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Abstract

Abstract
The Intergovernmental Panel on Climate Change (IPCC) has estimated that by 2050, Australia will
be one of the most negatively impacted regions by climate change. More frequent and severe extreme
events such as heatwaves, droughts or floods present significant challenges to the productivity and
profitability of climate-dependant agricultural sectors, with economic losses of up to 19%. Australian
dairy regions are expected to experience greater frequency, duration and severity of extreme climatic
events in the next 20 years. Thus, the primary objective of this research was to analyse the impacts of
extreme heat events and other extreme climatic events on the plant and animal productivity of
pasture-based dairy farms in Australia.
In the first part of this thesis, we reviewed the impact of climate change on pasture-based dairy
systems with a focus on extreme climatic events. The review provides insight into current methods for
assessing and quantifying the risk of heat stress impacts on pastures and animals. We found the
temperature humidity index (THI) to be one of the most appropriate indicators of heat stress in dairy
cattle. Adapting milking routines, calving times and introducing heat tolerant animals are some
proposed strategies to reduce the incidence of animal heat stress while alternative pasture species,
better adapted to heat waves and prolonged periods of water deficit, are proposed for improved
pasture production in future climates.
We next investigated regional milk production losses in 99 commercial dairy farms during a real,
pervasive period of excessive heat in Australia. Using an auto-regressive time-series approach, we
demonstrated that present heat events have significant detrimental effects on the milk production of
dairy farms. Cumulative regional milk production during a spring heat event in November 2009 were
reduced by 3.4% in milk yield, 3.9% in energy-corrected milk and by 4.1% in terms of milk solids.
Aggregated losses for the nine-day heat event were estimated at 13,000 kg milk solids, with a farm
gate value of AUD$65,000. This study found significant spatial variability in production losses at the
regional level, providing insight into the impact of extreme heat events on the dairy industry. Such
economic losses demonstrated the impact of heat stress on dairy cows as well as the need for the
dairy industry to proactively implement adaptations, particularly in spring and summer, when the risk
of heat events is higher.

Abstract
Given the importance of heat stress in dairy systems, we conducted a systematic literature review
and meta-analysis to quantify the effects of heat stress on dairy cows through a relationship between
dry matter intake (DMI) and THI. The review accounted for differences between countries, breeds,
stage in lactation and parity. There was a significant negative correlation (r =-0.82) between THI and
DMI, wherein DMI was reduced by 0.45 kg/d for every unit increase in THI. This result facilitates
standardisation of heat stress and feed intake comparison across studies, including differences
between countries, breeds, stage in lactation and parity. Primiparous and multiparous cows did not
show significant differences in the reduction of DMI at increasing THIs. While differences in the DMITHI relationship between lactating and non-lactating cows were not significant, effects of THI on DMI
were significantly different across lactation stages. We also investigated the efficacy of cooling
strategies and showed that cooling adaptations became important above THI 68, indicating that this
THI could be viewed as a threshold at which cooling should be provided. Passive cooling (e.g. shading)
was more effective than active strategies (e.g. fans and sprinklers) at alleviating the reduction in DMI.
The meta-analysis and development of the THI-DMI relationship allows users to predict effects of heat
stress across environments and animal genotypes and will be useful both from disciplinary (e.g. animal
nutrition) and systems modelling perspectives.
Having examined historical impacts of extreme climatic events on dairy farms, we next evaluated
the relative influence of pasture and animal heat stress on the productivity of whole dairy farming
systems and under two future climate scenarios, accounting for variation in extreme climatic events.
Future climate projections were developed using monthly regional climate scaling factors based on
Representative Concentration Pathway 8.5 for 2050 from 40 global circulation models. Climate
projections accounted for increased frequencies of extreme events with more heatwaves, longer
droughts and more extreme rainfall events than historical climates. A whole farm systems model was
used to quantify the relative effects of heat stress on pasture growth rates, animal DMI and milk
production in three major dairy locations in Australia. Although contemporary systems models are
well equipped to account for pasture responses to temperature, often they do not account for heat
stress effects on livestock. Hence, we used the THI-DMI relationship developed in the previous chapter
to account for the relative importance of animal heat stress and contrasted this to the effects of heat
stress on plants that were implicit to the model outputs. We found that effects of animal heat stress
on DMI and lactation were greater than the effects on the same variables caused by plant heat stress.
Across sites and climate scenarios, the relative impact of animal heat stress ranged between 10-30%
versus 2-15% in plants, suggesting that past modelling of the impacts of heat stress on pasture-based
dairy systems may have underestimated the extent to which heat stress influenced DMI and lactation.
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Abstract
Under future climates, effects of heat stress on pasture and animal DMI were more pronounced than
under historical climates, as future climates were both hotter and drier. Relative to historical climates,
lactation was reduced by 11-35% by 2050 across sites when both plant and animal heat stress were
considered.
This thesis provides insight into the effect of future climates on dairy systems as extreme events
increase in frequency, severity and duration. Extreme heat events will challenge the productivity of
temperate perennial ryegrass grazing systems by compromising pasture quality and quantity, creating
a seasonal feed-supply gap on pasture-based dairy farms. As heat events become more frequent in
many regions, pasture-based dairy farmers will be forced to adapt to remain profitable and maintain
good animal welfare standards. Beneficial adaptations may include the nutritional management of
dairy cows to account for the energetic and nutritional costs associated with heat stress while
maintaining low metabolic heat production, planting trees for outdoor shading, and incorporating
heat- and drought tolerant pasture species. Future systems modelling work should account for the
impacts of heat stress on dairy cows, as this aspect can be even larger than impacts of heat stress on
pastures. In addition, future experimental and modelling work of pasture-based dairy should consider
the implementation of ‘animal-focused’ heat mitigation adaptations. While shading and sprinklers are
beneficial in countries such as the US, where animals are confined, such strategies are not always
practical in Australian pasture-based systems. Successful adaptation of future grazing systems can
only be truly achieved through systematic analyses of future challenges and opportunities arising from
changing climates, highlighting the need for studies such as those conducted here.
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In Australia, dairy farming is predominantly pasture-based with over 90% of farms located in the
south-eastern temperate regions where favourable climatic conditions provide a competitive
advantage for the production of perennial ryegrasses, a nutritious home-grown pasture (Dairy
Australia 2020). Dairy contributes 7% (4.4 billion AUD at the farmgate) of the national gross value of
agricultural production (ABS 2019) and directly employs over 46,000 people. With a declining number
of dairy farms (5,213 in 2018-19 vs. 7,511 in 2010) but growing herd size (average 276 dairy cows in
2018-19 vs. 93 per herd in 1985) (Dairy Australia 2020) and larger milk outputs per farm, the
productivity and profitability of the Australian dairy sector is highly reliant on seasonal climatic
conditions and stable feed supply through pasture production.
Having a ready, perennial pasture supply for grazing dairy cattle enables Australian farmers to
remain competitive in a global market but also means the industry is vulnerable to changes in climate.
Climate change is anticipated to have implications for the productivity and profitability of Australian
dairy farms, the welfare of dairy cows and on the beneficial effects of the dairy sector on society as a
whole (Hanslow et al. 2014; Hennessy 2007). Rising global temperatures will continue to influence
climatic variability, leading to increased frequency, intensity and duration of heatwaves (Field et al.
2014). As recently as 2019, the Australian dairy sector was heavily impacted by significant climatic
events. Drought, floods and bushfires reduced annual milk production by 5.7% (8,795 million litres)
primarily due to (i) reduced feed availability and (ii) increased production costs associated with
purchasing of supplementary feed to meet the seasonal feed gap and irrigation costs (Dairy Australia
2020). This trend underscores the ongoing cost-price squeeze in the dairy sector, with increasing costs
of production but with smaller growth in milk prices (Bill Malcolm, pers. comm.). Challenging seasonal
conditions combined with low farmer confidence for production profits led many producers to destock cattle while others exited the industry altogether (Dairy Australia 2020), further reducing overall
productivity and long-term resilience of the Australian dairy sector. Evidently, dairy farming is already
heavily influenced by extreme climatic events, however both production and profitability losses of
present heat events are seldom quantified. Indeed, to date there has been little work on the
opportunities of climate change adaptations on the pasture-based dairy industry in Australia. The
potential impact of future heat events in Australian dairy has been estimated from climate change
projections by evaluating the variability in heat stress days (Nidumolu et al. 2010), however, the
authors are not aware of current estimates of the cumulative regional lactation losses attributable to
heat events in existing pasture-based dairy farms in Australia. Thus, we aimed at examining cumulative
regional impacts of actual heat events on lactation losses in commercial Australian dairy farms.
Greater understanding of the magnitude and implications of heat-induced lactation losses is essential
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for reliable evaluation of aggregated economic and management decisions of farmers, which is
important for processors, retailors and government. Improved estimates of milk production are
important for making decisions at the farm but also for processors and government. At the farm level,
accurate predictions are vital to dairy farmers for making short- and long-term management decisions
that influence business profitability. For processors and government, it addresses future industry
needs and profit benchmarks, informs and guides policy and supports domestic and international
trading decisions. However, existing milk forecasting methods require parametrisation of complex
lactation models by fitting variables such as calving patterns, days in milk, lactation persistence,
stocking rates and parity (Adediran et al., 2007; Olori et al., 1999). These data are often not recorded
in the production records of commercial enterprises. Therefore, we also aimed to develop a method
that allows forecasting of milk production at the farm level using only conventional milk production
records allowing the prediction of future productivity using records from existing commercial dairy
farms or processors, negating the need for estimation of parameters of process-based models.
It is well known that dairy cows in particularly are susceptible to hyperthermia due to their high
productivity (Chebel et al. 2004; Polsky and von Keyserlingk 2017) and with a national herd composed
of mostly Holstein-Friesian breeds (70%)(Dairy Australia 2020), the impact of heat events on Australian
dairy is likely extensive if no adaptations are implemented. While the onset of heat stress in dairy cows
occurs when body temperature increase above normal, ambient temperature alone is not the best
indicator for heat stress in dairy cows. Greater relative humidity can contribute to heat stress at lower
ambient temperatures by reducing the animal’s ability to dissipate heat with the environment. For
this reason, the temperature-humidity index (THI), a function of ambient temperature and relative
humidity, is considered the most appropriate climatic indicator of heat stress in dairy cows due to its
strong correlation with body temperature in hyperthermic cows (Bouraoui et al. 2002). With rising
THI, heat stressed cows experience lower feed intake, impaired nutrient absorption and compromised
animal welfare that ultimately leads to a reduction in lactation (Das et al. 2016; Kadzere et al. 2002)
through cascading physiological mechanisms that trigger and re-direct energy and nutrients to
maintain thermoneutrality (Cowley et al. 2015b; Shwartz et al. 2009). In ruminants, reducing feed
intake decreases internal heat load from feed fermentation (Ominski et al. 2002a), but when reduced
intake is combined with increased energy demands, a negative energy balance further exacerbates
productivity declines. Reduced dry matter intake (DMI) is thus attributed to lower milk productivity in
dairy cows (Gao et al. 2017b; Wheelock et al. 2010b) and may be used to estimate production losses.
Despite well-established relationships between THI and DMI at the animal level, there are few THIDMI relationships that account for differences in animal genotype, stage of parity, location and other
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factors within the one regression. For this reason, the third objective of this thesis was to conduct a
meta-analysis of published research and establish a relationship between THI and DMI in dairy cattle,
accounting for factors such as breed, stage in lactation, parity, location and others. Such a relationship
would facilitate estimation of the effects of animal heat stress and THI on intake, which can then be
used in component-level and holistic systems-based studies to examine how heat stress affects
productivity across a range of environments, animal traits and management factors.
Past research indicates that greater carbon dioxide (CO2) concentrations and increasing
temperatures may increase pasture production in the dairying regions of Australia by 4-10% by 2030
(Cullen et al. 2008), with warmer temperatures increasing growth rates in winter and early spring
(Cullen et al. 2009). However, recent studies have reported the negative impacts of climate change
from changes in rainfall and heat events (Kalaugher et al. 2017; Perera et al. 2020). In general, previous
studies have focussed on mean changes in climate rather than changes in variability or extremes and
may have underestimated the full extent of the impact that originates from changes in climate
variability (Thornton et al. 2014). Recent work suggests that effects of climate change to 2030 on
productivity and profitability in the same regions will be negative if extreme climatic events are
accounted for (Harrison et al. 2016). Climate change increased annual variability in pasture intake,
productivity and profitability due to reduced pasture production that significantly influenced livestock
productivity when extreme climatic events were included in the analysis (Nardone et al. 2010), and
together, such effects increased production costs (e.g. purchased feed) and reduced operating profits
(Harrison et al. 2017b).
Previous studies have shown that further work on the impact of future climates accounting for
extreme climatic events is necessary, however such work often has not accounted for the impacts of
extreme events on pasture and cattle heat stress (Johnson 2016). Perera et al. (2019) investigated the
implementation of leaf-level heat stress effects in DairyMod, but did not evaluate the overall effect of
pasture heat stress on the productivity of pasture-based dairy systems. A key question that remains
largely unanswered is the contribution of animal heat stress to production losses during heat events.
Reduced quantity and quality of pasture reduces dairy cow productivity due to fluctuations in energy
and nutrients in feed, and when combined with animal heat stress related reduction in DMI, further
exacerbates production losses. This thesis also aimed to use the model DairyMod (Johnson 2016) to
investigate the extent to which animal heat stress influences DMI and lactation above that caused by
plant heat stress alone. Indeed, while DairyMod accounts for general temperature effects on pasture
and its influence on DMI, effects of heat extremes on animals are not considered in the model. This
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suggests that further consideration of the effects of animal heat stress in whole farm systems models
may be necessary. Thus, using the results from the meta-analysis, the main objective of the final
chapter was to evaluate the relative influence of pasture and animal heat stress on the productivity of
whole farm systems under current and future climate scenarios.
Impacts of climate change and extreme events on dairy businesses range from economic, to
biophysical, to social and even political. Holistic whole-farm systems modelling allows us to quantify
the impacts of extreme heat events on pasture and livestock. Such work facilitates the incorporation
of animal heat-related DMI production losses and enables the investigation of ‘animal-focussed’
adaptations. While THI as a simple metric can indicate the onset of heat stress in dairy cows, wholefarm systems approaches are needed for tactical and strategic planning such as the influence of
changes in pasture type or stocking rate, and to account for effects of feedback loops such as pasture
offtake and growth and milk production under future climates. The overall aim of this work was to use
systems thinking to examine the effects of climate change and extreme climatic events on pasturebased dairy farms in Australia, and to provide guidance on farm adaptations and recommendations
for future systems modelling approaches.
The specific aims of this thesis were:
(1) To examine cumulative regional impacts of actual heat events on lactation losses in
commercial Australian dairy farms
(2) To develop a method for forecasting milk production losses at the farm and regional levels
using only conventional farm milk production records
(3) To conduct a meta-analysis of published research and establish a relationship between the
temperature-humidity index (THI) and dry matter intake (DMI) in dairy cattle, accounting for
factors such as breed, stage in lactation, parity, location and others.
(4) To evaluate the relative influence of both pasture and animal heat stress on the productivity
of whole farm systems under current and future climate scenarios while accounting for more
frequent extreme climatic events.
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Chapter 2 – Literature Review

Abstract
Abstract
Extreme climatic events such as heat waves, extreme rainfall and prolonged dry periods are a
significant challenge to the productivity and profitability of dairy systems. Despite projections of more
frequent extreme events, increasing temperatures and reduced precipitation, studies of the impact of
these extreme climatic events on pasture-based dairy systems remain uncommon. The
Intergovernmental Panel on Climate Change has estimated Australia to be one of the most negatively
impacted regions with additional studies estimating Australian production losses of around 16% in the
agricultural sector and 9-19% between the present and 2050 in the south-eastern dairy regions of
Australia due to climate change.
Here, we review the literature on the impact of climate change on pasture-based dairy systems
with a focus on extreme climatic events. We provide an insight into current methods for assessing and
quantifying heat stress highlighting the impacts on pastures and animals including the associated
potential productivity losses and conclude by outlining potential adaptation strategies for improving
the resilience of the whole-farm systems to climate change. Adapting milking routines, calving systems
and the introduction of heat stress tolerant dairy cow breeds are some proposed strategies. Changes
in pasture production would also include alternative pasture species better adapted to climate
extremes such as heat waves and prolonged periods of water deficit. To develop effective adaptation
strategies, we also need to focus on issues such as water availability, animal health and associated
energy costs.

Key words: temperature-humidity index, milk, cattle, model, heat wave, rainfall, grassland

2.1 Introduction: extreme climatic events
Changes in climate are evidenced by increased frequencies and intensities of extreme events
worldwide (IPCC 2012). Extreme events are statistically defined as those climatic events that fall
outside the 10% to 90% probability distribution of an Intergovernmental Panel on Climate Change
(IPCC)-defined baseline period (1961-90) (Fig. 2.1.1) (CSIRO 2007). Extreme events may also be the
accumulation of multiple moderate weather events with brief intra-event periods leading to a single
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extreme event with greater intensity, frequency or duration (IPCC 2012; White et al. 2010) often
causing significant damage and loss of income.
Future changes in temperature and rainfall patterns are likely to be the main drivers of more
frequent and severe extreme events (CSIRO 2007; CSIRO and Bureau of Meteorology 2015) such as
heatwaves, droughts or floods, which are already a significant challenge to the productivity and
profitability of climate-dependant sectors such as agriculture. Relative to the period between 1986
and 2005, extreme climatic events in Australia are projected to increase in both number and
magnitude by 2081-2100 (CSIRO and Bureau of Meteorology 2015) and include an increase in extreme
heat events, number of ‘hot’ days (defined as those above the temperature threshold of 35°C) and a
reduced number of extreme cold events (CSIRO and Bureau of Meteorology 2015). Temperature
driven increases in the frequency and intensity of extreme rainfall events throughout Australia are
described to increase the potential for flooding and erosion events, while extreme dry conditions are
likely to become more frequent and severe, particularly in the south-eastern regions of Australia
(CSIRO and Bureau of Meteorology 2015). In areas such as Australia and New Zealand, where dairying
is primarily pasture-based and relies greatly on the efficient conversion of pastures into milk, the
effects of increased extreme events are likely to have significant negative impacts that will be over
and above those of mean climate change alone (Harrison et al. 2016).
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Fig. 2.1.1. The classification and frequency of extreme events within a time period can be affected
by (A) shifts in the mean towards a hotter drier climate, (B) increases in variability or (C) shape of
the probability distributions. Adapted from IPCC (2012).

