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ARTICLE INFO ABSTRACT
Editor: Paul Crosson CONTEXT: Understanding climate change impacts on beef production enterprises in northern Australia is chal-

lenging due to the complexity of the system, which involves biophysical processes such as pasture and animal
Keywords: production, herd management, economics, emissions, and the interaction among these things. Modelling is a
C}‘mate change impacts powerful tool to help the beef industry understand the impacts of climate change and to develop adaptation plans
Il;lvedsto:'k . to help ensure enterprises remain economically viable over the long term.
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Pazttllri on systems OBJECTIVE: We assess climate change impacts on a single specialised beef enterprise south-east of Moura

(24.59°S, 150.09°E) in northern Australia's Central Queensland region. This is achieved by comparing enterprise
performances during a 2030s climate and a 1975-2013 baseline period.

METHODS: We used a calibrated pasture model called GRASP to simulate the farm's pasture growth under
multiple scenarios for land conditions, grass basal areas and stocking rates for the baseline and 2030s climates
and to construct pasture growth databases — known as datacubes. The datacubes provide a simplified repre-
sentation of mean coupling between the herd dynamics and livestock production model (Crop Livestock En-
terprise Model). The coupled whole-of-farm model was parameterised using enterprise data collected through
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interviews with the property owner and allowed for feedback between the pasture and livestock systems. The
feedback capability allowed us to consider changes in land condition through stocking rates and their effect on
pasture growth, animal weight gain, profit and CO, emissions.

RESULTS AND CONCLUSIONS: We found that warmer and drier climatic conditions during 2030s will reduce
pasture growth in austral spring and summer but increase pasture growth in winter and autumn. Increased
pasture growth in winter and autumn cannot compensate for the reduction in pasture growth in the warm
seasons but can improve animal liveweight gain in winter and early spring. This leads to an overall increase in
annual weight gain of steers (the cattle class that provides the main income source for this farm) while the CO5
emission intensity remains similar to the baseline period. Maintaining land condition under the 2030s climatic
conditions considered will require a reduction in sustainable herd size, leading to lower beef production and
lower profit under current pasture and herd management strategies. Impacts will likely differ from those
described if a drier future is not realised.

SIGNIFICANCE: This study provides a climate change impact assessment on a specialised beef enterprise (i) being
distilled from individual ruminants, and (ii) considering environmental feedbacks in the interaction between
pasture and livestock systems.

1. Introduction

Australia is a major beef producer contributing substantially to
global beef trade and food security (MLA, 2022). Pasture-based livestock
production systems around the world are facing the challenges of a
changing climate with more frequent and impactful weather extremes
(Bras et al., 2021). Climate change, together with other pressures such as
an increasing percentage of farm cash receipts required to service rising
debt (Thompson and Martin, 2014), rising production and marketing
costs (Farina et al., 2013), and a stabilising trend of long-term beef price
(MLA, 2022), threatens the economic viability of some of these speci-
alised beef production systems.

The future climate is projected to be warmer with increased fre-
quency and intensity of heatwaves and extreme daily rainfall (IPCC,
2021). In north-eastern Australia, rainfall has increased over the past
century (CSIRO and Bureau of Meteorology, 2015; Heidemann et al.,
2023). However, rainfall projections for the coming decades are un-
certain (Grose et al., 2020; Heidemann et al., 2023), and natural climate
variability is projected to remain a major driver of rainfall changes in the
next few decades (Kirtman et al., 2013; Lee et al., 2021). Coupled
climate models show a range of projections, with the consensus indi-
cating little change or decrease in rainfall (Grose et al., 2020, Heide-
mann et al., 2023). In terms of recent observed trends since 1950, most
of Queensland has experienced a drier climate, while the Northern
Territory and northern Western Australia have experienced wetter
conditions (Fig. 1).

Based on the Australian Climate Observations Reference Network -
Surface Air Temperature (ACORN-SAT v2.4) dataset, over the
1950-2015 period it has significantly warmed across most of the
country, except for northwest Western Australia (see supplementary Fig.
S1). Queensland, NSW and South Australia have warmed by between 0.2
and 0.3 °C/decade. As a result of wetter conditions across the northwest
of Australia, it is the one region that has seen the least amount of
warming, between 0 and 0.05 °C/decade. Since records began in 1910,
Australia, as a whole, has warmed by 1.47 + 0.24 °C. According to the
2022 State of the Climate Report, published by the Bureau of Meteo-
rology and CSIRO, Australia will continue to warm into the near and
long-term future. Australia's average annual surface temperature range
for 2021-2040, relative to 1850-1900, will be about 1.7-2.4 °C (one
standard deviation). By the mid-century (2040-2059, surface tempera-
tures across the north and east coast are expected to be 1-2 °C warmer
than the 1986-2005 average, depending on whether the world follows a
low, medium or high emission scenario. These projections come from
downscaled and bias corrected climate models from CMIP5 (CSIRO,
2022).

Unfortunately, there is limited information on how climate change
will impact the grazing feed base which mostly includes natural C4
tropical and subtropical grasses (Ash et al., 2015; Cobon et al., 2020) in
our region of interest in central Queensland. More specifically, there has

not been a holistic enterprise-level study analysing how climatic events
impact the whole farm system, from pasture biomass production to herd
dynamics and live weight gain, through to selling and destocking re-
quirements and profit. Such a study needs to also consider the feedbacks
of herd dynamics via the impacts of stocking rates on the pasture system
through driving changes in land condition, grass basal area, and ulti-
mately pasture growth rates.

Here we conduct such a holistic study and examine the potential
impacts of climate change on a pasture-based specialised beef enter-
prise’ with respect to seasonality of pasture production, herd dynamics,
live weight gain, profitability, and CO, emission. This will lead to a
better understanding of both the challenges and the possible opportu-
nities that climate change presents.

