
SOC change (t C ha™! year™) 0.21 0.12 0.11 0.15 0.13 0.16 0.15
SOC change (t CO,e ha™! year™) 0.77 0.42 0.42 0.53 0.48 0.57 0.55

Forestry system
Site C change (t C ha™! year™) - - - - - 1.5 1.7
Site C change (t CO,e ha™! year™) - - - - - 54 6.2
Site C change x 200 ha (t CO,e year™}) - - - - - 1071 1247
Net farm emissions (t CO,e) 4612 5753 5762 5980 6144 3623 3680
Net emission intensity (kg CO,e kg™! LW produced) 6.0 7.4 7.4 7.0 7.2 4.7 4.8
Net emission intensity (kg CO,e kg™! CFW produced) 335 41.1 41.1 39.1 39.8 20.0 19.8
Net emission intensity (kg CO,e kg™! protein) 33.8 41.5 414 39.2 39.9 20.1 20.0
Net cash flow-pre-carbon tax/income (‘000 AUS$, mean 5 years) 9374 1122 1147 1223 1188 1311 1330
Net cash flow-post-carbon tax/income (‘000 AU$, mean 5 years) 1215 1177 1377 1399

Hist historical, Base baseline farm with no adaptation, LHF low hanging fruit, 7CN towards carbon neutral

Low-hanging fruit (LHF) thematic adaptation

The LHF adaptation theme generally improved annual pro-
ductivity and economic outcomes, but also increased total
and net GHG emissions relative to the historical and base-
line 2030/2050 conditions (Tables 2 and 3). These changes
reflect the fact that higher productivity (animals/ha) resulted
in greater methane from enteric fermentation (CH,/ha), dem-
onstrating the tight coupling between production and GHG
emissions in livestock production systems.

Similar to other livestock production systems studies
(Phelan et al. 2015), outcomes were, however, depend-
ent on site and time horizon. Relative to 2030 and 2050,
annual pasture production on the beef farm increased
by 5% and 4%, respectively, while pasture produced on
sheep farm increased by 1% and 3%. Combined with a
10% increase in animal genetic feed conversion efficiency
(FCE), increased stocking rate and pasture produc-
tion boosted liveweight production of the beef farm by
14-15%. Removal of the cattle from the sheep farm for the
LHF adaptation—as suggested by the RRG—reduced total
livestock production (— 3% and — 2% for 2030 and 2050,

respectively), but wool production increased by 23%,
increasing protein production by 10-11% (Fig. 3, Table 3).

Higher livestock production and lower annual supple-
mentary feeding (16% reduction for the beef farm and
> 50% for the sheep farm; Fig. 3) increased annual aver-
age pre-carbon tax NCF by 2-8% in 2030 and 4-3% in
2050, respectively. For the beef farm, SOC sequestration
rates doubled in 2030 with the introduction of LHF, but in
2050, LHF reversed SOC change from negative to positive
under the adaptation (i.e. from — 0.18 t CO,e ha™' year™
with the 2050 baseline to +0.20 t CO,e ha™! year™! with
the 2050 LHF; Table 2). For the sheep farm, LHF inter-
ventions increased annual SOC changes by 14-26% under
the future climates.

Despite significant removal of atmospheric CO, by
sequestration in soil organic matter, higher stocking rates
and pasture intake on the sheep farm resulted in higher net
GHG emissions compared with the baseline. The beef and
sheep farm net emissions increased by 9% and 4% in 2030,
respectively, and by 6% for both farms in 2050, respectively,
mainly due to higher enteric CH, associated with greater
production and minor changes in CO, emissions from higher

@ Springer



1804

Sustainability Science (2023) 18:1795-1811

80
(a)
70 {
Historical
60 -
BaseSO

X 50 Basesa’ O/ TCN30
C
S LHF30 /6*
8 40 . - ToNso”
T 400 450 500 55 600
?_ 50
o (b)
5
(_.) 40 Base30 - .
‘© Historical \\\Q%Basem .