Using the heatwave definition from the Australian Bureau of Meteorology as a period of at least
three days where the combined effect of unusually high temperatures in any area is rare within the
local climate (Bureau of Meteorology 2012; CSIRO and Bureau of Meteorology 2015); the duration,
frequency and intensity of heatwaves has increased in Australia since 1950 (CSIRO 2014). For
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heatwaves, we define ‘duration’ as the number of consecutive days with abnormally high
temperatures within the local climate and that occur within a single heatwave, ‘frequency’ as the
number of times a heatwave occurs in a given period and which are separated by at least one day, and
‘intensity’ as the peak magnitude of heat when maximum daily temperature is greatest. The number
of extreme heat events have outnumbered extreme cold records by almost 3 to 1 for daytime
maximum temperatures and almost 5 to 1 for night-time minimum temperatures (CSIRO 2014) while
the average duration of heatwaves in the south-eastern dairy regions in Australia has increased from
2 days per heatwave event between 1960 and 1999, to 4 days per heatwave event between 2000 and
2008 (Nidumolu et al. 2014). A declining trend in winter rainfall persists in the southwest of Australia
with below average precipitation in the southeast since 1990 (Nicholls et al. 2000). Prolonged dry
periods are likely to become more prevalent by 2030, mainly in southern (+20%), eastern (+40%) and
south-western (80%) regions of Australia (Dai et al. 2004; Solomon et al. 2007). An analysis of past
periods of persistent dry conditions revealed that mean maximum temperatures, mean minimum
temperatures and evaporation rates were significantly higher during Australia’s Millennium Drought
(1996-2010), suggesting more adverse conditions than in previous occurrences when there were
similar levels of rainfall (Cai et al. 2014).
Without adaptation, climate change and extreme events are predicted to negatively impact on
agriculture by reducing both the quantity and nutritive value of the pasture feedbase, animal
performance, animal health and welfare (CSIRO 2014; IPCC 2012; IPCC 2013). These changes will
consequently affect agricultural industries at the farm and regional levels. The Australian Bureau of
Agricultural and Resource Economics and Science (ABARES) has projected a climate-driven decline in
the country’s economic growth in the absence of adaptive responses. The Stern Review on the
Economics of Climate Change (2007) suggested the impact of climate change on agriculture to be
primarily dependent on geographic location with countries at lower latitudes like Australia, projected
to be most adversely affected. The report also suggests that parts of Australia would no longer be
suitable for agricultural production, mostly due to water limitations (Stern 2007) consequently
affecting the economic output of the Australian dairy sector more than other important dairy
exporters like New Zealand (NZ), United States (US) and countries in the European Union (EU-25). The
impact of climate change on agriculture is estimated at a loss of around 16% nationwide (Cline 2007)
and between 9% by 2030 and 19% by 2050 in the Australian dairy sector if no adaptation or mitigation
strategies were implemented (Ahammad 2010). Although rare in Australia, there has been extensive
research of dairy farm adaptation to climate change in other countries. Kalaugher et al. (2017)
analysed six past-based dairy farms in New Zealand and suggested that without adaptation, a negative
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impact of climate change would likely occur in all regions. However, the level of impact was largely
dependent on local climate variability as well as on the management practices of each farm. These
results indicate that widespread studies applying a generic management scenario and/or farm details
to several regions should be treated with caution. In Ireland, Fitzgerald et al. (2009) found that grassbased dairy production was able to adapt to climate change; that there were differences between
farms on poorly and well-drained soils, and that there would be more feed in spring and autumn. In
East Africa, Claessens et al. (2012) showed that mean agricultural income of small-holder dairy farmers
could be increased by 3-31% by planting sweet potato or an improved maize variety, depending on
location and species. However, none of these studies were specifically targeted towards either the
impacts of or adaptation to extreme climatic events on dairy farming practices. Despite this, there is
relatively little information examining how extreme events will impact whole farm performance in
major dairy regions in Australia and the cascading influences of these impacts on the overall economic
performance of the Australian dairy sector.
This chapter reviews the influence of climate change on the dairy industry in Australia with a
particular focus on the impact of extreme events. In the following sections, we provide an insight into
the Australian dairy industry and the potential effects of climate change and extreme climatic events
on this industry. We also discuss the impacts of extreme events on pasture and animal production as
well as the potential for whole farm adaptations.

2.2 The Australian dairy industry
Australia is the third largest exporter of milk and dairy products in the world after NZ and the US
(ABARES 2015), selling about 40% of national production as liquid milk, milk powder, yoghurt, butter
and cheese (Dairy Australia 2015b). Although farm numbers have decreased (21,994 in 1980 down to
6,314 in 2014), the Australian average herd size has increased to 284 dairy cows (ABARES 2015; Dairy
Australia 2015b) (Fig. 2.2.1). Australia has around 2.86 million dairy cattle (ABARES 2015), with a 1.74
million cow milking herd, an annual average lactation of 5,957 litres/cow and produces almost 10
billion litres/annum (Dairy Australia 2015b).
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Fig. 2.2.1. Dairy regions in Australia and their proportionate milk output, number of farms and
number of dairy cattle. Compiled from Dairy Australia (2014); Dairy Australia (2015a); Dairy
Australia (2015b).

Pasture-based dairy systems are generally located in areas of high rainfall or areas with irrigation
(e.g. irrigated pastures exist in southern New South Wales, Murray Dairy, South Australia and southern
Tasmania). Consumption of home-grown herbage is a key determinant to business success (Chapman
et al. 2008) and 96% of Australian dairy farmers use grazed pastures as their primary feeding systems
(Dairy Australia 2015c). According to Dairy Australia (2015a) there are eight major dairy regions:
Subtropical, Gippsland, Murray Dairy, Western Dairy, New South Wales, South Australia, Western
Australia and Tasmania (Fig. 2.2.1). For the Subtropical dairy region, climatic limitations are a major
(Cullen et al. 2012)challenge as higher temperatures and low rainfall can reduce pasture digestibility
such that supplementary feeds are required. South Australian and Western Australian dairy are mainly
supported by irrigated pastures, but dry conditions have recently compromised production as new
water restrictions were imposed (Chapman et al. 2007). On the other hand, and contrarily to all other
dairy regions, the Tasmanian dairy has shown increased milk production by over 30% in the last decade
(Dairy Australia 2015b), mainly attributed to favourable temperate climate conditions and availability
of irrigation. Eleven percent (11%) of Tasmanian farmers and 8% of farmers in Gippsland fed
exclusively grazed pastures; higher than in all other dairy regions in Australia (0-4%) (Dairy Australia
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2015c). The only states reported to have adopted some zero-grazing systems and that use feeding
systems that confine cattle year-round (total mixed ration) are those with the most challenging
climates for dairying with 9% in Queensland and 8% in South Australia (Little 2011). Such an intensive
feeding system represents a significant economical investment associated with infrastructure and
feeding equipment. The most commonly adopted feeding system is a combination of both pasture
(grazed and conserved) and some supplementary feeding of grains (Dairy Australia 2015c).
In Australia, milking practices in summer as well as the warmer periods of autumn and spring are
commonly focussed on alleviating animal heat stress, such that some farm managers have introduced
strategies like late afternoon milking and/or autumn calving to shift peak milk production to the cooler
months. Calving patterns for the basis of annual milk supply traditionally coincide with periods of peak
pasture supply. Spring calving (in the southern hemisphere from September to November) is the
predominant system throughout Australia and coincides the highest requirements of feed demand
with reliable pasture biomass availability due to optimal soil and ambient temperatures for pasture
growth, day length and soil water availability (Sergeant et al. 2005). However, unreliable spring growth
and a demand for a steady milk output throughout the year are seeing an increasing number of farms
moving part or whole of the milking herd towards autumn calving (Sergeant et al. 2005).

2.3 Changes in pasture yield, growth and nutritive value
In Australia, under future climate scenarios pasture growth rates are predicted to increase during
winter months, whilst decreasing in late spring, summer and autumn (Cullen et al. 2012). In general,
up to 2040 increasing atmospheric CO2 concentrations coupled with small increases in temperatures
will increase pasture yields during winter and spring, as well as an earlier onset of spring break by one
or two months (Holz et al. 2010). After 2040, pasture species not currently in common use but capable
of withstanding higher summer temperatures and soil water deficits may be required.
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Fig. 2.3.1. Estimated changes in average pasture growth, air temperature and rainfall under future
climates in the main dairy regions of Australia. Where available, pasture species simulated are also
included. This graph was compiled from (GCMs and emissions scenarios are listed in parenthesis
where available): CSIRO and BoM 2015 (CIMP5, RCPs IPCC 2014); CSIRO 2008 (SRES IPCC 2000);
Cullen et al. 2008 (CSIRO CMP); Cullen et al. 2009 (CSIRO Mark 3; A1FI SRES IPCC 2000); Cullen et al.
2012 (A1FI SRES IPCC 2000); Eckard and Cullen 2008 (CSIRO CMP); Hennessy 2007 (SRES IPCC 2000);
Holz et al. 2010 (CSIRO Mk3.5, UKMO-HadCM3, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1,
MIROC3.2; A2/B1 SRES IPCC 2000); Phelan et al. 2015 (CSIRO Mk3.5, UKMO-HadCM3, ECHAM5/MPIOM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2; A2/B1 SRES IPCC 2000)

With greater atmospheric concentrations of CO2, both C3 and C4 pasture biomass are likely to
increase but could become compromised in their quality. As leaf area is increased, carbohydrate
content is also increased but nitrogen is significantly reduced (Lilley et al. 2001; Wand et al. 1999),
depending on if leaf mass per unit area also changes (Harrison et al. 2009). Comparisons of the
productivity and performance of C3 and C4 pasture species under warmer conditions suggest that C4
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pastures (e.g. kikuyu) will outperform C3 pastures (e.g. ryegrass) for temperatures over 23°C and
under winter-dominant rainfall patterns (Bell et al. 2013) as ryegrass has an optimum growth at daily
temperatures between 18-20°C (Mitchell 1956) and has limited growth at temperatures above 28°C
(Harris et al. 1973). Increasing temperatures have also been estimated to have a marked impact on
dryland pastures such as phalaris and subclover by doubling their yield by 2040 relative to 1971 and
then plateauing. Ryegrass pasture yields under irrigation are also projected to plateau by 2040,
increasing by 25% relative to the 1971-2000 period but then decline by up to 15% by the end of the
century (Holz et al. 2010).
Climate projections for the dairy regions of Australia (Fig. 2.3.1) suggest average temperatures to
increase by 0.3-1.8°C by 2030 and up to 2.9°C by 2100 relative to 1990 (Hennessy 2007). Rainfall is
likely to decline in all the regions with marked seasonal variability, consequently reducing runoff and
increasing evapotranspiration rates when combined with rising temperatures (CSIRO 2008). Pasture
growth projections range from -15% up to +10% by 2030 relative to the 1971-2000 baseline due to
CO2 fertilisation effects and higher temperatures allowing for more winter growth. This in turn may
allow higher stocking rates and potentially improve milk yields (Cullen et al. 2009). However, by 2070,
pasture yields are estimated to decline, offsetting the initial favourable effect of climate change in
2030 (Cullen et al. 2009). Seasonality in production is forecast to become more pronounced as
summer yields are estimated to decline but annual yields will be moderately offset by more favourable
winter and spring growth up to 2040.
The increased incidence of soil moisture extremes due to changing rainfall patterns are likely to
have negative impacts on dairy farms. Reduced rainfall in combination with low humidity, increased
temperatures, radiation and wind speed will result in higher evapotranspiration rates of 5% by 2030
given the 1986-2005 baseline period (CSIRO and Bureau of Meteorology 2015). Water stress and soil
water deficit are known to trigger conditional dormancy in ryegrass in which some laminae tissue and
stem material die (Silsbury 1964; Volaire et al. 1998) consequently limiting pasture growth (Perring et
al. 2010) and further challenging pasture establishment as experienced in regions with highly variable
climates (Silcock and Johnston 1993). Dry climatic conditions are associated with low quality and
quantity of feed which can exacerbate the effects of reduced productivity and compromise livestock
populations when supplementary feed is scarce (Armstrong et al. 2005). Past periods of reduced
rainfall in Australia have been characterised by overgrazing by livestock and wildlife that may lead to
severe soil erosion, limiting pasture growth due to a reduced capacity to retain soil nutrients and
moisture. The economic impact of prolonged dry conditions on the farm business can be severe due
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to increased costs in supplementary feed prices (e.g. as shown by negative cash flows when prices of
hay and grain were high) and irrigation purposes (Armstrong et al. 2005). Selecting for pastures with
deep rooted traits have been previously suggested as an alternative to overcome feed shortages
during dry conditions (Cullen et al. 2009) but further studies on how dairy farms may better adapt to
prolonged periods of dry climate are essential; particularly given that research on the impact of
extreme dry periods in Australia has mainly focused on the economic effects. On the other hand, heavy
rainfall events can also cause reduced pasture growth and nutritive value (Lee et al. 2013), pasture
death due to soil anoxia (Woods et al. 1993), incursion by weeds, waterlogging (McFarlane et al. 2003),
runoff (Bennett et al. 2010) and erosion (White et al. 2010). The effects of waterlogging are well
studied in the literature (Lee et al. 2013; McFarlane et al. 2003; Nie et al. 2001) including the added
difficulty of avoiding pugging damage when grazed and the succeeding impact on pasture regrowth
(Nie et al. 2001). An increase in prolonged dry periods and extreme precipitation events has the
potential to overcome the beneficial effects of temperature increases, particularly in crops and
pasture production (IPCC 2007) highlighting the importance of being prepared when faced with
reduced feed availability during extreme events.
In general, changes in pasture growth are projected to consequently impact stocking rates
(Scanlan et al. 1994), herd sizes, fertilisation practices, irrigation water demands and the productivity
of dairy cows (Crimp et al. 2010) such that new management strategies will be required to maintain
milk production in the face of less consistent pasture production (Johnston et al. 1996). The negative
effects of extreme climatic events are anticipated to outweigh the benefits of increased CO2 levels
and increased temperatures by 2080 (Harrison et al. 2016). A nonlinear reduction in pasture yields
that consequently impact the profitability of pasture-based dairy systems when climate variability and
more frequent extreme events are accounted for also demonstrates that most biophysical models
underestimate the impact of extreme events (Harrison et al. 2016). Extreme climatic events have not
been largely considered in studies examining the impact and mitigation of climate change on pasturebased Australian dairy systems and future work could build upon these studies to better understand
the effect of increased frequency, intensity and combinations of extreme events.

33

Chapter 2 – Literature Review

2.4 Defining the impacts of extreme climatic events on dairy farming
2.4.1

The effect of heat stress on dairy cattle

The onset of thermal stress occurs when dairy cows are unable to lose metabolic heat load or
when environmental conditions contribute to the heat load of the animal (Dikmen and Hansen 2009).
Heat stress sensitivity varies between animal species (Bohmanova et al. 2007) as it is dependent on
the physiological capacity of the animal to dissipate heat and trigger the acclimation process. While
dairy cow breeds are generally of the species Bos taurus (e.g. Holstein-Friesian and Jerseys), significant
genetic differences to heat tolerance exist within Bos taurus breeds used for beef production (e.g.
Angus, Hereford and Shorthorn) and Bos indicus (e.g. Belmont Red and Braham). Breeding selection
for high milk producing dairy cows has heightened these breeds’ reduced tolerance to thermal stress
(Collier et al. 2006) whereas beef cattle breeds have the ability to cope better due to their innate lower
metabolic rate and greater sweating capacity (Blackshaw and Blackshaw 1994). The initial
physiological response to episodes of heat stress in cattle is increased respiratory rate, sweating and
panting. Water intake is increased while dry matter intake (DMI) is decreased, reducing gut and
ruminal motility (Attebery and Johnson 1969) and further depressing feed intake (Warren et al. 1974).
Nutrient absorption is compromised due to a reduced blood flow to ruminal tissues (Mcguire et al.
1989), hormone secretion rate is changed (Collier et al. 2006) and reproductive performance impaired
(Cavestany et al. 1985). Altogether, these factors result in a marked drop in milk production (Sharma
et al. 1988), decreased milk fat and protein content (Bertocchi et al. 2014; Bryant et al. 2007a) and
increased somatic cell counts (Bouraoui et al. 2002; Rodriquez et al. 1985) starting 24 to 48 hours
following the onset of heat stress (Zimbelman et al. 2009). While all dairy cattle are highly susceptible
to stress imposed by environmental changes, there is a significant difference in susceptibility between
animals at different stages of their reproductive life. Primiparous cows are more resistant to heat
stress due to their reduced metabolic rate reducing DMI by 6% while multiparous cows are more
significantly affected decreasing their DMI by 22% (Holter et al. 1997), thereby reducing milk yield.
Age, stage of lactation (days in milk) and productivity level have also been linked to reduced tolerance
(Balas and Garner 2015) while diet is also an important stress variable as high energy diets can also
contribute to the animal’s heat load.
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2.4.1.1

Quantifying the impact of heat stress in cattle

In part of the US, dairy cows and beef cows can have a reduced performance of 5-14% in milk
production in summer months (Mader 2014) and conception rates reduced by up to 36%. Without
adaptation, annual losses in the US due to heat stress are estimated to reach US$1.7 billion/year by
2050 and exceed US$2 billion/year by 2080 (Mauger et al. 2014) however such estimates are not
available in Australia that we are aware of.
While body temperature and panting score are reliable indicators of heat stress (Gaughan et al.
2008; Mader et al. 2006), these are not practical methods for monitoring in commercial conditions
and particularly in large herds while grazing. Similarly, DMI is also difficult to estimate for grazing herds
(Westwood 2011). Alternative methods for estimating heat stress were determined when sweating
and panting were found to be less effective under hot and humid conditions and animals did not show
reduced milk yields at higher temperatures with low humidity levels (Bohmanova et al. 2007). The
temperature-humidity index (THI) was developed to monitor heat stress accounting for both mean
temperature and relative humidity. It is estimated as a function of temperature and relative humidity,
where THI=(1.8 x T + 32) - ((0.55 - 0.0055 x RH) x (1.8 x T - 26)), with T = mean temperature (°C) and
RH = relative humidity (%) to provide a single value in which low temperatures in combination with
high humidity have a THI value similar to high temperatures at lower humidity (Fig. 2.4.1). For every
unit of THI above 72 a reduction in 0.2 kg milk was observed (Ravagnolo and Misztal 2000). In 2009,
Zimbelman et al. updated the stress threshold of the THI to reflect the higher production potential of
the modern dairy cow since 1964, when the THI was initially developed. Modern dairy cows are higher
producing animals averaging double (over 30 kg milk/day) or more at peak lactation (50 kg milk/day)
than cows in the early 1960s (15 kg milk/day) (Zimbelman et al. 2009). The adverse effects of thermal
stress on dairy cows were revised and are now set at a THI of 68 as milk production declines by 2.2 kg
milk/day, although THI levels at which milk production drops still currently vary depending on author.
Increased THI is also negatively correlated (-0.63 to -0.24) with DMI (Bouraoui et al. 2002; Johnson et
al. 1963). Holter et al. (1996 and 1997) found that DMI was reduced by 17% in Jersey cows at a
minimum night-time THI of 56 and in Holstein breeds at THI 55. Respiratory rate (r=0.89), heart rate
(r =0.88), rectal temperature (r =0.85) and cortisol levels (r =0.31) are all positively correlated with THI
(Bouraoui et al. 2002) confirming higher THI to be closely linked to heat stress in dairy cows.
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Fig. 2.4.1. Temperature-humidity index (THI) chart, with text and shading showing how THI relates
to cow heat stress. Adapted from Zimbelman et al. (2009)