We will use process-based models which provide us with a cost-
effective opportunity to explore the response of specialised beef enter-
prises to projected future climate change. These enterprises consist of
complex herd structures and dynamics that are subject to interactions
between climate variability and pasture resources, which drives consid-
erable production risk (Cacho et al., 1999). Further to this, complex herd
dynamics can affect the pasture system through a feedback mechanism,
driving significant environmental risk (Scanlan et al., 2014). For example,
it is possible that a potential reduction in pasture growth while main-
taining the current herd size (animal number) can run the risk of unin-
tended deterioration in the health of the land and ecosystem.

Beef cattle simulation models have been developed for different
production systems around the world (e.g., Foran et al., 1990; Tess and
Kolstad, 2000; Teague and Foy, 2002). However, the available models
are not particularly suited for simulating extensive production systems
in sub-tropical and tropical regions (Ash et al., 2015). Other simulation
models that have been specifically developed for northern Australia beef
systems do capture the highly variable climate-pasture dynamics
(McKeon et al., 2000) but rely on simple empirical relationships estab-
lished between pasture growth and liveweight gain (McCown, 1981) to
drive animal production and enterprise economics.

The Crop and Livestock Enterprise Model (CLEM) (Laing and Liedl-
off, 2023) was developed to enable simulation of whole-of-farm enter-
prises, including both crop and livestock production and enterprise
economics. CLEM was designed to be flexible by adopting a modular
approach and can be scaled to simulate extensive beef systems on
northern Australian pastures. CLEM models the energy and protein
consumed by animals and its conversion into animal growth, body
condition and reproductive capability. CLEM is the first enterprise
model in Australia with the capability to simulate and trace individual
ruminants and is far more customisable for the northern Australia herds
than any other available model. CLEM, however, currently cannot assess

1 In Australia, a specialised beef enterprise indicates a livestock farm of solely
beef cattle.
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Fig. 1. Spatial map of trend of total annual rainfall for Australia, from 1950 to 2015. QLD is Queensland, NT is Northern Territory, and WA is Western

Australia (WA).

the direct impacts of climate change on animal such as the heat stress on
cattle or on reproductive performance of the cows, which are areas of
ongoing research and development.

The flexibility of CLEM allows integration with GRASP (Rickert et al.,
2000), a model widely used for simulating pasture production in tropical
and subtropical regions (McKeon et al., 2009; Scanlan et al., 2013). The
development of GRASP over >30 years has concentrated on drought
effects on pastures in northern Australia and how to adequately simulate
the effects. We developed an integrated simulation model, by coupling
pasture simulation using GRASP with herd dynamic simulation using
CLEM, to achieve the first-ever holistic climate change impact assess-
ment model for a specialised beef enterprise in central Queensland. We
should note that it is beyond the scope of this work as a user application
of GRASP and CLEM to provide full model descriptions. Some papers
solely describing the modelling approaches and details of CLEM are
currently being submitted by the developers.

2. Materials and methods

Australian beef farming occurs in diverse climatic zones, but the
dominant extensive specialised beef operations occur in northern trop-
ical and subtropical regions that experience cold dry winters and hot wet
summers. The state of Queensland has Australia's largest beef cattle herd
(10.7 million head) and is the nation's largest producer and exporter of
beef. We undertook a case study of a typical beef enterprise near Moura
in Central Queensland (largest herd size in Australia) and is represen-
tative of breeder enterprise with a defined breeding period in summer,
variable but relatively fertile soils, summer dominant rainfall and
moderate to high interannual rainfall variability — characteristics of
many beef enterprises in tropical and sub-tropical northern Australia
(Bowen and Chudleigh, 2018).

2.1. The case study enterprise

The property is located south-east of Moura in the Banana shire
(24.59°S, 150.09°E; Fig. 2(a) and (b)) and has a total area of 8800 ha,
average annual precipitation of 630 mm, long-term annual mean tem-
perature of 21.4 °C (1975-2013) and woody vegetation covers
approximately 1.3% of the property. The warmer months of November
to February also experience the highest average rainfalls (Fig. 2(c)), and

summer is the growing season while winter is dry with very limited
pasture growth. Land types include Brigalow with blackbutt (Dawson
gum) (65% of the area of the property), Poplar box with shrubby
understorey (27%), Blue gum/river red gum flats (3%), Brigalow soft-
wood scrub (3%), Mountain coolibah woodlands (2%), and Softwood
scrub (<1%). Soil types include Brigalow belah, red loams, and black
clay. Water use is currently all surface water from dams.

For a location like Moura, coupled climate models show a range of
rainfall projections, with the consensus indicating little change or
decrease in rainfall (Grose et al., 2020; Heidemann et al., 2023). The
frequency of heatwaves will likely increase. This is based on downscaled
(and bias corrected) CMIP5 projections. Here, a heatwave is defined as 3
consecutive days of maximum temperatures above 34 °C and minimum
temperatures above 22 °C. Similar increases in heatwave frequency are
projected across central QLD. As shown in supplementary Fig. S2, under
a high emission scenario (i.e., RCP8.5), the number of events could in-
crease from 3 events per year (1993-2022) to 7 events per year
(2036-2065).” Even in a medium emissions scenario, the frequency of
heatwaves will likely increase to 6 events per years (2036-2065).

The beef herd at the enterprise is a self-replacement breeding herd
with Bos indicus breed on improved pasture, mainly selling steers. The
manager does not buy female breeders and the heifers replace old female
breeders at 24 months for first mating. The size of this breeding herd is
thus governed by the number of female breeders. As of June 2019, the
herd size is 3300 heads (close to 3500 adult equivalents (AE)) consisting
of cows, calves, steers, bullocks and bulls. More details of the herd
structure including age, average weight, and number of each cattle class
can be found in Table S1. The controlled mating program joins females
from December to February with calving in late spring/early summer
the year after. Weaning operation is conducted in April by age and
weight. Animal numbers are adjusted by the enterprise manager in

2 These are based on downscaled climate model information from CMIP5 and
Bureau of Meteorology AGCD observations. Information taken from https://my
climateview.com.au/.
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Fig. 2. (a) and (b) location of the specialised beef enterprise in south-east of Moura; (c) climatic conditions recorded at the Moura station (https://www.longpaddo

ck.qld.gov.au/silo/) averaged over the baseline period (1975-2013).

response to seasonal conditions in May® and mustering in August, with
cows retained up to the age of 18 years and steers until they reach 600 kg
(which is usually 3.5 years). The average birthweight is 38 kg with an
average growth rate of 0.5 kg/day.