3 e ,
%01 < ‘ TCN30 |
~—_ 7

LHFSO/O\’\
20 -
LHF(O
10

800 900 1000 1100 1200 1300 1400
Net Cash Flows (000 AUS$ Year™1)

Fig.2 Mean and coefficient of variation of net cash flow (NCF) for
the beef farm (a) and sheep farm (b). Black, white, grey and dark
grey circles represent the historical period, future climates (2030
and 2050, red bubbles), low hanging fruit (LHF, yellow bubbles) and
towards carbon neutral (TCN, green bubbles) thematic adaptations,
respectively. The grey bubbles depict the results from the scenarios
reported under future climates. Arrows represent direction of change
between 2030 and 2050 within each adaptation

fertilisation and N,O from dung and urine. Compared with
the baseline, LHF30 and LHF50 net GHG emission intensi-
ties decreased 4-7% and 4-6% in the beef and sheep farms,
respectively, due to additional liveweight production diluting
the additional net GHG emissions. Such results demonstrate
that while the LHF intervention was conducive to adapta-
tion, it was less effective in terms of mitigation. For the
beef farm, the environmental impact in terms of net farm
emissions, the higher animal production and high NCF
ranked the LHF thematic adaptation relatively well in the
multidimensional analysis, with better performance than the
baseline farm systems and historical periods (Fig. 4a). For
the sheep farm, the LHF30 farm system was only slightly
better than LHF50, baseline farm systems and the histori-
cal period with respect to the multidimensional analysis.
Increased livestock production and profits under future cli-
mates regardless of adaptation were eroded by additional
GHG emissions (Fig. 4b).

@ Springer

Towards carbon neutral (TCN) thematic adaptation

The TCN adaptation theme resulted in further improvements
in productivity and profitability, and, notably, resulted in
deep cuts in GHG emissions (Fig. 4). Pasture production of
the beef farm increased by 10% in 2030 but decreased 2%
by 2050, relative to corresponding baselines (Table 2). The
lower cumulative annual production for the beef farm by
2050 was counterbalanced by higher pasture quality (+2.3
DMD%; data not shown), a 14% increase in metabolisable
energy (data not shown) and shifts in the seasonal herbage
growth pattern towards late summer and autumn months.
In contrast, pasture production for the sheep farm increased
by 6% and 10% for 2030 and 2050, respectively (Table 3).

Relative to the baselines, liveweight and wool produc-
tion increased under TCN by up to 20% for the beef farm
and 32% for the sheep farm. Livestock GHG emissions
increased, but after accounting for changes in SOC associ-
ated with the deep-rooted legume (Medicago sativa), avoid-
ance of enteric CH, with the vaccine and sequestration of
carbon in woody biomass and soil beneath them, net GHG
emissions fell by 69% and 37% for the beef and sheep farms
in 2030, respectively, and by 38% and 36% in 2050, respec-
tively (Fig. 5). Emissions intensities also declined substan-
tially, decreasing by 31-40% for the beef farm and by as
much as 52% for the sheep farm (Fig. 3). Together, these
stacked interventions that together comprised TCN signifi-
cantly reduced net farm GHG emissions, improving multi-
dimensional outcomes for both farms (Fig. 4).

To extricate the GHG emissions mitigation contributed
by each incremental adaptation, we disaggregated TCN (as
shown in Fig. 5 by green segments). Relative to total farm
emissions, the additional mitigation provided by adding a
deep-rooted legume (lucerne) to the existing pasture base
was smallest (1-13%), followed by background SOC seques-
tration (2-20%), and planting trees (13-33%), while the use
of the enteric CH, vaccine provided the greatest relative
mitigation benefit (20-24%) under future climates. These
results highlight the need to define adaptations to specific
regions, as well as the importance of stacking together emis-
sions reduction and CO, removal technologies to maximise
cumulative abatement. Despite high costs of tree estab-
lishment ($1500 ha™'), both livestock systems maintained
(sheep farm) or increased pre-carbon tax NCF (beef farm)
relative to the baselines (Fig. 2). Introducing carbon taxes
on the net GHG emissions associated with the adapted farm
systems slightly reduced annual average NCF for the LHF
scenarios, and significantly increased TCN annual average
NCEF under future climates (Tables 2 and 3).
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Fig.3 Relative change in production, profit and GHG emissions in
2030 and 2050 for the beef and sheep farms relative to the histori-
cal period. Changes are computed relative to the ceiling of the same
metric across all other time horizons and adaptations. SUP supple-
mentary feeding (kg DM ha™!), PP pasture production (kg DM ha™"),
LWP liveweight production (kg protein production ha™'), NCF pre-