Holstein and Friesian descended dairy cows are generally more susceptible to environmental
changes in temperature and have been found to have reduced milk production at a 3-day average THI
of 68, while Jersey crossbred dairy cattle have the highest 3-day average THI value tolerance of 75
before significant milk reduction occurs (Bryant et al. 2007b). Studies like these have allowed the NZ
dairy industry to suggest more appropriate breeds for their local environmental conditions as it was
estimated that 17-20% of all the days in the year (across NZ) were likely to present adverse heat
conditions for Holstein-Friesian breeds (Bryant et al. 2007b). In the US, production declined by 0.69 kg
milk/cow/day for each unit of THI (Ravagnolo et al. 2000; West et al. 2003) while in the Mediterranean
regions, milk yield was estimated to drop by 0.41 kg milk/cow/day for each THI unit above THI 69 and
to reduce DMI by 9.6% (Bouraoui et al. 2002). Milk fat (3.24% vs. 3.58%) and milk protein content
(2.88% vs. 2.96%) was also lower in summer months (Bouraoui et al. 2002). In the United Kingdom
(UK), heat stress-induced declines in milk production were observed between THI 68 to 75, with
production declining by up by 30% (Dunn et al. 2014). However, it has been considered that the
particularly severe decline in UK milk production was exacerbated by a combination of hot and dry
conditions that affected the quality and supply of feed (Bryant et al. 2007b).
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Fig. 2.4.2. Industry data including daily milk production of three individual farms in Gippsland (Farm
A), Murray Dairy (Farm B) and Western Dairy (Farm C) during an extreme heat event in January 2014
[Chang-Fung-Martel et al., unpublished data]. It is known if any adaptations were in place during
this heatwave or if other farm management factors were changed over the period shown

In Australia, dairy farms in Gippsland and Western Victoria recorded a 9.5% decline in milk yield
between 14th-17th January 2014 when temperatures were >40°C and THI >84 (Balas and Garner
2015). Other recent work (Chang-Fung-Martel et al. unpublished) using industry data further
demonstrates how milk production in three different Victorian farms was influenced during the same
heatwave. However, it is unknown whether these farms had implemented any adaptations during this
heatwave event or had any other change to farm management (Fig. 2.4.2). Future impacts of climate
change are also likely to increase the number of heat stress days and consequently reduce milk
production across the Murray Dairy region by 2050 (Nidumolu et al. 2010; Nidumolu et al. 2014).
Under the low (A2), mid (A1T) and high (A1FI) emissions scenarios (SRES IPCC 2000, GCM CSIRO Mk
3.5 model), the number of heat stress days are estimated to increase between 5 and 37 (Nidumolu et
al. 2014), with consecutive number of heat stress days increasing by up to 4.25 days by 2050 in which
the most significant changes are likely to occur in the south-east of the Murray Dairy region (Nidumolu
et al. 2010). The associated milk losses due to increased heat stress days are estimated between 85
and 420 L/cow/year dependent on cow susceptibility, location within the Murray Dairy region and
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emissions scenario (Nidumolu et al. 2010). An increase in temperature of only 1°C by 2030 is estimated
to reduce current milk production in Australia between 4-10%/cow (Jones and Hennessy 2000).
Additional work exploring the impacts of extreme events in other dairy regions to determine
productivity thresholds would help determine future effects of THI and estimate areas in Australia
more likely to experience heat stress conditions and reduced milk production. Such data would be
very useful information to both farmers and industry.
The Heat Load Index (HLI) incorporated wind speed and solar radiation into the measurement of
THI (Mader et al. 2006) reducing THI by 2 units for each 1ms-1 of increased wind speed and raising THI
by 0.68 units for each 100Wm-2 increase in solar radiation (Mader et al. 2006). The HLI is suggested
to be a better indicator of thermal stress in dairy cows (Gaughan and Lees 2010) as solar radiation
contributes to the overall heat load (Walsberg 1992), particularly important in dark cattle and may be
used to analyse the impacts and benefits of shading animals during summer heat (Dunn et al. 2014).
However, the greatest limitation to more complex THI methods is often the limited availability of
complete climate records that include solar radiation and wind speed, as well as the difficulty in
translating climatic variables to that received by animals. For example, solar radiation and wind speed
values will significantly differ between animals housed in sheds compared with those exposed to the
outdoor elements. These complexities may partially explain why HLI has not been widely adopted in
studies assessing heat stress in dairy cows.

2.4.2 The effect of precipitation extremes on dairy production
The impact of extreme precipitation events (in the order of hours or days and causing flash
flooding) and prolonged dry periods on dairy farming is an area not well explored in the scientific
literature and has mainly been conducted in countries other than Australia. Research in California has
shown that higher precipitation was weakly associated with an increase in calf mortality but not cow
mortality in dairy farms that housed animals both inside and outside (Stull et al. 2008). Excessive
rainfall can lead to wet bedding, waterlogging and pugging of pastures, which together reduce feed
intake (Fox and Tylutki 1998) and increase animal energy expenditure (Dijkman and Lawrence 1997).
Extreme rainfall was also associated with increased prevalence of health conditions such as
endometritis (Heuwieser et al. 2000; Tischer et al. 2000), mastitis (Anderson and Walker 1988) and
lameness in cattle (Borderas et al. 2004). Persistent wet conditions may also predispose animals to
the proliferation of internal and external parasite diseases and a higher incidence of mastitis during
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hot and humid conditions, as reported in the US, Russia, East Africa (Somalia and Kenya), South Africa
and Australia between 2010-12 due to increased heat stress and fly populations (Anyamba et al. 2014).

2.5 Whole-farm adaptation measures against extreme events
Decades of selective breeding of dairy cows for high milk production rather than thermal stress
resistance (Collier et al. 2006) has led to adaptive measures being focussed on nutrition and the
improvement of environmental conditions (e.g. provision of shade, sprinklers and cooling-fans). While
the introduction of more heat tolerant dairy cow breeds is an alternative now adopted by many dairy
farmers, particularly in locations with more frequent extreme heat events, more heat tolerance may
come at the trade-off of lower milk production (Ravagnolo and Misztal 2000). However, advances in
genomic selection now allow prediction of the tolerance to heat stress in dairy cows with less decline
in milk production (Garner et al. 2016).
Outdoor cattle are more vulnerable to heat stress while their response to shading is greatest at
the onset of heat. Spraying water on cattle is effective at cooling cows and has greater benefits if
spraying is carried before cattle are exposed to high temperatures (Jones and Hennessy 2000).
Spraying enclosure surfaces is also more effective than spraying cattle but shading is generally more
effective than water spraying, as the use of shading under heat stress conditions was found to increase
the tolerance of dairy cows to higher THI levels (Jones and Hennessy 2000; Nidumolu et al. 2010). Milk
losses under were lowest in herds provided with shade followed by sprinklers and last by those
without any adaptations when dairy cows were classified based on their breed and susceptibility to
heat stress (low: Brown Swiss Jerseys producing less than 5,500 L/year, moderate: European or cross
breeds producing between 5,500 and 8,000 L/year, high: large Holstein-Friesian producing more than
8,000 L/year; Nidumolu et al. 2010). In this study, highly susceptible dairy cows showed milk losses of
101 L when provided with shade as opposed to 282 L in those with water spraying and 358 L of milk
loss when no adaptations were put in place over a 182-day period (Nidumolu et al. 2010). Dairy cows
producing over 20 litres/day with no access to shade experienced heat stress when THI values rose to
72. Those allowed to seek shade had a THI threshold of 74, while those provided with shade during
feeding experienced heat stress at a THI 76. Dairy cows provided with both shade and water spraying
only displayed signs of heat stress at THI levels above 78 (Davidson et al. 1996). This demonstrates the
importance of adaptations to minimise heat stress conditions as the THI threshold values obtained by
Davidson et al. (1996) are the equivalent to mild heat stress conditions when no adaptations are in
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place (Fig. 2.4.1; Zimbelman et al. 1994). Combined strategies to prevent reduced DMI include
providing supplementary feeds near shades and water sprinklers and offering the best quality feeds
at the end of the day when heat stress conditions have decreased (Little 2011). Adaptation strategies
during Australia’s heatwave on January 2014 included access to a minimum of 150-220 litres of
drinking water/cow/day, shading structures and sprinklers (Balas and Garner 2015). Farms that
implemented strategies to ameliorate heat stress showed a significantly higher mean daily milk yield
than the mean of all farms suggesting the measures employed to mitigate heat stress had been
effective (Balas and Garner 2015). Projected increases in temperature for the Murray Dairy regions in
Australia by 2025 and 2050 (Nidumolu et al. 2010; Nidumolu et al. 2014) suggest increased likelihood
of heat load on dairy cows in that region, emphasizing the importance of adaptation strategies to
maintain productivity in future climates.
A cost-benefit analysis to determine the milk loss associated with investing in cooling strategies
(shading and sprinklers) estimated losses of US$44/cow/year when adapting from THI thresholds
levels of 72 to 78 (assuming a summer milk price of US$25 cents/litre and without considering
depreciation costs; Davidson et al. 1996). Further losses occur when animals are not allowed to cool
and recover from daytime heatwaves in which adaptation studies could consider the effect of housing
and cooling strategies during night-time, after periods of thermal stress. Nonetheless, in countries like
Australia, where the profitability of dairy relies on the availability and capacity to graze quality
pastures, the implementation of cooling strategies (e.g. fans and sprinklers) in grazing conditions can
be challenging and therefore limited around milking times having less impact on maintaining DMI.
More frequent and intense heat events coupled with water deficits could also compromise strategies
that rely on water for cooling cows, increasing milk production costs and further affecting farmers
with limited budgets. Investing in cooling infrastructures (other than shading) may not be profitable
in areas projected to experience significant rainfall declines and/or water restrictions. Overseas in
dairying countries with challenging climates such as Israel, cooling strategies are implemented all year
round and cows are protected in sheds away from direct solar radiation during summer months
(Flamenbaum and Galon 2010). Advanced technological farm management practices that monitor
behavioural changes in real time are also used to monitor temperature effects but add to milk
production costs. The application of such technology might also be beneficial in Australia, particularly
in feedlot conditions, but not all dairy farms will be able to invest and upgrade to such technologies.
A more detailed economic analysis that accounts for the introduction of new technology to monitor
the effect of extreme climatic events in cows, in combination with increased feed costs would add to
Davidson’s (1996) findings and better inform the dairy industry in Australia. Future adaptations may
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also require increased focus on alternative strategies (e.g. selective breeding) as further economic
challenges arise due to increased energy costs used for cooling.
Between 2003 and 2015, lower average rainfall and increased temperatures have motivated
substitution of pastures for species that would better tolerate future climatic conditions. Perennial
ryegrasses are being replaced by combinations of annual ryegrasses with clover and winter cereals
(Eckard and Cullen 2008), while brassicas and C4 forages such as maize, millets or sorghum hybrids
are summer cropping options due to their high-water use efficiency. Implementing feed storage
infrastructures, modifying pasture rotations and grazing times, supplementary feeding livestock (e.g.
betaine and antioxidants such as vitamin E and selenium) (Dunshea et al. 2013), water conservation
plans, revised fertiliser usage and the improvement of pests, diseases and weed management
practices are other adaptations included in the literature (Gunasekera et al. 2008; Stokes et al. 2008).
When adaptation measures such as those mentioned above were implemented, the projected
economic impact of climate change may be reduced by up to 50% (Gunasekera et al. 2007).
Extreme dry conditions require both preparedness and adaptation which may include the
development of infrastructure for water storage, reliable systems for water for irrigation and shifting
to dryland pasture species if water restrictions are likely to be imposed. In 2007-08, dairy farmers in
Victoria adapted to water scarcity and higher water prices by substituting bought-in feed for irrigated
pasture (Kirby et al. 2011). Management plans should also consider animal welfare concerns by
adjusting stocking rates and planning of feed supplies that provide adequate nutrition. Despite the
projected decrease in rainfall patterns, extreme rainfall events require management of water runoff
to prevent water logging, erosion, nutrient leaching and pasture pugging damage by livestock during
wet periods (Gunasekera et al. 2007). The establishment of dry shelters and feed pads to keep animals
dry during this period may reduce the incidence of diseases by maintaining animals clean, dry bedding
conditions and reducing animal stress levels (Stull et al. 2008).
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2.6 Summary
Increasing scientific evidence suggests that extreme climatic events will have a significantly
negative effect on the productivity and profitability of pasture-based dairy systems in Australia. Longterm strategies to mitigate the impact of extreme events accounting for their associated cost-benefit
opportunities, breeding selection for more heat tolerant and disease resistant plants and animals, and
farm adaptation for better pasture and water management are some areas for new research on
extreme event preparedness. Whilst numerous studies have been performed on the impact and
mitigation of heat stress in dairy, estimating future THI and areas likely to experience heat stress
conditions would help identify potential milk losses, increased milk production costs and possible
regions no longer suitable for dairying in Australia if adaptations are not implemented. Likewise,
studies examining the effects of extended dry periods suggested that alternative pasture species and
modified pasture management plans to prevent overgrazing should be considered in parallel with
revised water management plans. More information is required regarding the impact of both extreme
rainfall and prolonged dry periods on whole farm performance and the cascading effects these events
may have on the long-term viability of dairying in certain regions. Estimating productivity thresholds
as well as changes in performance in summer and spring months, when faced with single and
compounding of extreme events (e.g. high temperatures and prolonged dry periods) would aid
farmers in preparing for more adverse conditions for dairying. The capacity to build systems resilient
to extreme climatic events will not only benefit the dairy industry in Australia but could be extended
to other industries such as beef, sheep and cropping, as these are also important contributors to the
agricultural economy.
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Abstract
Climate change in Australia will result in greater frequencies and severity of extreme conditions,
including drought and heat events. Intensive agricultural industries such as dairy may be one of the
most vulnerable sectors, though the extent to which heat events have already impacted on regional
milk production is relatively unknown. Using 20-years of milk production data from 99 commercial
farms located throughout south-eastern Australia, we first developed a novel approach to forecast
impacts of heat events on milk production, then second evaluated the regional impacts of heat events
on milk production at the regional level. We fitted an auto-regressive integrated moving average
(ARIMA) approach using historical production, then used the ARIMA to forecast likely loss in milk yield,
milk solids and energy-corrected milk during a historical heat event in the spring of 2009. The fitted
models had an average mean absolute percentage error (MAPE) of 4.7 indicating that our
methodology could realistically forecast regional milk production. Using ARIMA models for the 99
farms, we then examined the magnitude of the 2009 heat event across the entire Western Victorian
region. It was shown that average heat-induced losses in milk yield, energy-corrected milk and milk
solids were 3.4%, 3.9% and 4.1%, respectively. Aggregate losses over the nine-day heat event were
estimated at 13,000 kg milk solids, amounting to a farm gate value of ~AUD$65,000. We suggest that
farm to farm variability in the impacts of heat events is due to different management strategies
imposed by farm managers during and/or after heat events. Overall, this study has advanced current
analytical approaches for quantifying impacts of heat events at the regional scale in the absence of
management information. It is suggested that dairy farmers will need to proactively adapt to heat
events to limit the detrimental impacts of climate change and extreme heat events.

Keywords: lactation; hyperthermia; heatwave; production loss; climate adaptation, mitigation

3.1 Introduction
Intensive agricultural industries such as dairy that depend on temperate climates are one of the
most susceptible industries to climatic extreme impacts on either pastures or animals. Dairy cows are
more susceptible to hot environmental conditions than other cattle (Polsky and von Keyserlingk 2017).
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Heat affected dairy cows have lower milk production, dry matter intake, nutrient absorption, fertility
and lower welfare that (in some cases) can cause death.
In Australia, 70% of milk production occurs in three regions of south-eastern Victoria: Gippsland
(South East), Murray Dairy (North) and Western Victoria. Year-round grazing systems means that many
Australian dairy farms are exposed to unfavourable environmental conditions that can affect both
animals and pasture productivity (Chang-Fung-Martel et al. 2017). However, most research on heat
event impacts on dairy productivity has been conducted under controlled experimental conditions
and/or by modelling (Chapman et al. 2012; Garner et al. 2017; Nidumolu et al. 2014). Indeed, the
majority of past work focusses on the individual cow or herd in controlled, experimental settings,
whereas few studies have examined impacts of heat events at the farm or regional level in commercial
settings. Here, one of our main purposes was to examine how regional milk production flows were
impacted by real heat events.
Heat related reductions in productivity are widely reported due to production and economic
losses, from reduced milk yield, reduced cow fertility, increased milk wastage due to reduced milk
quality (high levels of somatic cells), and animal deaths. A long-accepted metric used to quantify heat
stress in dairy cows across environments is the temperature-humidity index (THI). The THI index is
computed as a function of ambient temperature and relative humidity, and (in cattle exposed to hot
conditions) is correlated with respiratory rate, heart rate, rectal temperature and cortisol levels
(Bouraoui et al. 2002). However, the THI at which dairy cows become heat stressed varies according
to several factors (breed, feed type, productivity, stage of lactation, cow acclimatisation, genetic
tolerance and mitigation strategies (Garner et al. 2016; Kadzere et al. 2002; West 2003a), meaning
that the relationship between THI and heat stress may be context-specific.
Regional THI thresholds for the onset of heat stress vary, being estimated as THI 68 in the US
(Zimbelman et al. 2009) and 65 in the UK (Dunn et al. 2014). Above THI 68, lactation declines by 0.22.2 kg (Ravagnolo and Misztal 2000; Zimbelman et al. 2009) per day and overall production losses
between 5% and 14% (Mader 2014). In Australia, the heat stress thresholds for dairy cattle are
suggested as THI 72 (mild), 75 (medium), 79 (high) and >82 for severe heat stress. Impacts of heat
stress on milk production increase in severity as heat events increase in duration (e.g. two or more
consecutive days at a THI higher than the dairy heat stress threshold), with the largest declines in
production occurring 24 to 48 hours after the onset of heat stress (Collier et al. 1981; Spiers et al.
2004).
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Existing methods used to predict impacts of heat stress on milk production require knowledge of
farm-specific management information, such as calving patterns, days in milk, lactation persistence,
and stocking rates (Adediran et al. 2007; Olori et al. 1999). At the milk processor and regional levels,
such data are not often available. Even if they were, analytical management of such information would
become unwieldly and non-parsimonious. To overcome this, we developed an autoregressive
integrated moving average (ARIMA) time-series approach that used preceding regional daily milk
flows and the difference between forecasted and actual milk production to estimate regional impacts
of heat events. We studied an extreme heat event in the spring of 2009 in Victoria (November) to
estimate milk production losses at the farm, subregion and regional level. Thus, our aims in this study
were to (1) develop an ARIMA approach for modelling and predicting milk production and (2) examine
the regional impacts of real heat events on milk production.