For this study, the property represented in the models (outlined in
Section 2.4) is also representative of other enterprises in the region
(regional advisory committee — pers. com). We conducted interviews with
the enterprise manager to collect detailed husbandry and production costs
for an economic analysis (see the cost of production in the supplementary
Table S2). The regional advisory committee was established with four
members, comprised of farmers and local service providers. This com-
mittee provided input into the assumptions used when analysing the

3 When the herd is destocked to ensure a minimum pasture biomass of 500 kg
per ha is retained in November to avoid overgrazing. It is assumed that there
are no further pasture inputs through pasture growth during every dry winter.
Old sires, old female breeders, and castrated males were selected for destocking.

farming system. The committee members also contributed to the inter-
pretation of the results to ensure that the assessment conducted was sub-
jected to informed feedback and that a range of perspectives were
considered.

2.2. Climate change scenarios

The regional climate change projections for 2030 were obtained
from the Climate Change in Australia Futures Tool* (CSIRO and Bureau
of Meteorology, 2015). This provides monthly projected changes in
temperature and rainfall in the Australian East Coast Cluster based on a
high emissions scenario (Representative Concentration Pathway 8.5).
To account for the variation in climate projections among ensembles
generated by General Circulation Models (also known as climate

4 https://www.climatechangeinaustralia.gov.au/en/projections-tools/clim
ate-futures-tool/projections/
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models), Low (low impact), Maximum Consensus (average impact) and
High (high impact) change scenarios were developed. As can be seen in
Table 1, there is a high agreement among climate models that Australia's
east coast will be 1 °C warmer by 2030s compared to a 1975-2013 base
period. However, there is a wide range in rainfall projections for all the
months, and it is unclear if the eastern Australia will be drier (high
impact) or wetter (low impact) in the region of interest (Fig. 3). For this
case study, we will focus on the projections for which the largest number
of models agree which we refer to as the Maximum Consensus “Story-
line”. The results of Low and High-impact scenarios will be reported in a
future study.

The monthly projected changes were used in the change calculator
prepared and described by Harrison et al. (2016) to perturb the histor-
ical daily climate data (1975-2013) and generate a climate file for 2030s
— future daily climate data at the studied enterprise, including the pro-
jected changes in extreme events. The 2030s climate in this study was
thus generated and defined by the employed downscaling approach
(Harrison et al., 2016) for the case study site where the projected
monthly changing factors of the target time horizon — 2030s — are used to
modified daily climate data of the baseline period, 1975-2013 (39 years
period). Hence, the 2030s climate here indicates the climate of the 39
years realization inherited the order of the baseline years 1975-2013
with the included climate change projection for 2030s. We sourced
historical weather data for the case study site from meteorological ar-
chives (http://www.longpaddock.qld.gov.au/silo). These historical and
2030s climate files were then used in GRASP for the simulation of
pasture growth.

2.3. Pasture growth simulation and pasture datacubes

Pasture growth was simulated with the Cedar version of GRASP
(Windows). All simulations were run at a daily time step employing
historical (1975-2013) and 2030s climate data as described above. Soil
attributes, land and pasture (supplementary Table S4) were para-
meterised from similar soils and improved pastures (Buffel grass) from
long-term grazing trial data at Brigalow Research Station (Dalal et al.,
2021). Buffel is an introduced/naturalised species which is drought
tolerant within the range of native species in the region. No parame-
terisation for climate change was completed within GRASP (only the
climate files were different).

The GRASP pasture growth model also calculated evapotranspiration
(ET) at a daily time step, using the climate data inputs of temperature,
rainfall, radiation and vapour pressure to simulate model processes
(both current climate and 2030s climate). The daily soil water balance
was calculated as the difference between inputs (rainfall) and outputs
(runoff, drainage, canopy evaporation, soil evaporation and transpira-
tion by grass and trees) in four soil layers of variable thickness and water
holding characteristics. The components of ET including pasture and
tree transpiration and soil evaporation are calculated separately from

Table 1

Projected monthly changes in average temperature by 2030s compared to the
base period (1975-2013) for the Australian East Coast Cluster, and the degree of
consensus among climate models on the change.

Month Mean temperature change (°C) Consensus (%)
January 0.5to 1.5 90
February 0.5to0 1.5 85
March 0.5to 1.5 78
April 0.5t0 1.5 84
May 0.5to 1.5 79
June 0.5t0 1.5 75
July 0.5to 1.5 79
August 0.5t0 1.5 82
September 0.5to0 1.5 87
October 0.5to 1.5 88
November 0.5t01.5 85
December 0.5t0 1.5 95
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potential rates that are adjusted based on soil water availability. Any
change in the climate (rainfall, temperature, radiation, vapour pressure)
will impact upon the simulated water balance processes, ET, soil water
and pasture growth. Detailed descriptions of the GRASP model and
equations are presented in (Day et al., 1997).

The GRASP model was run for both the historical and 2030s climate
to generate monthly pasture growth for each combination of the
following factors:

e Grass basal area (%) ranging from 1 to 6 (8 values: 1, 1.5, 2, 2.5, 3, 4,
5, 6). This range represents the possible variability in grass basal area
in our simulated case study.