Discussion

Wicked problems faced by the agricultural sector urgently
call for collaboration between institutions, disciplines
and sectors to ensure that proposed adaptation/mitigation

Lwp LwpP

carbon taxes net cash flow ($), EI emission intensity (kg protein kg™
CO,e), GHG total greenhouse gas emissions (t CO,e), NFE net farm
emissions (t CO,e). Green segments: positive outcomes. Red seg-
ments: negative outcomes. Darker colours indicate values close to 1
and lighter colours indicate values close to 0

interventions are peer-reviewed and refined, environmen-
tally and economically sustainable, and socially acceptable
(Jones et al. 2017; Rawnsley et al. 2019). To empower local
communities during the process, it is essential that aspir-
ing adaptation proponents engage a range of stakeholders
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Fig. 4 Normalised multidimensional assessment across climate hori-
zons and thematic adaptations for the beef farm (a) and sheep farm
(b). Bars depict the sum of normalised biophysical, economic, and
environmental metrics: liveweight production (diagonal stripes),
inverse net farm emissions (1 — normalised net farm emissions, verti-
cal stripes) and net cash flows (solid fill). Green, yellow and red bars
indicate scenarios ranked above the 75th percentile, between 75 and
25th percentile, and below the 25th percentile, respectively

directly or indirectly affected by the climate crisis (Shahpari
et al. 2021). Here, we engaged farmers and livestock indus-
try professionals to co-design thematic innovation bundles.
For this purpose, real farm systems and adaptations were
iteratively defined and contextualised by a regional group of
experts (RRG), providing industry guiderails for the model-
ling and social research teams to ensure that our results were
fit-for-purpose.

An important insight of the present study was that—even
in the absence of adaptation—average annual pasture growth
in Tasmania will increase under 2050 climatic conditions.
This result is particularly noteworthy given the emphasis on
extreme climatic events encapsulated within our approach
for generating climatic data (Harrison et al. 2016a). This was
in part due to warmer winter temperatures improving growth
rates, and in part due to elevated atmospheric CO, resulting
in extended daily canopy photosynthesis that outweighed
the truncated growing season over late spring and summer
(Moore and Ghahramani 2013). Higher pasture production
in 2050 translated to a small increase in livestock productiv-
ity, increasing net farm GHG emissions and net emissions
intensity, but also reducing the need for purchased supple-
mentary feed. Collectively these factors increased the quan-
tum and inter-annual variability of NCF. For example, 5-year
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Fig.5 Disaggregation of incremental adaptations stacked together to
form the thematic TCN adaptation. Net GHG emissions (blue bars),
total GHG emissions (white plus blue bars) and GHG abatement gen-
erated by incremental constituents of TCN (green bars) for the beef (a
and b) and sheep farms (¢ and d) under 2030 (a and ¢) and 2050 cli-
mates (b and d). Bars to the right of the TCN bar indicate sequential
disaggregation, with each subsequent bar containing one less incre-
mental adaptation. White bar with blue stripes indicates farm GHG
emissions without SOC sequestration and red bar represents SOC
losses increasing net GHG emissions. *To show the effect of lucerne
in TCN (LUC), the TCN white bar indicates SOC sequestration given
in LHF scenarios and excluding the effect of lucerne. Luc incorpora-
tion of deep-rooted species (Lucerne), Vac injection of enteric CH4
inhibition vaccine to livestock. Trees planting tree species endemic to
region

mean NCF variability of the sheep farm increased from a
historical value of 33-37% in 2050. A significant contribu-
tion to higher net GHG emissions was produced by SOC
fluxes (particularly for the beef farm to 2050) due to increas-
ing temperatures combined with declining annual rainfall
(Orgill et al. 2014). Declining soil carbon sequestration
under future warmer climates may constrain nations from
leaning too heavily on abatement provided by soil carbon in
their Nationally Determined Contributions (Vermeulen et al.
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2019). Collectively, these findings suggest that while the
changing climate may be beneficial in terms of productivity
and profitability for Tasmanian producers, this may come at
the expense of additional GHG emissions. This again high-
lights the need for interventions that systematically decou-
ple the often-tight linkage between productivity and GHG
emissions (Harrison et al. 2021). In the present study, the
addition of alfalfa in the pasture mix and the increase in feed
conversion efficiency (reducing supplementary feeding and
improving C sequestration in soils and vegetation) allowed
such decoupling, decreasing emissions and increasing live-
stock production (Tables 2 and 3).