3.2 Materials and Methods
Climatic trends in the Western Victorian region were first analysed for changes in temperature
and heat waves. We developed an ARIMA approach using production records of 99 commercial dairy
farms over a 20-year period to assess the cumulative impact of the 2009 heat event across the region.

3.2.1 Farm subregions and production records
Daily milk production records were sourced from Fonterra, Australia. Fourteen subregions were
defined in Fig. 3.2.1 by grouping each of the 99 dairy farms with the nearest SILO patched-point
weather station (Jeffrey et al. 2001) (https://www.longpaddock.qld.gov.au/silo/).
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Fig. 3.2.1. Distribution of weather stations (subregions) and farms within the Western Victoria dairy
region used in this study. Inset shows dairy regions in Australia.

Subregions in this study were defined using a single weather station and the associated dairy
farms closest to that specific weather station based on GPS coordinates. Production records included
daily milk yield (L), protein yield (kg) and fat yield (kg) between 1 July 1995 and 30 June 2015. Milk
production was corrected for energy (ECM, kg) by standardising milk to 4.0% fat and 3.3% protein
using Eqn. 3.1 (Tyrrell and Reid 1965) where MY = milk yield (kg), %F = percentage fat in milk (kg) and
%P = percentage protein in milk (kg).

𝐸𝐸𝐸𝐸𝐸𝐸 =

𝑀𝑀𝑀𝑀 × (375 × %𝐹𝐹 + 209 × %𝑃𝑃 + 948)
3,138

(3.1)
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3.2.2 Climate trends and changes in THI over time
Climate trends during the 20-yr study period (1 July 1995 and 30 June 2015) were compared with
a preceding baseline period (1st July 1975 and 30th June 1995) to examine changes in heat events over
time. Heat events were defined as those with two or more consecutive days at THI above the heat
stress threshold (THI ≥72). Climate data were sourced from the SILO patched-point climate database
(Jeffrey et al. 2001). Daily temperature (T in °C) and relative humidity (RH as %) were used to calculate
temperature humidity index (THI) (National Research Council 1971) with Eqn. 3.2. THI between the
two climate periods were compared using Student’s t-tests.

𝑇𝑇𝑇𝑇𝑇𝑇 = (1.8𝑇𝑇 + 32) − ((0.55 − 0.0055𝑅𝑅𝑅𝑅) × (1.8𝑇𝑇 − 26))

(3.2)

3.2.3 Future climate data
Future climates to 2050 were calculated assuming an evenly distributed warming trend across
seasons, increasing daily temperatures by 2°C and no changes in relative humidity given current
warming trends (GGFDL-ESM2M under RCP 8.5) (Clarke et al. 2011; CSIRO and Bureau of Meteorology
2015). Projected temperature and relative humidity were used to compute future THI using Eqn. 3.2
for each subregion and across Western Victoria.

3.2.4 ARIMA model
Milk production variables (MY, ECM, PY and FY) for all farms were modelled using an
autoregressive integrated moving average (ARIMA) model in R (R Core Team 2013).
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3.2.4.1

Model parameterisation

The ARIMA models are fitted to time series and used to forecast data of variables of interest.
ARIMA models need to be fitted to ‘stationary’ datasets (i.e. time series whose properties do not
depend on the time at which the series is observed where the mean, variance and autocorrelation
remains constant over time (Hyndman and Athanasopoulos 2018). Stationarity was computed by
differencing consecutive observations (Eqn. 3.3) and evaluated using the Augmented Dickey-Fuller
test. If first-order differencing (y’t) did not result in stationarity, a second-order differencing (y’’t) was
applied using Eqn. 3.4.

𝑦𝑦𝑡𝑡′ = 𝑦𝑦𝑡𝑡 − 𝑦𝑦𝑡𝑡−1

𝑦𝑦𝑡𝑡′′ = 𝑦𝑦𝑡𝑡 − 2𝑦𝑦𝑡𝑡−1 + 𝑦𝑦𝑡𝑡−2

(3.3)
(3.4)

Seasonal ARIMA models, as described by Box-Jenkins (Box et al. 2015), can be expressed as ARIMA
(p, d, q) (P, D, Q)S, using six parameters where the autoregressive term (p) uses lags of stationary data
given by the number of differences (d) determined by the Kwiatkowski–Phillips–Schmidt–Shin (KPSS)
unit root tests and by a moving average (q) determined by the lags (B) of forecast errors. A lag or
backshift operator (B) shifts the data back B periods (Brockwell and Davis 2016). More specifically, p
and q parameters are calculated using partial autocorrelation function (PACF) and autocorrelation
function (ACF) plots, respectively (Hyndman and Athanasopoulos 2018). For simplicity, p, q and d can
be thought of (respectively) as the order of the autoregressive term, the order of the moving average
term and the number of differencing required to make the time-series stationary. Seasonal terms are
modelled using parameters P and Q through spikes in seasonal lags (B) of the PACF and ACF, and D
using seasonal differences that repeat every s period (in this case 12 months).
The residuals from the ARIMA model with the smallest Akaike Information Criterion (AIC) were
analysed using the Ljung-Box test to confirm there was no autocorrelation remaining in the datasets
and the residuals were heteroscedastic (Hyndman and Athanasopoulos 2018).
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3.2.4.2

Forecasting milk production losses during heatwaves

The ARIMA models were fitted to each variable (MY, ECM, PY and FY) for each of the 99 farms
used in this study. Each model was trained using daily production records (MY, ECM, PY and FY) for
each farm between 1 July 1995 and 7 November 2009. Fitted models were then used to forecast the
same variables during the heat wave observed between 7 and 15 November in 2009 but given a oneday delay to consider the effect of heat stress on the milk records. Therefore, forecasting was
conducted using Eqn. 3.5 for the length of forecasting h and Ꜫt is white noise (Brockwell and Davis
2016), beginning on 8 November and finishing on the 16 November each year. In all cases in Eqn. 3.5,
h = 9, and θ and Φ refer to the origin of values being moving average or autoregressive parameters,
respectively. Milk production losses attributed to the heat event were calculated as the difference
between the actual production values and the ARIMA forecasted output (Yt). Prediction intervals
(95%) on each forecast were calculated using Eqn. 3.6, where σ represents the standard deviation of
the ARIMA residuals and h the length of forecasting period.

𝑌𝑌𝑡𝑡+ℎ = 𝜃𝜃0 + ∅1 𝑌𝑌𝑡𝑡+ℎ−1 +. . . . +∅𝑝𝑝 𝑌𝑌𝑡𝑡+ℎ−𝑝𝑝 + 𝜀𝜀𝑡𝑡+ℎ − 𝜃𝜃1 𝜀𝜀𝑡𝑡+ℎ−1 −. . . . − 𝜃𝜃𝑞𝑞 𝜀𝜀𝑡𝑡+ℎ−𝑞𝑞
𝑦𝑦𝑇𝑇+ℎ|𝑇𝑇 ± 1.96�𝜎𝜎ℎ

3.2.4.3

(3.5)
(3.6)

Model validation

Each model was validated by comparing observed and forecast data for each variable during a
non-heat event. Validation was conducted using the same period as the actual heat event of 2009 (816 November) but in a year that did not experience a heat event (2008) and for which THI was less
than 72. Fitting skill was evaluated using R2, root mean square error (RMSE), mean absolute error
(MAE), mean absolute percentage error (MAPE) and mean absolute scaled error (MASE) (for further
description, see Hyndman and Koehler, 2006).
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3.3 Results
3.3.1 Current and future changes in seasonal THI
Regardless of subregion, most days above the mild heat stress threshold of THI 72 occurred during
summer (Dec-Feb). Averaged annually, 44 days (12%) were associated with mild heat stress conditions
and 4 (1%) days per year were associated with severe heat stress (THI≥82) (Fig. 3.3.1). Hot days were
more prevalent in autumn (Mar-May) compared with spring (Sep-Nov) (Fig. 3.3.1-A).

Fig. 3.3.1. Daily THI (A) between 1 July 1995 and 30 June 2015 for the study regions and (B) projected
changes in THI assuming an increase in temperature of 2°C by 2050.

Compared with the baseline period (1st July 1975 and 30th June 1995), the study period had a
greater median THI in summer (Dec-Feb) (t-test: -2.5, p<0.01) but not in other seasons (Fig. 3.3.2).
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Compared with the baseline, the study period had 4%, 17% and 58% more mild, medium and severe
heat stress days, respectively. However, the frequency of heat events (two or more consecutive days
at THI≥72) showed significant spatial variability (Table 3.3.1).

Table 3.3.1. Percentage change (%∆) in the frequency, duration and intensity of heat events (two or
more consecutive days at THI ≥72) between the baseline and the study period in the 14 subregions
in Western Victoria.
Events

Mean duration

Mean intensity

(n)

(days)

(THI)

Baseline

Study

%∆

%∆

Baseline

Study

%∆

Birregurra

211

201

-4.7

3

3

0.0

76.1

76.7

0.8

Camperdown

209

201

-3.8

2.9

3.2

10.3

75.8

76.4

0.8

Cobden

221

225

1.8

2.9

3.1

6.9

76.1

76.5

0.5

Colac

229

203

-11.4

3.3

3.2

-3.0

76.2

76.6

0.5

Colac Airport

229

215

-6.1

3.2

3.2

0.0

76.1

76.7

0.8

Colac Elliminyt

202

182

-9.9

2.9

3

3.4

75.9

76.3

0.5

Kolora

240

257

7.1

3.1

3.4

9.7

76.1

76.5

0.5

Leslie Manor

256

245

-4.3

3.1

3.4

9.7

76.1

76.4

0.4

Lismore

281

270

-3.9

3.4

3.6

5.9

76.2

76.3

0.1

Mortlake

235

261

11.1

3

3.5

16.7

76.1

76.6

0.7

Nullawarre

190

185

-2.6

2.6

3

15.4

76.2

76.7

0.7

Terang

214

233

8.9

2.8

3.2

14.3

76

76.6

0.8

Timboon

191

182

-4.7

2.6

3

15.4

76

76.5

0.7

Tirrengower

219

195

-11.0

2.9

3

3.4

75.9

76.5

0.8

223

218

-2.2

2.9

3.2

10.3

76

76.5

0.7

Regional
average

Baseline Study

Assuming an evenly distributed warming trend across seasons and no change in relative humidity,
estimated annual changes in THI ranged between 1.8 and 3.6 THI units relative to the study period
(Fig. 3.3.1-B). Nearly half of all summer days would exceed a THI of 72, and the number of severe heat
stress days is estimated to double.
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Fig. 3.3.2. Seasonal heat stress and THI in the baseline and study period in the Western Victoria
dairy region. Lower and upper hinges of notched boxplots show the interquartile range (IQR) with
the lower and upper quartiles corresponding to the 25th and 75th percentiles respectively. Notches
of boxplots that do not overlap (within or across seasons) represent significant differences between
medians. Whiskers that extend from the box show the 99 percentile limits of the distribution within
1.5*IQR, with data beyond the whiskers shown as outliers.

3.3.2 THI trends
The November 2009 spring heat event had nine consecutive days (7–15 November, inclusive)
where mean THI was higher than the heat stress threshold (THI≥72). In contrast, average THI during
the same period historically ranged between 62 and 65 (Fig. 3.3.3). During November 2009, all
subregions experienced an event of equal duration but of varying intensity, with the Kolora subregion
experiencing the most severe conditions (THI range 75-80) and Colac Elliminyt having the lowest THI
range (72-77) (Fig. 3.3.3).
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Fig. 3.3.3. THI during the 7-15 November 2009 heatwave for the Western Victoria dairy region and
the Kolora and Colac Elliminyt subregions.

3.3.3 Validation of the ARIMA forecasting approach
Validation results at the farm- and regional levels are shown in Figs 3.3.4 and 3.3.5. The ARIMA
approach was able to forecast milk production within ± 2% of the observed values (Table 3.3.2),
despite the fluctuating nature of dairy lactation curves (e.g. Figs 3.3.4 and 3.3.5).
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Fig. 3.3.4. Model validation for two farms (C2 and C6) during a non-heat event in November 2008.
Forecast (blue) and actual (black) lines show energy corrected milk (ECM, kg). The shaded region
represents the 95% confidence interval.

Table 3.3.2. Evaluation statistics of ARIMA models fitted to energy corrected milk (kg) for two farms
(C2 and C6) during a nine-day non-heat event in November 2008. Root mean square error (RMSE),
mean absolute error (MAE), mean absolute percentage error (MAPE), mean absolute scaled error
(MASE) and R2 were calculated between the aggregated observed production and the forecasted
values.
Observed
(kg)

Forecasted
(kg)

C2

14,722

14,972

Forecast
error
(%)
-1.7

C6

7,469

7317

-2.0

Farm

RMSE

MAE

MAPE

MASE

R2

106.4

67.1

5.4

0.3

0.89

62.4

33.0

3.7

0.2

0.81
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Fig. 3.3.5. Validation of ARIMA performance for all 99 commercial dairy farms used in the study in
the validation period (VP) in 2008 and during the heat event (HE) in 2009. Forecast (blue) and actual
(black) lines show energy corrected milk (kg). The shaded region represents the 95% confidence
interval.

3.3.4 Regional and subregional impacts of the heat wave on milk production
All variables (MY (L), ECM (kg), PY, (kg) and FY, (kg)) showed declines during the heat event, with
greatest reductions observed between one and three days after the onset of the heat event and the
greatest losses between one and three days after the day with the highest THI. Aggregated loss for
the region were 3.4% MY, 3.9% ECM, 5.2% PY, 3.1% FY and 4.1% MS (milk solids, fat + protein).
Significant variability was observed between subregions and individual farms (Fig. 3.3.6). Whilst
daily production for the Western region prior to the heat event was ~34,000 kg MS, daily production
fell to ~30,000 kg MS in the days following the heat event. Aggregated regional losses over the nineday heat event, total milk production declined by ~4.1% or 13,000 kg MS. Assuming a three-year
average (2008-10) milk price of AUD$5.04/kg MS, losses for the region equated to around AUD$7,000
per day and total direct regional economic losses of AUD$65,000 at the farm gate.
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At the subregional level, Kolora experienced the highest THI during the heat event and showed
the largest productivity losses (6.3% MY, 6.8% ECM, 10.3% PY, 5.1% FY and 6.9% MS). In contrast, the
subregion with the lowest THI during the heat event (Colac Elliminyt), showed no cumulative losses
(+2% MY, +2.5% ECM, 0.3% PY, +2.2% FY and +1% MS), although this region only included one dairy
farm (n = 1).

Fig. 3.3.6. Percentage losses in milk yield (MY), energy corrected milk (ECM), protein yield (PY) and
fat yield (FY) for each subregion during the November 2009 heat event. Values in parenthesis
correspond to the number of farms within each subregional group.

High variability was also observed between dairy farms in the same subregion. For example, two
dairy farms (K5 and K9) located in the Kolora subregion within 2.5 km of each other, at similar altitudes
and both producing under 4,000 L of milk per day; farm K5 experienced a production loss of 12.9%
MY, 15.8% ECM,-17.7% PY, 16.6% FY and 14.6% MS, whilst K9 maintained production levels
comparable to prior to the heatwave (0% MY, +0.4% ECM, 1.4% PY, +1.4% FY and +0.1% MS) (Fig.
3.3.7). Using a loss of 253 kg MS (14.6% MS) and a price of AUD$5.04/kg MS, the average economic
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loss for farm K5 would be AUD$142 per day or AUD$1,275 at the farm gate for the duration of the
heat event. Similar to farm K5, a higher producing farm (K10) averaging 16,500 L milk per day had an
estimated loss of 11% MY, 10.7% ECM, 16.1% PY, 8.3% FY and 11.9% MS. This equated to a total loss
of 1,250 kg MS, corresponding to a total loss of AUD$6,300 during the entire heat event.

Fig. 3.3.7. Forecast (blue) and actual (black) daily milk yield of two farms (K5 and K9) in the Kolora
subregion during the heat event of November 2009. Shaded regions represent 95% confidence
interval.

3.4 Discussion
3.4.1 Projected climate change
Averaged annually across the entire Western Victorian region, we found that heat stress days (THI
≥72) increased by 3% in the study period and 7% in 2050 compared with the baseline period. The
majority of heat waves have and will continue to occur in summer but also during autumn and spring,
when farmers may be unprepared for unusual heat conditions.
For future climate projections, we assumed no changes in relative humidity, instead basing our
computations on temperature only. We made this assumption because mean changes in relative
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humidity for the Western Victorian region are expected to be less than 5% by 2050 (GGFDL-ESM2M
under RCP 8.5) (Clarke et al. 2011; CSIRO and Bureau of Meteorology 2015). However, future studies
of this kind should also account for projected changes in dew point (and relative humidity), because
climate change projections suggest that changes in relative humidity will follow those of rainfall and
will be very much regionally specific (CSIRO and Bureau of Meteorology 2015).