Land condition ranging from 0 to 11 (12 values) — 0 indicates the best
land condition while 11 is the worst (supplementary Table S5). This
range allows us to study climate change impacts on the studied en-
terprise at varied initial land conditions from very good to very poor.
Stocking rate (AEs per 100 ha) ranging from 1 to 70 (23 values: 1, 2,
3,4,5,6,8,10, 12, 14, 16, 18, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65,
70). This range represents the possible variability in stocking rate in
our simulated case study.

The total number of GRASP simulations for the historical climate was
2208, being equivalent to 8 x 12 x 23 combinations of grass basal area
x land condition x stocking rate. The same number of GRASP simula-
tions for the same combinations were conducted using the modified
2030s climate. These simulations show the effect of combined grass
basal areas, land conditions and stocking rates on pasture growth. Grass
basal area is important in the GRASP pasture model as it drives initial
regrowth at the start of the growing season. It is also an important in-
dicator of resource condition (both pasture and land condition). Land
condition determines the productivity of the land resource from the
viewpoint of pasture and animal production as well as land manage-
ment, with grazing management having a major impact on pasture
condition.

Note that a stack input file for the GRASP model was generated
including all the model parameters for the case study together with the
combinations. These 2208 combinations were automatically con-
structed using a Python script created by Chris Stokes (pers com.). The
simulated monthly pasture growths were used to construct two data-
cubes for the historical and 2030s climates. To do this, a Matlab code
was developed to read and process the factorial GRASP simulation
outputs, connect to a database tool (DB Browser), and put the processed
factorial outputs into a database file (see Table S6 for the format of this
database). These datacubes (database files) were then read by a CLEM
component — FileSQLitePasture, for feedback simulation explained in
Section 2.5.

2.4. Livestock beef enterprise model

We used CLEM - a first livestock enterprise model in Australia with
the simulation capability of individual ruminants - to build a whole-of-
farm model for our case study beef enterprise which is a production
system solely consuming improved pasture — Buffel grass (Cenchrus cil-
iaris) pastures are the dominant pastures at the study site. Simulated
monthly pasture growth at the beef enterprise were stored in the
developed datacubes, and then coupled with CLEM to represent pasture
productivity. More details on management of pasture (including data-
cube coupling mechanism) and the herd in CLEM can be found in the
supplementary sections 2, 3 and 4. CLEM can test a range of manage-
ment strategies in livestock systems by assessing impacts on finances,
natural resources, and constraints such as labour at monthly time step.
The modular approach in CLEM provides a fully customisable and
flexible set-up for complex whole-of-farm simulations to be performed.
The CLEM model also allows users to study climate change impacts on
herd dynamics, especially the differences in enterprise performance,
including environmental consequences through a coupling mechanism
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Fig. 3. Projected monthly rainfall changes by 2030s compared to the base period (1975-2013) averaged over the Australian East Coast Cluster.

between GRASP and CLEM, allowing the simulation of feedbacks of the
herd dynamics on pasture growth, as described in the next subsection.

2.5. Feedback simulation

We coupled CLEM with the developed pasture datacubes, allowing a
two-directional interaction (i.e., feedback) between the pasture system
and the livestock system for the case study beef enterprise. Such
advanced CLEM feedback simulations provide the opportunity to study
the climate change impacts on the beef enterprise in a meaningful way
through the tracing performances of individual ruminants including
weight, growth, and activities. Individual animal data were modelled
and where stochastic events (conception, pregnancy success, suckling
survival) in the model allow the weight of individuals in the same cohort
to deviate. The feedback simulations also allow us to explore the dy-
namics of land conditions, grass basal areas (GBA), stocking rates and
their effects on pasture growth.

It is possible that climate change impacts might differ depending on
the initial condition of the studied land resource. We analysed the per-
formances of the beef enterprise in the historical climate and the 2030s
climate with a scenario of initial land conditions, using the CLEM
feedback simulations. While the current land condition at the beef en-
terprise is close to moderate — land condition index of 6 — we also
simulated the climate change impacts at good initial land condition
(land condition index of 1) and poor initial land condition (land con-
dition index of 10). The developed CLEM feedback model tracks land
condition and grass basal area as a function of monthly pasture uti-
lisation rates based on reported relationships (Figs. S4 and S5) and safe
utilisation rates. When model runs the initial land condition changes
between 0 (very good) to 11 (very poor, Table S5) reflecting the tran-
sient utilisation percentage and stocking rate at the studied beef enter-
prise. When the utilisation percentage is higher than 30% or 20%, the
land condition or grass basal area is degraded, respectively (Figs. S4 and
S5), and vice versa.

To avoid overgrazing and long-term land degradation in the

feedback simulation runs, we firstly conducted a number of trial runs at
each initial land condition in both the historical and 2030s climates by
varying the parameter named “maximum number of female breeders to be
retained” in CLEM from 900 to 1500 in steps of 50. At each run, the time
series of land condition and accumulated income of the beef enterprise
were recorded. The optimal parameter was determined for each initial
land condition which maximises the total accumulated income of the
beef enterprise while maintaining or improving the long-term land
condition which was monitored by plotting the recorded land condition
time series. Herd simulation data using this optimal parameter at each
initial land condition were used to estimate the optimal sustainable herd
size (OSHS) which is the average herd size over the financial years in
terms of adult equivalents (AEs). The OSHS at each initial land condition
represents the maximum long-term average herd size at the studied beef
enterprise that does not degrade the initial land condition. Economic
analysis was conducted for each simulation scenario to estimate the
enterprise gross margin (supplementary section 1) as an indicator of the
enterprise profitability.

3. Results
3.1. Projected 2030s climate

The projected 2030s climate exhibits a reduction in the average and
standard deviation of total annual rainfall relative to the reference
period, contributed to by a slight reduction in the magnitude and
number of wet-day5 events (Table 2). There was a small increase in the
number and duration of dry spells which indicates added pressure on
soil water levels. Average maximum and minimum temperatures
increased by 1 °C and 0.5 °C, respectively, leading to an increased daily
temperature range (Table 3). The largest increase was marked by the
number of hot days (max T > 90histmax) per year increasing from 35

5 A wet day is a day having >1 mm rainfall.
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Table 2

Historical and 2030s rainfall (R) indices. Statistics are expressed from compu-
tations using 39 years of climate data (avg. = average, st. dev. = standard
deviation).