We showed that implementing simple, reversible, low-
cost interventions (LHF thematic adaptation) further
increased profitability and reduced emissions intensity by
increasing pasture and liveweight production (due to the
dilution of net emissions over more product) and lower-
ing annual supplementary feeding (Tables 2 and 3). The
increased availability of pasture and the reduced dependence
on external inputs decreased the variability of economic
indicators (NCF) and enabled more effective adaptation
to climate change (Fig. 2). However, warmer future climates
may affect the SOC sequestration, which plays an integral
part into soil health (regulating soil biological, chemical, and
physical properties, water-holding capacity, and structural
stability) and farm resilience (Stevens 2018), with greater
losses in SOC increasing net farm GHG emissions. Tradi-
tionally, the scientific community viewed reduced emissions
intensity as beneficial, reflecting productivity improvements
per unit GHG emissions produced (Ho et al. 2014). How-
ever, reductions in emissions intensity will in future not be
enough to prevent global temperature change; even with
lower emissions intensity, the atmosphere only perceives net
GHG, with additional GHG further contributing to global
warming. Indeed, international policy (e.g., COP26 Glasgow
agreement in 2022) and industry roadmaps (e.g., Meat and
Livestock Australia’s Carbon Neutral 2030 Initiative) call
for net-zero emissions by specified time horizons of 2050
or 2030, and rightly include interim targets to ensure longi-
tudinal progress.

Our TCN intervention resulted in deep cuts in emis-
sions in a profitable and sustainable way. TCN comprised
a stacked combination of deeper-rooted pasture species
(lucerne) across a greater proportion of the grazing plat-
form, injecting all animals with a vaccine to inhibit enteric
CH, and planting trees on farm. These interventions were
prioritised by the RRG so to target multiple and differing
pathways for emissions mitigation: avoidance, removal and
offsetting GHG emissions. For both farms, pasture reno-
vation with lucerne mostly increased pasture production,
except for the TCNS50 beef farm. However, livestock pro-
duction was the highest of all scenarios explored, indicating
that seasonal feed supply better matched herd demand for

TCNS50, decreasing need for supplementary feed by more
than half (Tables 2 and 3) and making NCF for TCN the
least variable to long-term shifts in temperature and weather
patterns (Fig. 2). For the beef farm, planting trees resulted in
the greatest reduction in net GHG emissions in 2030, due to
the rapid growth and subsequent sequestration of carbon in
the Tasmanian Blue Gums (Eucalyptus globulus) in the first
10-20 years of growth (data not shown). However, by 2050,
the enteric CH, vaccine was more effective in reducing net
GHG emissions, with consistent reduction across the two
future climate horizons. For the sheep farm, enteric CH,
vaccine was the most effective avenue for reducing GHGs,
since lower rainfall at this site inhibited carbon sequestered
in tree plantings. For both sites, inclusion of deep rooted
lucerne into the pasture sward increased pasture produc-
tion and carrying capacity, but had little effect on net GHG
emissions. This suggests that any aspiration to mitigate farm
level emissions must first consider the individual potential of
each option, second consider the extent to which incremental
adaptations can be stacked together for mutual (potentially
multiplicative) benefit, and third consider potential co-ben-
efits, including social implications (e.g., changes to farm
management, increased risk of bushfires associated with
trees on farm, need for new skills and knowledge to adopt).
Overall, we show that bundling multiple climate change
adaptation and GHG emissions mitigation options resulted
in a triple win in terms of production, profit and GHG emis-
sions (both net and emissions intensity).