3.4.2 Milk production losses during heat events
The decline in all milk production and related variables (MY, ECM, PY, FY and MS) during the
November 2009 heat event is consistent with previous research linking heat stress of dairy cows with
reduced productivity (Das et al. 2016; Gantner et al. 2011) and a maximum decline in productivity
between one and three days after the onset of the heat event (Collier et al. 1981; Spiers et al. 2004).
Few studies have quantified regional differences in milk production during real heat waves. Given
the similarities between adjacent farms K5 and K9 and their spatial proximity, it would be reasonable
to expect similar impacts of heat waves. However, we found nearly 13% difference in the reduction in
milk yield during the heat event. Such differences could be due to several reasons, such as strategic
farm management adaptations to prepare and/or mitigate against heat stress, differences in cow
tolerance to heat stress, or environmental differences, such as the ability to access shade on one farm
but not the other. In future, work of this type could couple regional milk production flow data with
farm-specific information in order to gain a more complete picture of the plant-animal-farmatmosphere continuum in response to climate change.
While previous work has shown that adaptations used for heat events (such as shading and
sprinklers) are effective at mitigating heat stress (Balas and Garner 2015; Nidumolu et al. 2010), these
adaptations may not be cost-effective (Armstrong 1994; Gunn et al. 2019). The capacity for farmers
to strategically invest in adaptations may depend on their estimated milk production, potential income
losses under heat events, and the efficacy and the longevity of the adaptation. Farmers should thus
not only carefully consider current milk production losses under current summer conditions but
should also consider future climate change projections for their region. For the Western Victorian
dairy region, we project that heat stress days will increase in frequency by 7% by 2050. It is these types
of projections that future dairy research should address if the industry is to adapt to future heat waves.
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3.4.3 Using ARIMA modelling to forecast impacts of heat waves
Past work that has predicted the impacts of extreme heat events on dairy cows has been
conducted using a number of alternative methods. Some studies have focused on assessing the impact
of climate change on THI to understand the risk of heat stress in dairy cows (Dunn et al. 2014;
Nidumolu et al. 2014). Other studies have implemented broken stick models and polynomial functions
(Carabaño et al. 2016; Hammami et al. 2013). However, a limitation of such studies is the assumption
of constant production in thermoneutrality, a linear reduction in production past the heat stress
threshold or the complex parametrisation to estimate polynomial degrees at different environmental
conditions. A commonly used approach is from St-Pierre et al. (2003) but this assumes all animals (and
therefore farms and regions) respond to the influence of heat stress equally. In general, previous
approaches examined the impact of heat stress on milk production using experimental herds or at a
large scale (e.g. countries). In contrast, our work examined the real impacts of a heat wave on milk
production at the regional level.
We selected the ARIMA approach to forecast losses in milk production under heat waves as the
approach can be parameterised using historical observations in the absence of more detailed farm
information, such as management, herd size, genotype, stage in lactation etc. Milk production records
fluctuate on a daily basis because they are influenced by all of the aforementioned parameters. Thus,
each farm had a unique production curve that required fitting of specific ARIMA models for every farm
and production component such that each model was specifically tailored to each farm. In the absence
of detailed farm level information, ARIMA thus presents a significant advantage in parsimony given
only the past records of the variable is required to forecast future values. The validation showed that
despite significant inter-farm variability in the time series of production, ARIMA was adaptable and
appropriate to the task with minimal error (Fig. 3.3.4, Fig. 3.3.5 and Table 3.3.2).
Here, we only focussed on individual heat events, but future work should also attempt to quantify
the impacts of compound extreme events, such as high THI and prolonged dry periods, as coupled
extreme events would be expected to have much greater effect compared with impacts of individual
extreme events. Other work studying compound extreme events has shown that risks and impacts are
potentially underestimated as extreme events often interact with each other causing more complex
and detrimental events (Zscheischler et al. 2018).
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3.4.4 Limitations and future directions
While night-time THI values during the November 2009 heat event were lower than the heat stress
threshold (47-59, data not shown) it is difficult to ascertain whether these conditions allowed cows to
recover from daytime-induced heat stress, because there is currently little information on the daily
minimum THI threshold for heat stress recovery. While some research has highlighted the importance
of low night-time THI for the recovery of dairy cows after high daytime THI (Igono et al. 1992;
Silanikove 2000) further work is necessary to determine the trade-offs between heatwave durations
and the minimum nightly temperature for which animals can dissipate heat. This trade-off would be
expected to differ between animal genotypes, and physical (e.g. ground temperature) and climatic
environments to which ARIMA models can be used to identify differences in milk production.
While the ARIMA models had good capacity to forecast milk production losses during heatwaves,
the method is computationally expensive in time, processing power and memory. However, reliable
results from the fitted ARIMA models is important because accurate milk forecasts affect not only
planning of farmers with regards to feed demand and potential income, but also affect planning of
milk processors and retailers. Future advances in this area should focus on gaining understanding of
the causes of variability between farms, and thus provide insight into current strategies used to
overcome heat events.
As mentioned above, we carried out this study in the absence of detailed farm management
information. Similar studies such as ours that also recorded management practices and animal
genotypes would help elucidate the influence of management x genotype interactions on milk
production.

3.5 Conclusions
Heatwaves are already affecting dairy farm productivity, although previous work has rarely
quantified changes in milk production at the regional level during a real heat event. Our analysis
provided insight into the magnitude and variability of the impact of a heat wave, showing that average
milk yield decreased by 3.4% and milk solids by 4.1% Our work has highlighted the need for further
understanding of adaptative management to heat events, either proactive or reactive. Our work has
also shown that future heat events will likely increase in frequency, severity and duration, particularly
in seasons outside the summer months.
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Projected increases in temperature and extreme events emphasise the need for further work to
examine the impacts of future climates and ability of dairy farms to adapt. Better understanding of
currently effective measures and their tipping points will help farmers remain economically viable but
also assist them with decision-making resources for longer-term planning.
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Abstract
Abstract
Changes in the frequency, duration and severity of heat waves due to climate change pose a
considerable challenge to livestock production systems. Although it is well known that heat stress
reduces feed intake in cattle, effects of heat stress vary between animal genotypes and climatic
conditions. As such, impacts of heat stress are very much context specific. In order to derive a more
general prediction that accounted for the effects of heat stress across genotypes and environments,
we conducted a systematic literature review and a meta-analysis to assess the relationship between
dry matter intake (DMI) and the temperature humidity index (THI), these being two reliable variables
for the measurement of feed intake and heat stress in cattle, respectively. We analysed differences
implicit to these variables between countries, breeds, stage in lactation and parity. We also
investigated the efficacy of cooling strategies. Our findings show a significant negative correlation of
r =-0.82 between THI and DMI, with DMI reduced by 0.45 kg/d for every THI unit increase. We did not
observe significant differences between breeds and parity groups. Although differences in the DMITHI relationship between lactating and non-lactating cows were not significant, effects of THI on DMI
were different across lactation stages. Cooling interventions (e.g. shading) had significant ability to
alleviate heat stress, as shown by lower effects of high THI on DMI. Cooling adaptations became
increasingly important after THI 68, indicating that this THI could be viewed as a level for which cooling
should be provided. It was also shown that passive cooling (e.g. shading) was more effective at heat
stress alleviation compared with active cooling interventions (e.g. fans or sprinklers). Overall, the
relationship established here between DMI and THI will allow users to predict effects of heat stress
across environments and animal genotypes and will be useful both from disciplinary (e.g. animal
nutrition) and systems modelling perspectives.

Keywords: dairy, adaptation, impact, hyperthermia, temperature, milk production

64

Chapter 4 – Interactions between dry matter intake and temperature-humidity index

4.1 Introduction
Heat stress is associated with reduced productivity and profitability of cattle production (ChangFung-Martel et al. 2017), with heat events in the US associated with losses of over one billion dollars
in 2006 (Collier and Burgos-Zimbelmanm 2007). In cattle, heat stress is associated with (i) reduced
feed intake leading to impaired body weight gains and milk production, (ii) reduced fertility rates and
reproductive performance, (iii) increased production costs associated with cooling and other heat
mitigation strategies and (iv) increased mortalities. Physical responses to heat in cattle include
increased body temperature and respiratory rate, panting, increased water intake and reduced dry
matter intake (DMI) (Magdub et al. 1982; Thompson et al. 2011; Wise et al. 1988). These responses
trigger physiological mechanisms to increase heat evaporation, dissipate internal heat load and
therefore cool down. However, failure to effectively dissipate heat results in an accumulation of
internal heat load that compromises homeostasis and increase maintenance requirements by up to
32% (Eastridge et al. 1998; Fox and Tylutki 1998; National Research Council 1981).
In heat stressed livestock, reduced DMI on the one hand decreases energy and nutrient intake,
but on the other hand increases energy demand. Altogether, these factors lead to reduced
productivity. Lower DMI may be attributed to (1) behavioural adaptations to ameliorate internal heat
load due to feed fermentation (Ominski et al. 2002a) and (2) changes in blood distribution away from
the gut, uterus, udder and internal organs to favour peripheral circulation that facilitates heat
exchange with the environment (Garner et al. 2017). This results in depressed rumination and longer
time for feed to be digested. Independent of nutrient intake, energy requirements are reprioritised
(Baumgard and Rhoads 2012), resulting in shifted patterns of carbohydrate, protein and fat
metabolism characterised by increased insulin levels and reduced lipolytic activation (Baumgard and
Rhoads 2012). As such, the ability of heat stresses dairy cows to mobilise adipose tissue is impaired,
leaving less energy for milk production (Baumgard and Rhoads 2012; Rhoads et al. 2009a; Wheelock
et al. 2010a). However, while reduced milk production during warmer conditions cannot be fully
attributed to reduced DMI alone (Gao et al. 2017b), reduced DMI is a good indicator of heat stress
onset, known to have direct impact on productivity.
The temperature-humidity index (THI), a function of ambient temperature and relative humidity,
is considered the most widely used climatic indicator of heat stress in dairy cattle. THI is strongly
correlated with increased heart rate, respiratory rate and rectal and vaginal temperature in animals
exposed to hot environmental conditions. Prior to this work, many studies have reported fluctuations
in feed intake and environmental factors using variable units of study. The lack of standardisation on
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reporting of feed and heat stress indicators meant that that comparing studies, results and
recommendations was complex. In this study, we aimed to develop a more general relationship
between THI and DMI. We conducted a systematic literature review and meta-analysis to analyse how
heat stress impacts on DMI, allowing a standardised heat stress comparison across regions. Such
comparison is important in global studies comparing the effects of climate change on animal
production systems. As part of our review, we identified subclasses that may be relatively more
impacted by heat stress and assessed the efficacy of various adaptations to promote cooling.

4.2 Materials and methods
4.2.1 Literature search and study inclusion criteria
A systematic literature review was conducted using ISI Web of Science (Clarivate Analytics,
Pennsylvania, USA; https://apps.webofknowledge.com/) and Scopus (Elsevier, Amsterdam,
Netherlands; https://www.scopus.com). We used the PIC (population, intervention, comparator)
truncated version framework (Eriksen and Frandsen 2018) of the Preferred Reporting Items for
Systematic reviews and Meta-Analysis (PRISMA) statement (Moher et al. 2009) to identify published
studies. Combinations (n=140) of the PIC search terms shown in Table 4.2.1 were used in each online
database and results were recorded in a spreadsheet, including the number of records retrieved. The
review focussed on publications in English and was limited to studies that reported experimental
paired observations of DMI and THI. Experiments that reported climate variables other than THI or
feed intake measurements other than DMI were discarded unless the variables allowed calculation of
THI and DMI, as demonstrated by the inclusion criteria used in the meta-analysis. Studies that
reported DMI predictive equations or those determined through modelling experiments were also
excluded. All search results were imported to an Endnote library (Endnote X9, Clarivate Analytics, CA).
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Table 4.2.1. PRISMA PIC truncated framework including the number (n) of search terms used to
identify scientific publications for the meta-analysis, including seven inclusion criteria in relation to
the search terms.
Inclusion criteria
(1) English language
Category
P
(population)

n

Search terms

4

Beef, cattle, cow, dairy
Climate, heat, heat stress,

I
(intervention)

7

temperature AND relative humidity,
temperature humidity index,
temperature-humidity index, THI

C
(comparator)

Total

5

140

DMI, dry matter intake, dry-matterintake, feed efficiency, feed intake
All possible combinations of search
terms above

(2) Bos taurus species
(i.e. dairy or beef cattle)
(3) Temperature humidity index
and / or
(4) Ambient temperature AND
relative humidity

(5) Dry matter intake
(6) Experimental trials (not
predictive modelling)
(7) Paired observations between
climate and intake variables

The literature search revealed 19,830 records and 2,098 unique studies. The screening process
and eligibility assessment shown in Fig. 4.2.1 yielded 36 articles that met the inclusion criteria and the
data extraction process yielded 676 paired observations between THI (mean 71.8 ± 10.4) and DMI
(mean 15.5 ± 6.2 kg/d). Data points were derived from experiments from 15 different countries.
Variables assessed included cattle breed, parity, production stage, stage of lactation, rectal
temperature, respiratory rate and vaginal temperature (Table 4.2.2).
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Fig. 4.2.1. Adjusted PRISMA flow diagram describing the process undertaken to identify, screen and
assess the eligibility of studies included in the meta-analysis. The number of studies (n) in each stage
of the process outlined above are shown between parenthesis.

The PRISMA framework was an effective method to identify and include suitable studies for this
meta-analysis. We obtained a large number of duplicate records (89%; 17,732/19,830), particularly
from ISI Web of Science (Fig. 4.2.1 - Identification). A large proportion of studies were also excluded
because of these did not focus on relationships between environmental conditions and cattle (95%;
1,676/1,762) (Fig. 4.2.1 - Screening), which meant that any heat-related variables were not collected.
A further 35% of studies (Fig. 4.2.1 - Eligibility) were excluded even though they investigated heat
effects on feed intake in cattle, because of (1) the units reported could not be converted into either
THI or DMI or (2), THI and DMI datasets could not be paired. This further reinforces the justification
for this study; although the literature is rich with data, such information could not be used here
because of a lack of standardisation of dimensions for both heat stress and feed intake.
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Table 4.2.2. Continuous (A) and discrete (B) variables included in the meta-analysis. Continuous
variables show the average value and standard deviation in parenthesis.
(A) Continuous Variables
THI
DMI (kg/d)
Rectal temperature (°C)
Vaginal temperature (°C)
Respiratory rate
(B) Discrete Variables
Country
Breed
Parity
Lactation status
Stage of lactation
Cooling strategies

Mean (±SD)
71.8 (± 10.4)
15.5 (± 6.17)
39.0 (± 0.8)
38.96 (± 0.7)
60.4 (± 16.9)
Levels
Australia, Brazil, Canada, China, Germany, Ghana, India, Iran,
Israel, Italy, Japan, South Africa, Thailand, Tunisia, USA
Angus, Bonsmara, Charolais, Holstein-Friesian, Shorthorn,
Vrindavan
Primiparous, multiparous
Lactating, non-lactating
Early, mid and dry
Passive, active, none

4.2.2 Data extraction and statistical analysis
Data observations for studies included in the meta-analysis were collected into individual Excel
spreadsheets. Where possible, data recorded also included milk production, body temperature,
breed, parity, stage of lactation, cooling strategies and country of origin. In cases where data were not
tabulated,

graph

points

were

extracted

using

a

digitiser

(WebPlotDigitizer,

https://automeris.io/WebPlotDigitizer/) (Drevon et al. 2017).
All data analysis was conducted using R (R Core Team 2013). Heterogeneity between studies was
quantified using Higgins I2. A random effects model was applied to award relative weights to each
study in the meta-analysis. Pearson correlations (r ) between DMI and measurements commonly used
to quantify heat stress in cattle (daily mean THI, THImin and THImax, respiratory rate (RT), vaginal
temperature (VT) and respiratory rate (RR)) were assessed using Cohen’s standard where associations
were represented as weak (0.10-0.29), moderate (0.30 – 0.49) or strong (0.50 or greater) (Cohen
1988). Multiple lines of best fit regressions were used to assess the relationship between DMI and THI
within subgroups including origin of study, breed, parity, stage of lactation and when cooling strategies
were used to mitigate heat stress in dairy cows. In this study, all calculations were carried out with
mean daily THI. Differences between subgroups were assessed using ANOVA and Tukey’s test,
deemed significant at the 0.05 level. Adjusted R2 values are shown throughout.
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4.3 Results
4.3.1 Dry matter intake
Relationships between DMI with THI, THImin, THImax, respiratory rate (RT), vaginal temperature (VT)
and respiratory rate (RR) are shown in Fig. 4.3.1. A strong correlation of r =-0.82 was found between
DMI and THI. DMI was also strongly negatively correlated with THI and THImin and moderately
correlated with THImax. THI was positively moderately correlated with VT and RT, and weakly
correlated with RR. Conversely, DMI was negatively correlated with THI, VT, RT and RR. The strongest
relationships were between VT and THImax or THImin. RR was poorly correlated with DMI, suggested
feed intake does not relate well with basal respiration (Fig. 4.3.1).

Fig. 4.3.1. Pearson correlation coefficient matrix of dry matter intake (DMI), mean temperaturehumidity index (THI), minimum temperature-humidity index (THImin), maximum temperaturehumidity index (THImax), rectal temperature (RT), vaginal temperature (VT), and respiratory rate
(RR). Light and dark shading represent positive and negative correlations, respectively.

We observed significant heterogeneity (I2=66.4%) between studies and applied a random effects
model to assess the relationship between THI and DMI. Symbol sizes in Fig. 4.3.2 are proportional to
weighting given to each study in the meta-analysis. Differences in slopes between THI, THImin and
THImax were not significant (data not shown). For every unit increase in THI, DMI was reduced by 0.45
kg DMI/d (THI = 48.29 - 0.45DMI; R2 0.68).
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For each unit increase in THI, we found a reduction of 0.57 kg DMI/d for Asia, 0.51 kg DMI/d for
South America, 0.48 kg DMI/d for Oceania, 0.42 kg DMI/d for Europe and 0.29 kg DMI/d for North
America. Data points from Africa were removed from this analysis because the sample size was too
small (one study and five paired observations). Changes in DMI at increasing THIs in the North
American group (n=73) was significantly different to that from all other continents. North American
studies, encompassing data from the US and Canada, showed the least reduction in DMI and Asian
studies the largest decline in DMI as THI increased (R2 0.67). The relationship between THI, DMI and
milk production could not be assessed due to lack of data.

Fig. 4.3.2. Relationship between THI and DMI, including line of best fit and 95% confidence limits
(shaded grey). Rug plots show distributions of each variable on each axis. Data point sizes are
proportional to weighting given to each study in the meta-analysis.