Variable Unit Historical =~ 2030s climate
Avg. total annual rain mm/ 616 569
yr
St. dev. Total annual rain mm/ 164 151
yr
Avg. no. dry days d/yr 312 314
Avg. no. wet days d/yr 53 51
Avg. max contiguous duration of dry days ~ d/yr 55 57
Avg. max contiguous duration of wet days  d/yr 5 5
Avg. max wet day event mm/d 71 68
Avg. wet day rain (Rg) mm/d 11.5 11.2
St. dev. of Ry mm/d 2.2 2.3
10th percentile of Ry mm/d 1.5 1.5
50th percentile of R4 mm/d 6.3 5.6
90th percentile of Rq mm/d 28.2 27.4
95th percentile of Ry mm/d 38.5 37.4
99th percentile of R4 mm/d 68.4 68.4

days in the historical climate to >66 days by 2030 (85% increase). The
hot consecutive days were also longer at an average of >5 days (25%
increase) as well as the longest hot period in a year at an average of >14
days (72% increase). While the average temperature increased by about
1 °C, the temperature of extreme hot days increased by 1.5 °C (90th and
95th percentile of max daily T), and 1.7 °C (99th percentile of max daily
T). Relatively larger changes in the magnitude and frequency of extreme
events could arise with smaller shifts in the mean or variance of a long-
term distributions (Smith et al., 2001) which can be observed in the
2030s climate change scenario.

3.2. Warmer 2030 climate increases pasture productivity in the cold half
of a year

Summer and spring pasture growth were simulated to be lower in the

Table 3

Historical and 2030s temperature (T) indices. Statistics are expressed from
computations using 39 years of climate data (avg. = average, st. dev. = standard
deviation).

Variable Unit  Historical ~ 2030s
climate

Avg. max daily T °C 29.2 30.2

Avg. min daily T °C 14.4 14.9

Avg. daily T range °C 14.7 15.3

Avg. no. days max T > 90histmax d/ 35.8 66.3
yr

Avg. no. consecutive days max T > 90histmax  d/ 4 5.1
yr

Avg. max no. consecutive days max T > d/ 8.2 14.1

90histmax yr

Avg. no. days min T < 10histmin d/ 36.1 34.2
yr

Avg. no. consecutive days min T < 10histmin ~ d/ 4.1 4.0
yr

Avg. max no. consecutive days min T < d/ 9.3 9.2

10histmin yr

St. dev. of max daily T °C 4.93 5.11

St. dev. Min daily T °C 5.97 6.12

10th percentile of max daily T °C 22.5 23.1

50th percentile of max daily T °C 29.6 30.5

90th percentile of max daily T °C 35.2 36.7

95th percentile of max daily T °C 36.4 37.9

99th percentile of max daily T °C 38.7 40.4

10th percentile of min daily T °C 5.6 5.8

50th percentile of min daily T °C 15.3 15.9

90th percentile of min daily T °C 21.6 22.2

95th percentile of min daily T °C 22.5 23.3

99th percentile of min daily T °C 24.0 24.7
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2030s climate due to a reduction in seasonal rainfall, while winter
pasture growth is projected to increase, owing to higher temperatures
not limiting growth, causing a longer growing season (Fig. 4). The
timing of improved growth in the colder months of the year varied ac-
cording to initial land conditions. With good initial land condition (LC =
1), the starting month for improved growth was June while it occurred
earlier in May and April, respectively, with moderate (LC = 6) and poor
(LC = 10) initial land conditions. The 2030s climate indicated similar or
reduced variability in pasture growth throughout the year compared to
the historical climate. The relative variability in pasture growth and the
2030s climate impacts on reducing the variability increased if the initial
land condition deteriorates. The higher growth in the colder months in
the 2030s climate was not sufficient to outweigh the lower growth in
summer and spring — shown by lower overall annual pasture produc-
tivity in the 2030s climate compared to those in historical climate in all
land conditions (Table 4). Reductions in pasture biomass productivity in
the 2030s climate were — 19, —9, and — 7%, respectively, for good,
moderate, and poor land conditions. The pasture productivity gap be-
tween good and poor initial land conditions was thus reduced in the
2030s climate (33%) compared to that in the historical climate (52%).
The good land condition has a high percentage of perennial grasses
(Table S5). While established perennial grasses are more resilient to
drought owing to better root systems, they are also quicker to respond to
reduced rainfall than annual grasses that must establish from seed.

3.3. Small improvement in pasture productivity can have significant
effects on animal liveweight gain

3.3.1. Herd dynamics

In the historical climate, the beef property could carry greater
animal numbers than those in the 2030s climate in all initial land
conditions, indicating a reduction in the optimal sustainable herd
size® (OSHS) of 11-15% in the 2030s climate (Table 5). While the
2030s climate exhibits a slight increase in the variability in herd size,
better initial land conditions allowed greater and more stable animal
numbers (in both the historical and 2030s climates). Even with good
initial land condition, the herd size was more vulnerable to drought in
the 2030s climate, as represented in the number of months the herd
size fell below 2000. This occurred only once (the blue dot in August
fell below 2000) but 9 times (the red dots fell below 2000 not only in
August but also in May, June, July, and September), respectively, in
the historical and 2030s climates (Fig. 5; left panel). Note that the
animal number largely decreased in August in all initial land condi-
tions due to the selling of animals.

3.3.2. Animal liveweight gain

In the 2030s climate, there was an increase in monthly liveweight
gain of steers (the cattle class for main income of the beef enterprise) in
winter months in all land conditions (Fig. 6). Notably, owing to a
warmer climate, small improvements in pasture growth rates in the
colder months could increase liveweight gain which was carried over to
September and October. The increased monthly liveweight gains and
their variabilities were smaller with good land condition compared to
those with moderate or poor land conditions.