Potential mitigation or adaptation is, however, not the
only factor in determining whether or not farmers adopt a
particular intervention, technology or knowledge product
(Harrison et al. 2021). In fact, there is likely to be a trade-
off between adoptability and emissions mitigation potential.
This is clearly illustrated by contrasting the LHF with the
TCN, the latter having more benefit, but also requiring more
skills, time, labour and organisation to implement. Part of
the LHF was improved animal feed conversion efficiency,
which increases liveweight gain per unit feed intake and
generally reduces enteric CH, kg™! DMIL. This was nomi-
nated by the RRG because improved FCE has and continues
to occur over time as producers select more efficient ani-
mals to retain, breed from, or purchase (Mottet et al. 2017).
Similarly, measuring soil fertility and applying fertiliser is
considered status quo (Christie et al. 2018) for many farm
businesses, and thus would not be expected to require addi-
tional skills or knowledge. As well, producers frequently
adapt to the changing climate, selecting pasture or crop spe-
cies with phenology more suited to their environment (Liu
et al. 2020a, b), seasonally modifying whole farm stocking
rates and the feedbase, or increasing the reliance of irrigation
or supplementary feed to flatten the seasonal pasture supply
curve. In contrast, interventions in the TCN adaptation could
be considered higher risk, higher cost, or may require new
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skills and knowledge to realise collective benefit. While an
enteric CH, inhibitor administered as a vaccine is presum-
ably a relatively simple intervention, such vaccines do not
exist commercially at the time of writing. Despite potential
social licence and cost-effectiveness, commercial and large-
scale production of such vaccines may be some time away
(Reisinger et al. 2021). Similarly, planting trees requires
knowledge of the type of tree species to plant and the time
of year to plant, as well as the regular watering needed over
summer until tree roots are established. Planting trees thus
comes with financial, time and knowledge impost, and thus
may be a less attractive intervention in contrast to traditional
approaches, such as improving soil fertility under LHF. To
be effective in Nationally Determined Contributions, forests
should have enduring permanence (e.g., 100 years) (Wise
et al. 2019). Therefore, monitoring, reporting and verifica-
tion of carbon storage must be sufficient to demonstrate CO,
removal with simple accounting but also clear incentives to
encourage participation of multiple stakeholders, including
smaller land holders, and the best management practices
(Wise et al. 2019).

Conclusions

The need for participatory, demand-driven and inclusive
co-design processes with end-users in developing GHG
emissions mitigation and climate change adaptations will
be critical to ensuring improvement in the sustainability of
future agri-food production systems. Even with explicit and
deliberate account of extreme weather events, we found that
future climates will generally improve pasture and livestock
production in Tasmania at least to 2030, possibly even to
2050. A win—win outcome, stacking incremental climate
change adaptations into singular contextually defined the-
matic adaptations further increased productivity, profitability
and reduced GHG emissions of livestock farms. However,
multidisciplinary studies of this type require more planning,
labour and time commitment from proponents, and as such
are often not easy to implement. The combination of tech-
nologies, skills and practices generated in such consortia
will be, however, much more effective in achieving mitiga-
tion and adaptation compared with the benefit derived from
any single intervention. In increasing order of magnitude, we
showed that mitigation afforded by planting of deep-rooted
legumes to increase soil carbon at depth, stimulating pasture
growth to improve soil health and organic matter, planting
of trees endemic to region, and use of enteric CH, inhibition
technologies will be the most effective in the quest for GHG
emissions reduction, offsetting or removals. We suggest
that clear frameworks are necessary to encourage partici-
pation of multiple stakeholders to enable transdisciplinary
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collaboration and a continuum of research, development and
extension. This will lead to greater end-user confidence in,
and adoption of, purported technologies, skills or practices
purported for mitigation, adaptation, or both. We opine that a
net-zero or carbon neutral agriculture sector need not neces-
sarily be attained by every farm adopting such technologies
or being carbon neutral. Some farms and regions will need to
be substantive carbon sinks, while others will always be net
carbon polluters. To optimise land used for food production
vs environmental services, future work should aim to iden-
tify regions within landscapes that would be better targeted
for carbon sequestration or enhancement of ecosystems ser-
vices and other regions more suited to agri-food systems. In
this way, society could better optimise the balance between
food security (agri-food production) and mitigation of global
climate change (mitigation and carbon sequestration).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11625-023-01323-2.
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