4.3.2 Relationships between THI and DMI within subgroups
There were large differences in the relationships between THI and DMI across subgroups. In beef
cattle, THI (mean 77 ± 7.2) was significantly higher than in which dairy cattle were exposed (mean 72.1
± 11.0) while beef DMI (mean 6.0 kg/d ± 1.7) was significantly lower than dairy DMI (mean 15.9 kg/d
± 6.0). Beef and dairy subgroups were statistically different with dairy (THI= 48.14 – 0.45DMI) being
more impacted by heat stress than beef cattle (THI= 13.88 – 0.10DMI). Most breeds (94.5%) were
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Holstein-Friesian, so differences between breeds were not assessed here. Indeed, most of the studies
reviewed did not differentiate DMI-THI relationships between crossbreds and purebreds
For dairy cows, DMI-THI relationship differences between primiparous (n=21) and multiparous
(n=398) cows were not significant. Although differences in the DMI-THI relationship between lactating
(n= 277) and non-lactating cows (n=161) were not significant (Fig. 4.3.3-A), effects of THI on DMI were
significantly different across lactation stages. Early lactation cows (n=64) showed the largest reduction
in DMI (0.56 kg DMI/d) per unit increase of THI with dry (n=161) and mid (n=152) lactation cows were
not statistically different (Fig. 4.3.3-B). DMI was also different between lactation stages (early 15.6
kg/d ± 4.7; mid 19.9 kg/d ± 4.2; dry 10.3 kg/d ± 4.3).

Fig. 4.3.3. Relationships between DMI and THI according to (A) lactation status (R2 0.76) and (B)
lactation stage (R2 0.54).

4.3.3 Effects of cooling interventions on DMI
Thirty percent of studies examined cooling strategies. Subgroups exposed to cooling (n=138) had
higher DMI at the same THI (Fig. 4.3.4-A) as cattle not exposed to cooling (n=336). Cattle not exposed
to cooling had a greater reduction in DMI (0.44 vs 0.36 kg DMI/d) per unit increase in THI (Fig. 4.3.4B). The cooling intervention began to take effect at THI 68, after which significant differences in DMI
were observed between cooled and not cooled cattle (Fig. 4.3.4-C).
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Fig. 4.3.4. Effects of cooling interventions on DMI. (A) THI relationship with DMI (B) over increasing
THI (R2 0.66) and (C) DMI distributions partitioned according to THI 68.

When cooling strategies were subdivided into passive cooling (e.g. shading) (n=84), active cooling
(e.g. fans or sprinklers) (n=54) and no cooling (n=336). It was shown that passive strategies were most
effective at heat related reduction in DMI alleviation (Fig. 4.3.5). DMI of cattle exposed to passive
strategies declined by 0.04 kg DMI/d per unit increase in THI and by 0.2 kg DMI/d when exposed to
active cooling.
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Fig. 4.3.5. Changes in DMI under passive, active and no cooling (R2 0.69).

4.4 Discussion
Climate change (IPCC 2018) is expected to increase the incidence of heat related animal
productivity losses, compromising animal health and welfare. While a reduction in DMI significantly
affects the productivity of cattle during heat events, it is also a reliable indicator to determine the
onset of hyperthermia. Comparisons of the effects of heat stress across studies have generally been
hampered by the fact that past studies of animal heat stress and DMI relationships have generally
been context specific (e.g. breed or stage of lactation in a dairy cow) and using various heat stress
indicators (e.g. ambient temperature, and animal body temperatures such as rectal, vaginal or skin
surface temperatures), animal respiratory rate and THI). In this study we used a meta-analysis to
derive a global relationship between THI and DMI that accounted for the factors mentioned above.
We quantified the relationship between DMI and THI using only experimental studies, allowing more
confidence in the conclusions drawn with respect to differences in subgroups.
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4.4.1 Effects of heat stress on DMI
Effects of heat stress have been monitored using many different approaches in the past, from
heat chambers to closed barns to modelling. However, few studies differentiate between the effects
of acute and chronic heat stress exposure. During heat events, cattle are exposed to hot conditions
during the day and, when night-time temperatures are less than around 25°C, tend to cool during the
night by dissipating heat into the environment. However, when night-time conditions are above 25°C,
livestock temperatures and respiratory rates become elevated (Garner et al. 2017). Elevated day-time
heat conditions are ameliorated when temperatures fall at night thus reducing milk production losses
(Correa-Calderon et al. 2004; Silanikove et al. 2009). However, using the THI as a thermal indicator,
critical values for THImin range between 55 (Holter et al. 1997; Holter et al. 1996) and 64 (Igono et al.
1992) depending on cow breeds and regional variability. As such, warm nights contribute to chronic
exposure of cattle to heat events, and this further diminishes their capacity to thermoregulate. For
this reason, in our study and consistent with previous work from Holter et al. (1996), THImin is strongly
correlated with heat stress (Fig. 4.3.1). We found strong, negative correlations between THI and THImin
with DMI (r =-0.8), while THImax was less well correlated (r =-0.6). This is consistent with previous work
that has highlighted the importance of THImin and night-time temperatures in amelioration of heat
stress (Correa-Calderon et al. 2004; Silanikove et al. 2009) and the potential of using THImin to better
assess heat stress in cattle (Holter et al. 1996). However, at present, while THImin has good potential
for estimation of chronic heat stress, daily mean THI may be the best measurement for the overall
assessment of heat conditions in cattle (day and night).
Regardless of time of day, cattle with elevated core body temperature spend more time standing
than lying compared with thermoneutral cattle (Allen et al. 2015). Cattle also show a preference for
eating during cooler periods or at night when day-time heat conditions are above optimal (Mallonee
et al. 1985; Schneider et al. 1988). These responses are consistent with amelioration of internal heat
load during the hottest part of the day (Aharoni et al. 2005; Ominski et al. 2002b). While standing is
likely to reduce accumulated internal heat load due to increased skin surface area, reducing feed
intake will reduce core body temperature by suppressing heat originating from feed fermentation. A
significant research gap relates to the ability accurately predict voluntary feed intake and its potential
constraints over a range of scenarios, including heat stress. While mechanistic models have
investigated the thermal balance of cattle (Thompson et al. 2014; Thompson et al. 2011), no currently
available mechanistic animal models have the capacity to capture the biological controls of feed intake
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in cattle, let alone incorporating the metabolic and physical regulations that occur in heat stressed
cattle. Similarly, whole farm systems models, such as DairyMod (Johnson et al. 2008) or APSIM
(Holzworth et al. 2014) are also not able to account for animal heat stress or predict the effects of
heat on voluntary feed intake in a holistic sense, accounting for interactions between plants, animals,
soil conditions and climate.
In contrast to ruminants under thermoneutral conditions, dairy cattle already have an elevated
heat load due to higher productivity (Chebel et al. 2004). Differences in heat tolerance exist between
cattle breeds, where commonly used dairy breeds (e.g. Holstein-Friesian) are found to more
susceptible than beef breeds (Blackshaw and Blackshaw 1994). Here, we were not able to assess
differences between breeds, as most breeds were Holstein-Friesians (94.5%). As well, the majority of
studies (95%) also did not differentiate between crossbreds and purebreds. These findings reveal both
the importance of this topic in the dairy sector and emphasise the need to differentiate between heat
stress impacts on different breeds. Genetically selecting cows for heat tolerance has been shown to
significantly improve heat tolerance of high yielding dairy cows. Genetic markers to predict heat
tolerance in dairy cows were effective at maintaining DMI under heat exposure as measured by rectal
and vaginal temperature (Garner et al. 2016). Genomic selection for improved heat tolerance is an
adaptation strategy expected to have large benefits, particularly in pasture-based grazing systems
where animals are often exposed to ambient conditions. Such an adaptation strategy to future
climates would enable better animal welfare outcomes without compromising productivity.

4.4.2 Effects of heat stress during different lactation phases
We found larger reductions in DMI for rising THI in early lactation cows than the average
population. Reduced DMI in early lactation is not only likely to reduce productivity in the short-term
but may also have implications in longer-term if the effect of heat stress is sustained enough to also
affect the body reserves and body weight of the cow. In a normal lactation curve, milk production
peaks during early lactation by depleting body reserves for milk production (Moran 2005). However,
heat stressed cows have lower ability to mobilise stored peripheral adipose tissue (Baumgard and
Rhoads 2012), which further reduces milk production. Lowered DMI over a longer period causes
gradual depletion of body reserves. Effects of heat stress on productivity and metabolic performance
may last beyond the lactation period and into subsequent lactation years, and even have effects on
dairy cow offspring (Ouellet et al. 2020). Heat stress exposure in transition cows also reduces milk
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production (Tao et al. 2019) by altering nutrient metabolism and udder tissue development,
potentially resulting in the reduced performance of both dam and calf (Ouellet et al. 2020).

4.4.3 Effects of cooling interventions
Cooling interventions had significant capacity to reduce the impacts of heat stress on DMI (Fig.
4.3.5), with a divergence in DMI between cooled and normal cows observed from a THI of 68 onwards.
Here, we did not aim to establish a global heat stress threshold because of the extensive variability
between the heat stress thresholds worldwide. It is already known that the threshold for hyperthermia
has significant regional variations due to differences in the local climate, genetic tolerance of cows to
heat stress, feed composition and management strategies among others. For example, THI thresholds
around the world vary: in Australia it is set at THI 72, in the UK at THI 68, and in the USA at THI 69.
Thus, a global THI threshold of 68 is consistent with a potential level at which differences might
emerge.
Past work has shown that cooling strategies can offset production losses (Armstrong 1994;
Valtorta and Gallardo 2004). In this study, we classified cooling strategies into two main categories:
active cooling including the use of sprinklers and fans, and passive cooling for shading (we also
categorised a null category as a control treatment). Consistent with previous work, our results showed
both active and passive strategies were effective at reducing heat stress effects on DMI (Jones and
Hennessy 2000; Nidumolu et al. 2010). However, we found that passive strategies were more effective
than active strategies, also consistent with previous work highlighting shading to be more effective
that spraying (Jones and Hennessy 2000). In pasture-based systems, shading is also more effective and
practical method for cooling cows. Outdoor cattle are more vulnerable to heat stress due to their
exposure to ambient conditions, but the application of active methods for cooling are mostly limited
to milking times, after which point cattle may have already been exposed to hot conditions. The most
effective shading available in outdoor systems are tree shading. Trees also provide other benefits,
from habitat for biodiversity, to wind breaks and woody biomass carbon sequestration. In contrast to
active cooling methods that require power and water, shading is also relatively inexpensive.
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4.4.4 Implications of DMI variability on milk production
Milk production losses of up to 40% during single heat events are not unusual (West 2003b).
Although not all such losses can be attributed to DMI, lower intake is often the primary factor
responsible for reduced lactation in dairy cows (Gao et al. 2017a; Wheelock et al. 2010b). A
combination of compensatory mechanisms to support the return to thermoneutrality, including shifts
in energy demands and nutrient partitioning, are suggested to be responsible for the remaining
production losses (Cowley et al. 2015a; Shwartz et al. 2009). Further research is required to better
understand these processes and quantify their relative contributions to production losses. In this
study, we were unable to investigate the link between reduced DMI, THI and milk production due to
the low number of studies reporting these variables. Only 6% (41/676) of the data points recorded in
this study had matching milk yield (L and/or kg) records, suggesting there is a need for more studies
studying the nexus of DMI, THI and milk production.
Reduced DMI also reduces milk protein content (Emery 1978; Knapp and Grummer 1991;
Rodriquez et al. 1985). A reduction of 29% in DMI due to heat stress was reportedly associated with a
decline of 33% of milk production and 7% protein content (Shwartz et al. 2009). Protein content in
milk is generally the most affected variable during heat events (Chapter 3) due to varying levels of
major nutrients combined with increased demands in extramammary amino acids, resulting in the
reprioritisation of amino acids away from milk protein synthesis (Gao et al. 2017b). Fat content is
affected to a lesser degree and is associated with reduced fibre intake and a shift in the metabolism
of carbohydrates, evidenced by increased insulin concentrations and reduced lipolytic stimuli
(Baumgard and Rhoads 2012). Effects of heat stress on milk composition may be reduced when cows
are fed a total mixed ration and concentrate (Beede and Collier 1986; Bouraoui et al. 2002),
highlighting the importance of rationing diets for cows in preparation for heat events. Adjusting diet
composition is an effective strategy to ameliorate the impact of heat stress by providing cows with
high quality feeds that deliver appropriate nutrients while reducing heat load from fermentation to
improve the performance of cattle in varying climates, but particularly during hot weather.

4.5 Conclusions
This study found a negative correlation (r = -0.82) between THI and DMI, suggesting that across
continents and stages of lactation, DMI was reduced by 0.45 kg/d for every unit in THI unit increase.
This result allows standardisation of heat stress and feed intake comparison across studies.
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Primiparous and multiparous cows did not experience significant differences in the reduction of DMI
at increasing THIs. While differences in the DMI-THI relationship between lactating and non-lactating
cows were not significant, effects of THI on DMI were significantly different across lactation stages.
Passive cooling (e.g. shading) was more effective than active strategies (e.g. fans and sprinklers) at
alleviating the reduction in DMI at high THIs demonstrated by lower effects of high THI on DMI. A
divergence in DMI between cooled and normal cows observed from a THI of 68 onwards indicating
that this THI could be viewed as a level for which cooling should be provided.
While reduced DMI alone is not sufficient to determine the overall effect in milk production losses
in heat stressed dairy cows, a good understanding of the interactions between DMI and THI are
fundamental to design effective adaptation strategies. Based on our analysis, we recommend an
animal-focussed approach that can result in multiple benefits such as reducing yield losses and costs,
improving animal welfare and even add to biodiversity outcomes (e.g. trees as shelters from heat
stress).
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Chapter 5 – Relative influence of pastures and livestock heat stress

Abstract
In many regions, future climate change will increase the frequencies of extreme climatic events,
including the duration of severe heat waves. While contemporary agricultural systems models are
often used to quantify impacts of gradual climate change on crops and pastures, there are few studies
that holistically examine the effects of climatic extremes. Here we used a whole farm dairy model to
investigate the relative effects of heat stress on pasture production, animal dry matter intake (DMI)
and milk production under current and future climates. We used the systems model DairyMod to
simulate changes in whole farm pasture-livestock interactions under future climates. Effects of heat
stress on plants were captured in the model, while heat stress effects of animals were computed using
a relationship developed between the temperature humidity index (THI) and DMI. It was shown that
animal heat stress has greater impact on DMI and lactation compared with the effects of extreme heat
stress on plants on the same variables (plant and animal heat stress reduced lactation by 6% and 18%
respectively). Effects of heat stress on plant and animal productivity in future climates were more
pronounced than those under current climates, because future climates were both hotter and drier.
This resulted in pasture heat stress and water deficit conditions that reduced pasture production and
digestibility, as well as heat stress effects on animals per se that further reduced DMI. Together, our
results suggest that past systems modelling of heat stress on pasture-based dairy systems may have
underestimated the extent to which heat stress influenced animal productivity. We suggest that
future modelling of this kind should account for effects of heat waves on both pastures and animals.

Keywords: hyperthermia, extreme climate events, supraoptimal temperatures, dairy systems,
lactation, senescence

5.1 Introduction
Increasing greenhouse gas emissions have contributed to global warming of ~1°C in 2006-2015
relative to 1850-1900 (IPCC 2018). Such warming has resulted in more climatic extremes, including
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heatwaves, intense rainfall and droughts. In south-eastern Australia, the average heat wave duration
over the last 50 years has doubled, from 2 days per event between 1960 and 1999 to 4 days per event
between 2000-2008 (Nidumolu et al. 2014). For dairy farms, the number of heat stress days increased
by 60% between 1957 and 1996 (Howden and Turnpenny 1997) and accounted for an annual average
of 44 (12%) days between 1995 and 2015 meaning dairy businesses are already experiencing
significant losses due extensive heat events in temperate regions of Australia (Chapter 3). Such
increases in temperature and heat waves in Australia will continue into the future (CSIRO and Bureau
of Meteorology 2018), threatening the sustainability of both rainfed and irrigated pasture-based
systems (Chang-Fung-Martel et al. 2017).
Impacts of extreme events on farming businesses range from economic to environmental to
social. Changes in climate since 2000 have reduced farm profitability by ~20% due to increased climate
and income volatility (Hughes et al. 2019), where recent drops in milk price have further added to the
cost-price squeeze of Australian dairy farms. Higher temperatures and lower rainfall increase soil
respiration, reduce soil carbon accumulation and pasture growing seasons, increase the incidence of
heat stress in livestock, and overall reduce farm productivity (Cullen et al. 2009; Mader et al. 2006;
McKeon 2004). Reduced economic growth and increased economic losses due to extreme climatic
events relate to reduced crop and pasture yields, livestock productivity, limited water resources and
access to capital and product markets due to increase financial risks with seasonal and annual financial
budgeting and farm workforce planning identified as industry and government extension services
required to support farmer resilience and enhance adaptability when preparing for future changes in
climate (Nettle et al. 2015).
Effects of heat stress in cattle are well described in the literature (Chang-Fung-Martel et al. 2017).
Dairy cows have greater metabolic heat load due to higher productivity and lower ability to dissipate
heat compared with beef cattle (Nardone et al. 2010). Dairy cows raised in temperate climates also
show lower heat tolerance than those raised in warmer climates (Carabaño et al. 2016) displaying
reduced feed intake, reproductive performance, milk production and higher mortality rates when
exposed to extreme heat events (Mader et al. 2006; Summer et al. 2018). The temperature-humidity
index (THI), a function of ambient temperature and relative humidity, is the most widely used climatic
indicator of heat stress in dairy cattle due its strong positive relationship with respiratory rate, heart
rate, rectal temperature (Bouraoui et al. 2002) and strong negative relationship with dry matter intake
(DMI) (Johnson et al. 1963). Heat stress reduced milk production by 0.27kg for every unit increase in
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THI (Ravagnolo and Misztal 2000) with future overall production estimated to decrease by 10% by
2030 (Jones and Hennessy 2000).
Effects of temperature on plants have generally been well captured in farming systems models
through temperature stress factors on canopy photosynthesis or radiation-use efficiency (Perera et al.
2020). Despite heat effects on plant biomass accumulation and senescence in whole farm models
being adequately captured and the effects of temperature on plants being adequately modelled, many
whole farm systems models do not account for or have not explicitly examined the relative importance
of heat stress on livestock productivity, even though heat stress effects in cows are well documented.
Thus, the relative importance of animal heat stress as well as the extent to which DMI and milk
production are due to reduced pasture production or animal heat stress is largely unknown. Indeed,
most past research on animal heat stress focusses on understanding impacts of controlled heat over
short periods with confined cattle.
In this study, our purpose was to extricate the extent to which animal heat stress influences cow
DMI and lactation above that caused by plant heat stress alone. We examined the effect of very hot
days and heat waves on whole dairy farm systems, accounting for heat wave impacts on pasture
quality, growth and availability, cow dry matter intake and consequently whole farm productivity. We
then assessed how these variables and the relative influence of heat stress on pastures and animals
changed under future climates with varying degrees of warmer temperatures and lower annual
rainfall.