Annually, despite the reduction in annual pasture production, a
higher overall annual liveweight gain in all land conditions (Table 6) is
projected. This highlights the important contribution of better winter
growth due to a warmer climate in central Queensland. It should be
noted that Fig. 6 showed increased liveweight gain per head, but the
sustainable herd sizes needed to be reduced by 15%, 12% and 11% in the
2030s climate, respectively, for good, moderate, and poor initial land
conditions (Table 5). The overall beef production per financial year

6 The optimal sustainable herd size is the herd size that does not deteriorate
land condition in the long-term while maximises the enterprise income.
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Fig. 4. Monthly pasture growth at the beef enterprise for the historical and 2030s climates for three initial land conditions (LCs) i.e. good (1; top), moderate (6;
middle) and poor (10; bottom). The initial grass basal area (GBA) was set at 3% in all three cases. Through the feedback simulations, pasture growth rate is driven by

not only weather but also stocking rate, land condition and GBA.

Table 4
Annual pasture growths in the historical and 2030s climate with three initial
land conditions. The initial GBA was set at 3% in the three cases.

Initial land condition Average annual pasture growth (kg ha 1) Impact

(% change)

Historical climate 2030s Climate
Good 4047 3296 -19
Moderate 3451 3126 -9
Poor 2669 2485 -7

would be reduced by approximately 10% to an average 270 tons as
compared an average 300 tons in the historical climate.

Here, the combined effect of reduced animal density and better
pasture growth both occurring in the warmer winter was the driver of
increased animal LWG not only in winter but annually. There were two
mechanisms for this i.e., a direct mechanism and a carry-over mecha-
nism. In the former, more available pasture and smaller animal density
in winter would reduce the risk of losing animal weight due to intake at
below the maintenance energy level (MEp, Fig. S3). This winter risk of
the historical (baseline) climate was critical in northern Australia and
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Table 5

Animal number (i.e., herd size) of the beef enterprise for the historical and 2030s
climates at three initial land conditions, i.e., good, moderate and poor. The
initial GBA was set at 3% in the three cases.

Initial land Average animal number Coefficient of variation

condition (%)
Historical 2030s Impact (%  Historical 2030s
climate climate change) climate climate
Good 3307 2824 -15 7.5 10.5
Moderate 3111 2744 -12 11.1 11.7
Poor 2903 2580 -11 13.6 15.4

more notable with worse land conditions (Fig. 6). The rate of weight loss
in animal due to intake being below MEy, is greater than the rate of
weight gain when intake is greater than ME, (ky > kg, Fig. S3), espe-
cially if a pregnancy or lactation demand is also required. The 2030s
climate thus directly reduced the winter risk of losing animal weight by
providing better winter intake. This direct mechanism was clearer with
worse land conditions (Fig. 6(b) and (c)) than with the good land con-
dition (Fig. 6(a)). The better winter intake also helped animals be ready
to grow when the growing season came rather an initial recovery phase
and then a delayed growth phase in the baseline climate. This is what we
have referred to as the carry-over mechanism, explaining why better
animal LWG could be achieved after the winter (in September and
October, Fig. 6).

3.3.3. Livestock emissions and profitability

The 2030s climate exhibits a reduction in monthly livestock emis-
sions of 15%, 10% and 9%, respectively, with good, moderate and poor
initial land conditions (Table 7) due to smaller optimal sustainable herd
sizes (OSHSs). The emission intensities, however, were relatively similar
between historical climate (0.42 kgCO2/kg beef sold) and 2030s climate
(0.43 kgCOy/kg beef sold).

Smaller OSHSs also reduced average annual gross margins in the
2030s climate which were lower than those in the historical climate by
$66 k (—13%), $47 k (—6%), and $6 k (—2%), respectively, for good,
moderate, and poor initial land conditions (Table 8). As a result, the
future profitability of the land resource declined to an average $45 per
ha compared to an average $49 per ha in the historical climate.
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4. Discussion

The focus of this study is on the impact of climate change on the
seasonal production of the feed base and its translation to herd dy-
namics, animal productivity (per head) and production (per hectare),
enterprise profit and emissions, and the feedback interactions associated
with animal numbers (herd size, stocking rate) and land condition.
Direct impacts of climate change on cattle are areas of ongoing research
and development. A warmer climate tends to increase water demand
among cattle, and increase both cattle heat stress (Henry et al., 2012;
Chang-Fung-Martel et al., 2017), and the vulnerability of cattle to dis-
ease and parasites (Sutherst, 2001), while reducing pasture quality
(Minson and McDonald, 1987).

Our whole-of-farm feedback simulations (in CLEM) provide, for the
first time, a detailed climate change impact assessment of the perfor-
mance of individual cattle for an enterprise in central Queensland.

The results in generally consistent with other simulations and
empirical studies in northern Australia. Cobon et al. (2020) conducted
GRASP simulations for 171 sites and estimated the average percentage
change in annual pasture productivity for all of Queensland as—21% and-
2%, respectively, for a given rainfall and temperature response to a
future climate change scenario (AT, AR)of (0 °C,—20%) and (3 °C, 0%)
where the first figure in the bracketsATare the projected temperature
change and the second figures are theAR the projected rainfall changes.
Our new results lie within the ranges given by Cobon et al. (2020).

We also examined the impact of initial land conditions, projected
changes in the seasonal climate, and the projected frequency and in-
tensity of extreme events, and feedback interaction. We found that the
improved animal liveweight gains are within the range 3%, 8%) found
by a different liveweight gain model based on an empirical regression
method in Cobon et al. (2020) for future climate change scenarios of (0
°C,—10%) and (3 °C, 0%), respectively. Godde et al. (2019) through a
system dynamic approach in northern Queensland also found that de-
creases in the mean rainfall and higher rainfall variability reduced herd
sizes. Our biological and financial results for the baseline historical
climate are also comparable to those found by Ash et al. (2015) for a
northern Queensland representative enterprise (Table 9). This enter-
prise has a land area of 33,000 ha while the present enterprise is 8800
ha, reflecting the large difference in methane emissions (kg COse/ha/
year).
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Fig. 5. Monthly total animal numbers in herds for the historical climate and 2030s climate at three initial land conditions (LCs): good (1; left), moderate (6; middle)

and poor (10; right). The initial GBA was set at 3% in the three cases.
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Fig. 6. Monthly weight gains of the steers (males up to 24 months) for the historical climate and 2030s climate at three initial land conditions (LCs): good (1; left),
moderate (6; middle) and poor (10; right). The initial GBA was set at 3% in the three cases.

Table 6

Annual weight gains of the steers (males up to 24 months) for the historical
climate and 2030s climate at three initial land conditions. The initial GBA was
set at 3% in the three cases.

Initial land condition Average annual weight gain (kg/ Impact (%

(index) head) change)
Historical 2030s
climate Climate
Good (1) 124 126 2
Moderate (6) 114 117 3
Poor (10) 105 110 5
Table 7

Monthly emissions of the beef enterprise in the historical climate and 2030s
climate at three initial land conditions. The initial GBA was set at 3% in all three
cases.

Initial land condition =~ Monthly average (tCO2e) Impact (% change)

Historical climate 2030s Climate
Good 12.53 10.71 -15
Moderate 11.42 10.24 -10
Poor 10.38 9.46 -9

4.1. Effects of rainfall uncertainty and elevated CO2 concentrations

The impact of changing rainfall on pasture is complex, depending on
its surrounding environment (wooded or cleared), and if growth is water
or nitrogen limited (Webb et al., 2012). Future precipitation changes are
likely to influence pasture production more than the stocking method
(Hall et al., 2014). Pasture growth rate responds positively to the
elevated CO5 concentration (Cullen et al., 2008; Cobon et al., 2020)
owing to its effects on plant photosynthesis, nitrogen and canopy
conductance (Long et al., 2004). In this study, pasture parameters
affected by CO2 concentration were calibrated according to the current
ambient level of atmospheric CO5 concentration in both the historical
and 2030s climates. It is likely that higher CO, concentration might have
positive effects on pasture growth in the wetter 2030s climate of the low

10

Table 8

Average annual gross margin of the beef enterprise in the historical and 2030s
climates at three initial land conditions. The initial GBA was set at 3% in all three
cases.

Initial land condition ~ Average annual gross margin (GM)

of the beef enterprise (AUDKk)

Impact (% change)

Historical climate =~ 2030s climate

Good 507 441 -13
Moderate 426 401 —6
Poor 362 356 -2

impact scenario (Fig. 3), leading to higher liveweight gains, particularly
in winter. This idea, however, needs further investigation.

While we found reductions in the pasture production due to a
reduction in rainfall, we are, however, cautious about future rainfall
projections. Higher and lower rainfall compared to what we studied here
is possible and should be considered together with an elevated CO5
concentration. Cobon et al. (2020) showed that if future rainfall in-
creases by 10% with a CO5 concentration at 700 ppm, a 30% increase in
QLD pasture production can be achieved. Increased pasture production
in winter is important for livestock productivity, however we estimate a
lower annual production in the 2030s climate due to lower annual
pasture production and lower herd size needed to maintain the land
condition.

4.2. Future efforts

In this study, we showed that a warmer future climate might lift
pasture productivity in winter, increasing cattle liveweight gain sub-
stantially in winter and spring for production systems where winter is
the critical period of feed shortage across northern Australia.

Improved pasture growth in winter was also found in other studies
for grazing systems in southern Australia (Cullen et al., 2008; Moore and
Ghahramani, 2013; Harrison et al., 2017) and Queensland (Cobon et al.,
2020). However, improved pasture growth effects on animal liveweight
are yet to be comprehensively quantified and explained. In northern
Australia where summer is the main growing season, winter is a critical
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Table 9

Average annual biological and financial results for the baseline historical climate
with moderate initial land condition. Results by Ash et al. (2015) were from a
modelled case study in Townsville (the northern Queensland representative
enterprise) for the simulation period of 1985-2010.

Ash et al. This Regional average
(2015) study
Herd size (AEs) 2901 2532
Weaning rate (%) 58 62 61 (Holmes, 2011), 62 (
McGowan et al., 2014)
Growth rate (kg/head/ 127 115~
year)
Beef turned off (kg) 331,091 297,959
Methane (kg CO.e/ha/ 205 697
year)
Methane intensity (kg 18.7 15
COze/kg beef
produced)
Pasture utilisation (%) 27 267
Gross margin ($/AE) 125 166 152 (Holmes, 2011)

" Only for steers.
“* This estimation is the average in June over all years (1975-2013).

period of limited pasture growth typically being associated with nega-
tive liveweight gains. A small improvement in winter pasture growth is
therefore of significance as demonstrated for our Central Queensland
beef enterprise. It is likely that better pasture growth in winter might
apply for the whole beef production sector of northern Australia. This
indicates the need for a large-scale study in northern Australia to
determine the extent of increased lightweight gains, including the pos-
itive effects of elevated CO, concentration, but with reduced sustainable
herd sizes in the future climate. We also need a large-scale study on the
effects of warmer future climate on global grazing systems. These large-
scale studies haven't been possible due mainly to the limitation in
modelling capability at the livestock enterprise level and an efficient
coupling mechanism with locally validated pasture production
databases.