5.2 Materials and methods
We used a whole farm systems model to simulate plant and animal behaviour at three major dairy
locations in southern Australia, these sites being representative of Australian dairy systems but having
varied farm systems and long-term climatic trends. For a 2050 climate horizon, we adopted two
realistic but varied projections from global climate models (GCMs) to grasp the full spectrum of
possible climate futures for key dairying regions in Australia. We then downscaled the mean GCM
projections using the framework defined and tested in Harrison et al. (2016; 2017), such that
downscaled climates were representative of historical climate characteristics including mean GCM
projected changes in temperature and rainfall for each site, but also contained greater frequencies of
extreme climatic events.
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5.2.1 Historical climate data and THI
Historical (baseline) climate for each location was obtained from as patched-point datasets from
the Long Paddock SILO website (https://www.longpaddock.qld.gov.au/silo/) for the period between
1 January 1975 and 31 December 2018. Climate records included daily values of maximum and
minimum temperature, relative humidity, rainfall, potential evaporation, solar radiation and wind
speed. Minimum and maximum temperature-humidity index (THI) were calculated using equations
from the National Research Council (1971) using temperature and relative humidity (Eqn. 5.1), where
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is ambient average temperature (°C) and RH is relative humidity (%). All sites were typified by

winter dominant rainfall with mean annual rainfall ranging from 787 mm to 990 mm. Historical
minimum and maximum daily temperatures ranged between 8-10°C and 17-18.8 °C, respectively,
while maximum and minimum THI ranged from 46 to 50.5 and 61.5 to 63.5, respectively.

𝑇𝑇𝑇𝑇𝑇𝑇 = (1.8𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 32) − ((0.55 − 0.0055𝑅𝑅𝑅𝑅) × (1.8𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 26))

(5.1)

5.2.2 Future climate data
We developed two future climate scenarios to account for variability in temperature and rainfall
between GCM projections using the methods described in Harrison et al. (2016). This approach (1)
allows incorporation of mean changes in future climates expected for a region of interest projected
by multiple GCMs, (2) accounts for historical climate characteristics for a given site and (3)
notwithstanding point (1), generates climate projections with increased variability including more
heatwaves, longer droughts and more extreme rainfall events. Climate projections were developed
using monthly regional climate scaling factors based on Representative Concentration Pathway (RCP)
8.5 for 2050 from 40 global circulation models (GCMs) from the Climate Change in Australia website
(https://www.climatechangeinaustralia.gov.au/en/). To account for the variability in GCM
projections, we examined two scenarios: a warmer, wetter scenario (S1), and a hotter and drier
scenario (S2). Table 5.2.1 shows the climate change factors adopted from the Climate Change in
Australia website (we did not examine cool-dry or hot-wet scenarios as we would expect pasture and
animal productivity under such climate scenarios to fall between those of S1 and S2). Following the
‘Variable’ climate approach detailed in Harrison et al. (2016), historical climate distributions for each
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month are arranged into ten deciles (0-10, 11-20, 21-30… 91-100). Wet-day events above the 70th
percentile for each month are increased, while wet-day events below the 30th percentile within each
month are decreased. The resulting downscaled climate contains more large rainfall events and fewer
small rainfall events but ensures that future monthly average rainfall projections align with those from
the GCMs in the Climate Change in Australia website. For temperature, 50% of values below the
median monthly maximum daily temperature were modified and all values above the median were
upscaled. Minimum daily temperatures were made equal to those of the historical data and were
added to the corresponding difference between upscaled and historical maximum temperatures. As
the purpose of this study was to examine the relative effects of animal and plant heat stress under
current and future scenarios, we adopted a constant atmospheric CO2 concentration for all
simulations (450 ppm, this value being the mid-point between historical and future projections). Full
details of the approach above are outlined in Harrison et al. (2016).

Table 5.2.1. Temperature (°C) and rainfall (%) monthly climate change factors used to generate
future climate scenarios S1 and S2.

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

South
Australia
(SA)
S1
S2
1.5
3.0
1.5
3.0
1.5
3.0
1.5
3.0
1.5
3.0
1.5
3.0
0.5
1.5
1.5
3.0
1.5
3.0
1.5
3.0
1.5
3.0
1.5
3.0

Temperature
Western
Victoria
(WVic)
S1
S2
1.5
3.0
1.5
3.0
1.5
3.0
0.5
1.5
1.5
3.0
0.5
1.5
0.5
1.5
0.5
1.5
1.5
3.0
1.5
3.0
1.5
3.0
1.5
3.0

Tasmania
(TAS)
S1
1.5
1.5
1.5
0.5
1.5
0.5
0.5
0.5
1.5
1.5
1.5
1.5

S2
3.0
3.0
3.0
1.5
3.0
1.5
1.5
1.5
3.0
3.0
3.0
3.0

South
Australia
(SA)
S1
S2
-15
-20
-15
-20
-15
-20
-15
-20
-5
-15
-15
-20
-15
-20
-15
-20
-15
-20
-15
-20
-15
-20
-15
-20

Rainfall
Western
Victoria
(WVic)
S1
S2
-5
-15
5
-5
5
-5
-5
-15
5
-5
5
-5
5
-5
5
-5
5
-5
-5
-15
-5
-15
-5
-15

Tasmania
(TAS)
S1
-5
5
5
-5
5
5
5
5
5
-5
-5
-5

S2
-15
-5
-5
-15
-5
-5
-5
-5
-5
-15
-15
-15
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5.2.3 Farm locations and model simulations
Table 5.2.2. Characteristics of each location, including long-term average annual climate (19952018), and farm details under the historical and climate projection scenarios
Location
Region
Latitude, longitude
Altitude (m above sea level)
Soil type
Area (ha)
Climate
Rainfall (mm)
Temperature max (°C)
Temperature min (°C)
THI max
THI min
Farm Management
Milking cows
Stocking rate
Adult liveweight (kg)
Calving time
Min. pasture grazing threshold (t DM/ha)
Max pasture threshold required for
cutting (t DM/ha)
a
b

South Australiaa
(SA)
Fleurieu Peninsula
-35.55, 138.34

Western Victoriab
(WVic)
Allansford
-38.38, 142.58

361
Dermosol
208

7
Sodosol
104

Tasmaniaa
(TAS)
Wynyard
-41.00,
145.73
12
Ferrosol
150

935
17.5
10.0
61.5
50.5

787
18.8
9.4
63.5
49.0

990
17.0
8.0
61.5
46.0

350
1.7
550
May-Jul
1.2
4.0

320
3.1
550
Jul
1.4
4.0

450
3
500
Aug
1.5
4.5

Location and farm management after Harrison et al. (2017b)
Location and farm management after Smith et al. (unpublished)

Three farm sites were modelled using DairyMod (Johnson et al. 2008). Working groups comprising
farmers, business people and local experts were used to select the case study farms and to validate
model simulations for South Australia (SA), Tasmania (TAS) and Western Victoria (WVic) (Harrison et
al. 2017b; Harrison et al. 2016) (Smith et al. unpublished). Following real farm characteristics, all farms
were modelled with feedbases consisting primarily of perennial ryegrass (Lolium perenne) with
rotational grazing at fixed stocking rates (Table 5.2.2). The SA and WVic sites were dryland, while the
TAS site was irrigated. To ensure that effects of climate were not confounded with those of nutrient
stress in the model, simulations were conducted with ample nitrogen supply (~300 kg N/ha/year) to
ensure pasture growth was not limited by N stress. Further site characteristics are detailed in Table
5.2.2
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5.2.3.1

Impacts of heat stress on plants

Effects of pasture heat stress in DairyMod are implemented through effects on both stress
magnitude and duration (Johnson 2008; Johnson 2016). Supraoptimal temperatures are modelled
using a high temperature stress coefficient that ranges between 0 (full stress) to 1 (no stress); heat
stress is invoked when initial stress temperatures are reached (Tmx,low) with photosynthesis being
gradually reduced until the maximum stress temperatures are reached (Tmx,high). For each day i when
Tmx > Tmx,low, pasture temperature stress is computed using Eqn. 5.2.

𝜏𝜏 𝑇𝑇,ℎ𝑖𝑖𝑖𝑖ℎ,𝑖𝑖 = �

𝑇𝑇𝑚𝑚𝑚𝑚,ℎ𝑖𝑖𝑖𝑖ℎ − 𝑇𝑇𝑚𝑚𝑚𝑚
,
𝑇𝑇𝑚𝑚𝑚𝑚,ℎ𝑖𝑖𝑖𝑖ℎ − 𝑇𝑇𝑚𝑚𝑚𝑚,𝑙𝑙𝑙𝑙𝑙𝑙

0,

𝑇𝑇𝑚𝑚𝑚𝑚 < 𝑇𝑇𝑚𝑚𝑚𝑚,ℎ𝑖𝑖𝑖𝑖ℎ

(5.2)

𝑇𝑇𝑚𝑚𝑚𝑚 ≥ 𝑇𝑇𝑚𝑚𝑚𝑚,ℎ𝑖𝑖𝑖𝑖ℎ

If Tmx < Tmx,low, a recovery coefficient is computed as a function of the critical temperature sum for
recovery from high temperature stress (Tsum, high) using Eqn. 5.3

max (0, 25 − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 )

𝜏𝜏 𝑇𝑇,ℎ𝑖𝑖𝑖𝑖ℎ,𝑖𝑖 = ∑ �

𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠,ℎ𝑖𝑖𝑖𝑖ℎ

�

(5.3)

where Tmean is average daily temperature. The recovery stress coefficient 𝜑𝜑𝑇𝑇,ℎ𝑖𝑖𝑖𝑖ℎ is computed as:

𝜑𝜑 𝑇𝑇,ℎ𝑖𝑖𝑖𝑖ℎ

∏ 𝜏𝜏 𝑇𝑇,ℎ𝑖𝑖𝑖𝑖ℎ,𝑖𝑖
= � min�1, 𝜏𝜏 𝑇𝑇,ℎ𝑖𝑖𝑖𝑖ℎ,𝑖𝑖 + 𝜑𝜑 𝑇𝑇,ℎ𝑖𝑖𝑖𝑖ℎ �

𝑇𝑇𝑚𝑚𝑚𝑚 ≥ 𝑇𝑇𝑚𝑚𝑚𝑚,𝑙𝑙𝑙𝑙𝑙𝑙

𝑇𝑇𝑚𝑚𝑚𝑚 < 𝑇𝑇𝑚𝑚𝑚𝑚,𝑙𝑙𝑙𝑙𝑙𝑙

(5.4)

Daily gross photosynthesis, Pg,day is multiplied by 𝜑𝜑 𝑇𝑇,ℎ𝑖𝑖𝑖𝑖ℎ to account for the effects of current and

preceding supraoptimal temperature stresses.

Greenhouse studies have shown that perennial ryegrass (Lolium perenne) has an optimum
growing temperature of 18-20°C (Mitchell 1956), with photosynthesis beginning to decline at 25°C
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(Woledge and Dennis 1982), severe stress at 31°C (Thorogood 2003), leaf senescence at 33°C (Hunt
and Field 1981) and whole plant death at 35°C (Mitchell 1956). Using these data, Tmx, low was set to
25°C, Tmx, high was set to 35°C. Following Perera et al. (2019), Tsum,high was set to 20 (Table 5.2.3).

5.2.3.2

Impacts of heat stress on animals

The animal submodel in DairyMod simulates animal growth in response to energy available from
intake, incorporating variable energy demands associated with pregnancy and lactation (Johnson et
al. 2016; Johnson et al. 2012). Dry matter intake (DMI) are converted into metabolisable energy (ME)
accounting for variable feed sources including grazed pastures and supplementary feeds such as
concentrate, forage and mixed rations. Potential intake is related to animal energy dynamics and feed
composition, with energetic surplus occurring when ME intake (MEintake) rises over maintenance
energy (MEmaint) requirements. MEintake accounts for energetic expenditure from activity, methane
emissions, urine and dung in relation to animal body weight (Johnson 2016) (Eqn. 5.5).

𝑀𝑀𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑀𝑀𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑀𝑀𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

(5.5)

In pregnant and lactating cows, additional energetic requirements are accounted for through
increased MEmaint with potential intake gradually increasing to peak around 100 days after parturition
(Johnson 2016). In pasture systems such as those examined here, pasture intake is the main
component of feed intake but is subject to (i) pasture digestibility and quality and (ii) pasture
availability (Johnson 2008). Supplementary feed is then provided based on animal requirements and
feeding rules as prescribed in the model interface. When pasture digestibility declines, animals
increase feed intake to maintain a relatively stable MEintake.
In contrast to pasture heat stress, DairyMod does not account for heat-related effects on animals
such as reduced DMI during heat waves; in the model DMI and lactation are computed as a function
of pasture quality, availability and cow physiological stage. To account for heat stress on DMI, MEintake
from DairyMod was adjusted using daily values of THI using a relationship developed in a global metaanalysis in Chapter 4. In the current study, intake in heat stressed cows on day i (DMIHS,i) was computed
using Eqn. 5.6, where DMIi is the default intake on day i from DairyMod assuming thermoneutral
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environmental conditions, THIi is the THI observed on day i and THImean,i is the mean THIi for each day
of the year:
(5.6)

𝐷𝐷𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻,𝑖𝑖 = 𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖 − 0.45 (𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 )

The ratio between DMI and DMIHS,i was used to calculate MEHS,intake using Eqn. 5.5. MEHS,intake was
converted to a heat stress lactation value (LHS,i) by dividing by the number of megajoules per litre of
milk (4.84), following Johnson (2008).

5.2.4 Sensitivity analyses
Sensitivity analyses were performed to assess the effect of plant and animal parameters on
pasture production, DMI and lactation. We perturbed pasture heat stress or DMI parameters by 10%
to increase the severity of heat stress on either plants or animals (Table 5.2.3). By way of example, the
sensitivity analyses were conducted on the irrigated site (TAS) and on one dryland site (SA).

Table 5.2.3. Summary of pasture and animal intake parameters used in the original and sensitivity
analyses to assess the effect of heat stress on dairy farming systems under historical and future
climates.
Treatment Plant/Animal Sensitivity description
A
Plant
Pasture heat stress
implemented at 10% lower
cardinal temperatures
B

Plant

AB

Plant

C

Animal

Parameter
Tmx,low (°C)
Tmx,high (°C)
Tsum,high (°Cd)
Slower recovery of pasture Tmx,low (°C)
after heat stress (greater
Tmx,high (°C)
recovery duration)
Tsum,high (°Cd)
Pasture heat stress
Tmx,low (°C)
implemented at 10% lower Tmx,high (°C)
cardinal temperatures and Tsum,high (°Cd)
slower recovery of
pastures after heat stress
Animal heat stress
heightened by 10% by
reducing DMI relative to
THI by 10%

Original
25
35
20
25
35
20
25
35
20
𝐷𝐷𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻,𝑖𝑖 = 𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖 −
0.45 (𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖 −
𝑇𝑇𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 )

Sensitivity analysis
22.5
31.5
20
25
35
22
22.5
31.5
22
𝐷𝐷𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻,𝑖𝑖 = 𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖 −
0.5 (𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 )
)
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5.3 Results
5.3.1 Changes in climate in relation to pasture and animal heat stress
Historical and future climate scenarios (S1 and S2) are shown in Fig. 5.3.1. In general, S2 was hotter
and drier than S1 and the baseline across all study sites (Fig. 5.3.1). Changes in annual temperatures
greater or equal to 25°C (the initial onset of pasture heat stress in the default scenario) were most and
least severe in TAS and SA, respectively. In TAS, days ≥25°C were 4.5 and 11 times more likely in S1
and S2 respectively, compared with the baseline. Under S1 in TAS, 32% of summer days were
conducive to pasture heat stress and 58% under S2, compared with only 8% of heat stress days in the
baseline. In WVic, annual monthly temperatures greater than or equal to 25°C were 1.6 and 2.2 times
greater (respectively) than the baseline. Changes were more severe in summer, 45% and 61% of
summer days were greater than 25°C in S1 and S2 respectively, compared with only 28% of days over
25°C in the historical period. In SA, temperatures greater than 25°C were 38% in S1 and 46% in S2
compared to 29% in the baseline. While most days with temperatures greater than 25°C occurred in
summer, the greatest percentage increase in temperatures relative to the baseline was in autumn for
all sites.
Under future climate scenarios, THI followed similar trends to changes in temperature. Annual
average maximum THI (THImax) increased by 4% in S1 and 9% in S2 in TAS, with the greatest increases
in spring months compared to the baseline. In WVic, THI increased 5% in S1 and 10% in S2 with most
changes occurring also in spring. Changes in THI were greater for THImin compared with THImax. In TAS,
changes in THImin were relatively higher, increasing by 14% in S1 and 19% in S2, with most changes
occurring in autumn, winter and spring months. In WVic, THImin increased by 3% in S1 and 7% in S2
mostly through changes in spring, summer and autumn months. In SA, no significant differences were
observed between seasons for THImax (up 3% in S1 and 7% in S2) or THImin (up 3% in S1 and 6% in S2).
Changes in rainfall were similar in TAS and WVic. Average annual rainfall in TAS increased by 2%
in S1 mostly due to increased late autumn and winter rainfall. In contrast, annual rainfall in S2 declined
by 9% due mainly to reductions in summer (13%) and spring (11%), but also in autumn (8%) and winter
(5%). In WVic, increased rainfall in late autumn and winter led to an overall increase of 2% in rainfall
in S1 when compared to the baseline. For S2, there was an annual reduction of 8% in all months and
particularly large decline in summer rainfall of 15%. In SA, rainfall declined by 14% in S1 and 20% in
S2, with changes relatively uniform throughout year (Fig. 5.3.1).
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Fig. 5.3.1. Monthly average rainfall (mm) (bars), minimum and maximum temperature (°C) (blue
line) and minimum and maximum THI (red line) for the baseline (B) and projected climate scenarios
in SA (top), WVic (centre) and TAS (bottom) dairy farm sites (B = baseline, S1 = scenario 1, S2 =
scenario 2).