4.3. Incremental vs transformative adaptation

By altering a significant component of the biophysical environment,
climate change is placing an adaptation challenge on global grazing-
based production systems given the current patterns of land use and
management. Changes in adaptation are required to cope with both an
increased incidence of extreme weather events and change in long-term
mean conditions (Rivington et al., 2007; Harrison et al., 2017). Climate
change impacts are often specific to local conditions, meaning adapta-
tion options need to be developed in a way that are context- and
application-specific (Cullen et al., 2021). Incremental adaptation of
current management systems such as increasing soil fertility, adaptive
pasture species and animal genetic improvement are potential options
but they become less effective with larger or more rapid changes to the
climate (Ghahramani and Moore, 2015). In such cases, more trans-
formational changes in resource allocation need to be considered, such
as radical land use change including changing location to access more
favourable climatic regions, diversification of production systems and
livelihoods (Howden et al., 2007; Tran et al., 2022).

In the present study, we found that the 2030s climate will likely
cause increased drought sensitivity of the enterprise due to rainfall
reduction with more dry days and longer dry spells. In terms of herd
dynamics (animal number), we demonstrated that better land conditions
are more resilient to drought in the baseline climate but not the case in
the 2030s climate due to the increased risk of large reductions in the
herd size. This is likely a result of climate change impacts on pasture
biomass productivity where the good land condition showed the greatest
biomass productivity decrease in the 2030s climate. There were smaller
decreases in pasture biomass productivity when there was less pasture
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growth and grass basal area where poorer land conditions were para-
meterised to reflect a greater proportion of annual grass species. How-
ever, future climate might not change the livestock emission intensity
and net-zero emission remains a challenge. Furthermore, despite the
estimated better liveweight gain of animals that can be achieved in
winter due to warmer conditions elevating pasture growth and extend-
ing the growing season, there will likely be a reduction in the annual
production of pasture by 2030s. This will lead to the reduction of the
sustainable herd size, reducing beef production per financial year, the
annual income and the profitability of the land resources (gross margin
per ha). More adaptation options and pathways are required which will
require changes to production systems. We need to address the adap-
tation challenge through a transdisciplinary research approach (Klenk
and Meehan, 2015; Cullen et al., 2021), integrating knowledge from
different disciplines and combining farmer knowledge with farm sys-
tems and economic analysis as well as social understanding regarding
the drivers of change.

4.4. Limitations

While important to understand the climate change impact in tradi-
tional timespans such as in 2050s and further, there is a stronger demand
from stakeholders including farmers or farm managers in understanding
impacts in a near future such as the 2030s climate, responding to the
changes currently observed and fostering their immediate actions. We
thus concentrate on the 2030s climate in this study. We also acknowl-
edge that climate variability in eastern Australia is high and there is real
uncertainty in trying to parameterise the model for theoretical 2050s
conditions.

Grazing production systems in northern Australia are complex sys-
tems which involve pasture and animal production, herd management,
economics, emissions, and the interactions among these things. While
the presently developed whole-of-farm model aiming to satisfactorily
represent these factors and their interactions, it has limitations as a
modelling approach and inherited shortcomings from its component
models such as those of GRASP and CLEM. We note that CLEM is
currently under active development to meet diverse modelling re-
quirements from users.

The used CLEM currently cannot assess the direct impacts of climate
change on animal such as the heat stress on cattle or on reproductive
performance of the cows, which are areas of ongoing research and
development in the model. All the climate change impacts on the studied
beef enterprise were derived from the effects of climate change on the
forage base (grass growth and production) and their translation into the
cattle herd through feeding and management and the feedback inter-
action between herd dynamics and pasture growth. Interactions such as
how the enterprise emissions are changing regarding different herd
management operations require further model development. We then
can model, for example, if the enterprise carbon footprint can be
reduced by more forage in winter and greater weight gains helping
steers reach market weight sooner. We also note that some of our find-
ings might be specific to the modelled enterprise system — a self-
replacement breeding herd solely on self-produced pasture — and stud-
ied geographical region in the present work. In other parts of the world
or enterprises, steers might not finish on grass but on feedlot operations,
farm managers can buy weaners, and feed supplements are provided
routinely.

5. Conclusion

We conducted the first holistic and benchmark study on climate
change impacts at the enterprise level in Central Queensland which
included feedbacks on livestock production associated with land con-
dition. The modelling challenge was how to robustly quantify the
climate change impacts on the studied beef enterprise of the 2030s
climate over the baseline period because the impacts might be small and
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indistinguishable from interannual variability in certain systems. We
addressed that challenge for the northern Australia beef cattle produc-
tion systems by the proposed and developed coupling method between
grass and animal dynamics, allowing to account the feedback of herd
dynamics on the grass growth that we hypothesise is the driving factors
of this system.

The findings have implications for beef production in subtropical/
tropical pastoral systems. For the projected 2030s climate that best
matches the recent observed trends at the studied region, we estimate a
reduction in monthly rainfall by around 10% and an increase in monthly
temperature by 1 °C around 2030s. The rainfall reduction and temper-
ature increase in the 2030s climate will reduce pasture growth in spring
and summer but increase pasture growth in winter and autumn. The
increased pasture growth in winter and autumn cannot compensate for
the reduction in pasture growth in other seasons but can improve animal
weight gain in winter and spring, increasing the annual weight gain of
selling steers which has implications for income of the beef enterprise.
These outcomes were previously unknown without detailed biophysical
modelling.

Despite the better liveweight gain, we have shown that under the
warmer and drier 2030s climate scenario considered, there will likely be
a negative impact on overall beef production and profits under all initial
land conditions because of a reduction in the sustainable herd size to
avoid deteriorating the land condition. The same 2030s climate scenario
will likely see a reduction in annual beef production as well as the
economic viability of the available resources (gross margin per ha).
While the emission intensity in the 2030s climate considered will remain
stable, an increased drought sensitivity of the enterprise due to rainfall
reduction with more dry days and longer dry spells is projected. In terms
of herd dynamics (animal number), we demonstrated that better land
conditions are more resilient to drought in the baseline climate but not
the case in the 2030s climate due to the increased risk of large reductions
in the herd size. This is a result of climate change impacts on pasture
biomass productivity where the good land condition showed the greatest
biomass productivity decrease in the 2030s climate.
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