5.3.2 Influence of climate change on pasture heat stress
Across all study sites and climate change scenarios, pasture quality and quantity decreased
relative to respective baselines (Fig. 5.3.2). Pasture growth rates remained lower in S1 than the
baseline in autumn and most of winter, despite an increase in temperatures and winter rainfall in
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comparison to the historical climate. The greatest impact on pasture growth was observed in S2, which
was driven by the combination of both increased temperatures and a decline in rainfall.

Fig. 5.3.2. Monthly mean pasture growth rates and digestibility at dryland farm sites in South
Australia and Western Victoria and at the irrigated farm site in Tasmania under the baseline (B) and
projected climate scenarios (S1 and S2).

Implementation of pasture heat stress in the model resulted in an earlier contraction of the
growing season at the end of spring across scenarios and sites, but particularly at the dryland sites in
WVic and SA. The effect of climate scenarios was most severe in WVic, mainly because this site had
the largest increase in temperatures above the initial pasture heat stress threshold of 25°C. In TAS,
autumn temperatures (March to May) above 25°C increased by 8% in S1 and 26% in S2 when
compared to the baseline. Despite irrigation, these changes reduced pasture growth because
supraoptimal temperatures limited growth, particularly in S2 (Fig. 5.3.2). Nonetheless, the effect of
irrigation remains advantageous, evidenced by the increased production in summer months of this
site compared with other sites.
Across sites, digestibility was reduced in S1 and S2 relative to the baseline (Fig. 5.3.2-B). Lower
digestibility was a result of increased temperatures, reduced rainfall and higher evapotranspiration
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that reduced growth and increased senescence. Greater senescence increased dead material relative
to green material, decreasing the overall digestibility of the sward. These effects were most
pronounced at the irrigated site (TAS), at which the increase in evapotranspiration from the baseline
to S2 was the greatest (Table 5.3.1).

Table 5.3.1. Mean annual pasture production, evapotranspiration, cow intake and lactation over
the 44-year simulation period in the historical and future climate scenarios indicated by S1 and S2.
Columns including subscript HS indicate inclusion of the effects of cow heat stress. Annual
coefficient of variation for each variable are shown in parenthesis.
Farm site

South
Australia

Western
Victoria

Tasmania

Climate

Total

Evapo-

Supplemen-

DMI

DMIHS

L

LHS

scenario

pasture

transp

tary feed

(kg DMI/ha)

(kg DMI/ha)

(L/cow)

(L/cow)

(t DM/ha)

(mm)

(kg/cow)

Baseline

29.8 (6)

149 (11)

130.3 (4)

7198 (2)

6418 (3)

6846 (4)

5224 (6)

S1

23.4 (7)

168 (11)

145.7 (6)

7012 (3)

6150 (4)

6722 (5)

4898 (8)

S2

19.6 (10)

189 (13)

155.8 (8)

6844 (3)

5874 (5)

6502 (5)

4428 (10)

Baseline

21.2 (8)

188 (6)

90.5 (6)

5419 (1)

5320 (1)

5243 (2)

4961 (3)

S1

18.8 (15)

220 (7)

128.1 (7)

5417 (1)

5173 (1)

5184 (2)

4651 (3)

S2

15.5 (12)

273 (10)

147.3 (8)

5414 (1)

4931 (2)

5166 (3)

4160 (4)

Baseline

26.4 (8)

199 (5)

80.4 (4)

5834 (1)

5611 (1)

4883 (1)

4409 (3)

S1

22.3 (10)

399 (12)

97.5 (6)

5708 (2)

5348 (3)

4625 (3)

3877 (6)

S2

18.4 (13)

591 (12)

120.3 (7)

5299 (4)

4909 (6)

4167 (6)

3345 (12)

5.3.3 Influence of climate change on animal heat stress and DMI
The effect of future climates on the default DMI from DairyMod (i.e. unaffected by animal heat
stress) were not significant in WVic or SA but were pronounced in S1 and S2 in Tasmania in summer
and autumn (Table 5.3.1, Fig. 5.3.3-A). Default lactation also changed little under future climates as
DairyMod attempts to maintain lactation by upregulating DMI to meet metabolic needs associated
with maintenance and lactation (see methods), however lactation can and does drop in the model

93

Chapter 5 – Relative influence of pastures and livestock heat stress
when DMI is capped. In this study, supplementary feed intake (forage, concentrate and mixed ration)
increased in response to lower pasture production. On average, supplementary feed intake increased
by 25% in S1 and 44% in S2 across all sites. Although annual lactation decreased by only 5% at SA
under S2 relative to the baseline, a 15% reduction in annual lactation amount was observed under S2
at the other sites (Table 5.3.1). Larger effects on default DMI under future climate scenarios were
observed in TAS (2% in S1 and 9% in S2 relative to the baseline), because a higher proportion of
maximum daily temperatures breached 25°C in the future climate scenarios, further reducing pasture
growth at that location.
When DMI was adjusted for animal heat stress (DMIHS), intake decreased by 12% (S1) and 14%
(S2) relative to DMI within the same scenario at SA, 5% (S1) and 10% (S2) in WVIC and 7% (S1) and 8%
(S2) in TAS. The annual average effect of climate scenarios was more pronounced in S2 than in S1
relative to the baseline, with declines of 4% and 8% in SA, 3% and 7% in WVic and 5% and 13% in TAS
for S1 and S2 respectively (Table 5.3.1, Fig. 5.3.3). All sites had lower DMIHS in months likely to have
greater rates of heat stress days (i.e. summer and gradually growing in spring and autumn). Cooler
and wetter months (i.e. winter) had relatively little effect on DMIHS, as THIs were lower than the heat
stress threshold.
Effects of DMIHS on lactation (LHS) were larger in S2 than in S1 across locations. While there was
little effect of climate scenario on LHS between months (Fig. 5.3.3-D), larger differences between sites
were observed in annual lactation (Table 5.3.1). TAS experienced the largest annual losses, with mean
milk production decreasing by 12% in S1 and 24% in S2 (Table 5.3.1 and Fig. 5.3.3) compared with the
baseline LHS. The LHS losses for SA and WVic were relatively similar in annual percentage losses; 6% in
S1 and 16% in S2. Across sites, LHS losses extend from early spring to the following autumn.
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Fig. 5.3.3. Monthly average cow dry matter intake and lactation without animal heat stress from
DairyMod (A and C) or with animal heat stress (B and D) at South Australia, Western Victoria and
Tasmania under the baseline (Base) and future climate scenarios (S1, S2).

Comparing LHS and the default lactation (L, unaffected by heat stress), highlights limitations of
previous studies when the losses attributed to animal heat stress are not considered. Accounting for
animal heat stress increased the variability in annual lactation (cf. L with LHS in Table 5.3.1), more so
under climate scenario S2. The loss in milk production due to animal heat stress was larger than that
due to pasture heat stress across locations (Fig. 5.3.4). It was shown that animal heat stress has a
greater impact on DMI and lactation compared with the effects of extreme heat stress on plants on
95

Chapter 5 – Relative influence of pastures and livestock heat stress
the same variables (plant and animal heat stress reduced lactation by 6% and 18% respectively). SA
and TAS showed ~35% milk production losses due to animal heat stress in S2, although the
contribution of animal heat stress to these losses was much larger at SA than at TAS. In WVic, pasture
losses were not different between climate scenarios. Again, animal heat stress accounted for the
majority of milk production losses.

Fig. 5.3.4. Percentage reduction in mean annual lactation due to animal (grey) and plant (black)
heat stress at the South Australia, Western Victoria and Tasmania farm sites under the projected
climate scenarios when compared to the baseline.

5.3.4 Sensitivity analyses
The effect of initial parameter values adopted in this study were assessed using a sensitivity
analyses using treatments shown in Table 5.3.2. The onset of pasture heat stress at lower
temperatures (treatment A) had a larger effect on pasture growth than treatment B (i.e. longer time
for pasture recovery, Tsum). Effects of treatments A and B on total pasture DM accumulation were
approximately additive when implemented in concert (treatment AB). The sensitivity of initial
parameter values on pasture DM were greatest in S2, and there were large differences in the
sensitivity for future climate scenarios compared with the baseline at TAS.
DMIHS was most sensitive to treatment C, followed by AB, A and lastly B, suggesting selection of
parameters governing animal heat stress are more important than selection of plant-related heat
stress parameters in DairyMod (Table 5.3.2). This is likely because plant heat stress effects on DMIHS
are partially negated by increased consumption of supplementary feed (Table 5.3.2). DMIHS for the
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baseline climate scenario was not sensitive for any treatment, with sensitivity of DMIHS increasing for
all treatments in S1 and S2. Effects of each treatment on LHS followed similar trends to those in DMIHS.
Seasonally, the trajectory of animal heat stress was most sensitive during the warmest periods of
January-April and October-Dec in Tasmania, though LHS of treatment C was also sensitive in July and
August for S1 and S2 at the SA site (Fig. 5.3.5). Together these findings highlight the need for more
careful consideration of plant and animal parameters in future climate scenarios compared with
historical climate simulations.

Table 5.3.2. Percentage change in annual average pasture dry matter accumulation, animal DMIHS
and LHS for sensitivity analyses treatment of the baseline, S1 and S2 climate scenarios (standard
deviation in parenthesis).
Treatment

Baseline
Pasture dry matter
A
-15 (±6)

South Australia
S1

S2

Baseline

Tasmania
S1

-17 (±13)

-16 (±7)

-4 (±4)

-17 (±9)

-26 (±7)

S2

B

-9 (±5)

-8 (±7)

-9 (±5)

-1 (±1)

-12 (±6)

-12 (±7)

AB

-24 (±11)

-25 (±18)

-27 (±13)

-6 (±7)

-28 (±13)

-39 (±10)

C

NA

NA

NA

NA

NA

NA

DMIHS
A

-1(±1)

-3 (±2)

-2 (±3)

0 (±0)

-4 (±4)

-3 (±3)

B

-0 (±1)

-1 (±1)

-1(±2)

0 (±0)

-2 (±2)

-2 (±1)

AB

-2 (±2)

-3 (±3)

-4 (±5)

-1 (±1)

-6 (±6)

-4 (±4)

C

-4(±5)

-7(±7)

-11(±10)

-1 (±1)

-5 (±7)

-15 (±13)

A

1 (±2)

-4 (±2)

-2 (±4)

0(±2)

-3 (±4)

-1 (±4)

B

1 (±1)

-1 (±1)

-1 (±2)

-0(±0)

-1 (±2)

-1 (±2)

AB

0 (±3)

-3(±4)

-3 (±6)

-0(±3)

-5 (±6)

-2 (±5)

C

-3 (±3)

-5 (±5)

-9 (±7)

-1(±2)

-7 (±9)

-12 (±9)

LHS

NA = not applicable: treatment C dealt with animal heat stress (see Table 5.3).

Overall, both plant and animal treatments were relatively insensitive under historical climates,
suggesting model initialisation under such scenarios would carry little uncertainty. However, under
future climates, initialisation of animal parameters were increasingly important as climates become
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drier and hotter; underscoring the need to carefully select and justify methods used to estimate the
impacts of heat stress on DMIHS and LHS (Table 5.3.2 and Fig. 5.3.5).

Fig. 5.3.5. Seasonal sensitivity of pasture parameters (treatments A, B, AB) and animal parameters
(treatment C) for the historical, S1 and S2 climate scenarios at the sites of SA and TAS.

5.4 Discussion
Previous studies have investigated the influence of extreme climatic events on the seasonal
variability of pasture production (Cullen et al. 2009; Harrison et al. 2017b; Harrison et al. 2016) and
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their collective impact on the productivity and profitability of pasture-based dairy systems. More
recently, the influence of pasture heat stress has been refined using functional understanding of heat
stress implications on plants (Perera et al. 2019); however the integration of heat stress effects on
plants and animals in whole farm systems models remains to be conducted. Here, we aimed to (1)
investigate the extent to which animal heat stress influenced animal productivity over and above over
that caused by plant heat stress alone and (2) assess the relative influence of plant and animal heat
stress under varying severities of future climate scenarios.

5.4.1 Impact of climate change scenarios on pasture production and animal heat stress
Previous research on the effect of climate change on pasture-based systems in Victoria and
Tasmania has projected beneficial effects on pasture growth rates in winter and early spring due to
CO2 fertilisation and warmer temperatures, resulting in higher annual pasture production than a
baseline (1971-2000) by 2030 (Cullen et al. 2008; Cullen et al. 2009; Phelan et al. 2015). Such previous
studies have not accounted for effects of increased frequencies of extreme events, and thus – in
contrast to the present study - may have underestimated intra- and interannual effects of climate
change on whole farm production. Nonetheless, results in the present chapter accord with more
recent work that has shown climate change and extreme climatic events will reduce long-term annual
pasture production due to increased temperatures and reduced rainfall (Harrison et al. 2017b).
Past work has shown that temperatures of 25°C significantly reduce perennial ryegrass
photosynthesis (Woledge and Dennis 1982) with plant death occurring at 35°C or greater (Mitchell
1956). Although DairyMod captures well the effects of temperature on plant growth, the model does
not account for heat-induced plant mortality. In periods of full heat stress (≥35°C), the model inhibits
or ceases pasture growth until subsequent periods in which temperatures fall below 35°C, where
growth is reinstated. Thus, both the present and past studies may have underestimated cumulative
effects of heat stress on pastures, particularly impacts caused by longer duration heat waves (more
than three days). Despite this, heat-related depression of photosynthesis at 35°C under both irrigated
and rainfed conditions was well simulated in the study by Perera et al (2019), though pastures in this
study also may not have died under severe heat stress. Accounting for the effect of heat stress on
pastures was likely the main cause for the unfavourable changes in annual pasture growth in climate
scenario S1 despite greater seasonal rainfall than the baseline and in climate scenario S2 given the
combined effect of heat stress with water stress across sites.
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We showed that the influence of climate change was observed in all climate change scenarios.
Default L (DairyMod lactation without adjustment for animal heat stress) in summer months of
scenarios S1 and S2 were lower than baseline L due to greater effects of heat stress in the former
scenarios. In addition to milk production losses due to reduced pasture growth, L was further reduced
due to lower pasture digestibility (particularly in WVic and TAS, Fig. 5.3.3). In this study, pasture
digestibility was reduced as water deficit and heat stress increased pasture senescence, increasing the
dead and litter proportions of the sward. Consistent with the literature (Howden et al. 2008), our
results exposed increased temperatures that resulted in higher evapotranspiration and reduced
pasture quality. Reduced non-structural carbohydrates can also reduce pasture digestibility (Wilson
1982). Lower pasture quality can reduce liveweight gains of growing animals, depletion of metabolic
reserves and exacerbating metabolic energy losses due to rising methane emissions (Knapp et al.
2014). Supplementation with high-energy, low-cost feeds can increase opportunities when high
quality pasture is scarce (Wilkinson et al. 2020), however high energy density diets in heat stressed
cows may not improve production (Moallem et al. 2010). In this study, supplementary feeding
increased in response to lower pasture production under climate scenarios S1 and S2 across all sites
(Table 5.3.1) by regulate feed intake to meet cow energy demands. Providing additional
supplementary feed to increase or maintain milk production is commonly practiced but it may not be
profitable under future climates (Ho et al. 2015). Based on the projected increase in the number of
animal heat stress days by 2050, past work has estimated a 10% decline in total Australian milk
production relative to year 1990 (Jones and Hennessy 2000; Nidumolu et al. 2010). Such estimates are
in line with short-term heat stress impacts that show milk losses of 10-13% in heat wave events in
Victoria in 2009 and 2014 (Balas and Garner 2015) (Chapter 3).
Strategies to lessen production losses in livestock systems should examine adaptations using
approaches that account for the simultaneous effects of high temperatures and reduced water
availability on pasture stress. Adaptations could include the use of pastures better adapted to future
climates (e.g. deep rooted and drought tolerant perennials) in combination with fluctuating stocking
rates and stock rotations in response to seasonal climate forecasting (Howden et al. 2008). In dairy
systems, implementation of permanent structures that provide shading in combination with animal
cooling methods (such as fans and sprinklers) often prove feasible (Davidson et al. 1996; Nidumolu et
al. 2010). However, use of such adaptations may be not be within financial reach of many dairy
businesses (Howden et al. 2008) and may be difficult to implement in outdoor pasture-based grazing
systems without confining animals. Longer-term adaptations, and more suitable to outdoor grazing
systems, may include shifting mating and calving practices to cooler seasonal climates (Chapman et
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al. 2012) or introducing genetically selected animals tolerant to heat stress conditions but without
compromising productivity (Garner et al. 2016). The development of whole system models that
integrate all the factors affecting animal heat stress while accounting for climate change impacts on
dairy businesses are thus useful analysing genotype by environment by management interactions,
such as how different dairy breeds may perform under different stocking rates in different
environments.

5.4.2 Improving the conceptualisation and computation of animal heat stress
While our results have focussed only on lactation losses associated to reduced DMI, the extent of
the impact of heat stress on dairy cows is likely larger. The influence of DMI is considered the largest
contributor to production losses (Gao et al. 2017a; Wheelock et al. 2010b). The remaining losses are
suggested to be largely due to physiological and compensatory mechanisms that re-direct postabsorptive energy and nutrient resources (i.e. nutrient partitioning) causing milk production to be
deprioritised for alternate processes that support the return to thermoneutrality (Cowley et al. 2015a;
Shwartz et al. 2009). However, these processes, their activation during heat stress and their
sequestration of energy and nutrient demands is not yet fully understood. Future work could focus on
better capturing the dynamics of increased maintenance demands by incorporating hyperthermic
specific values into the model that adjust growth parameters, conception rates, milk yield and milk
composition. A recovery period function, such as the T-sum used for pasture heat stress, where
animals return to ‘normal’ following beneficial thermal conditions, would also help understand the
effect of longer and more severe heatwaves. This approach could also potentially study the differences
between animals with varying levels of heat tolerance to better understand adaptations that include
the introduction of alternate breeds and genetically selected dairy cows.
Whole farm systems models must cover many subdisciplines of science, from soil biophysics to
plant photosynthesis to climate physics. Thus, although process-based, algorithms within such models
cannot be to the detail of those of individual models, such as those of ruminant biology. Indeed, such
models have not been developed for the specific purpose of examining heat impacts on lactation (for
example), rather they have been developed to capture interactions between manifold variables within
genotype by environment by management interactions. It follows that more work could be done to
mathematically describe the impacts of animal heat stress on DMI and also, the effect of variations in
DMI on animal productivity, animal health and welfare by integrating such equations into whole farm
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systems models. Indeed, the authors are not aware of any model designed to study the impact of heat
stress in livestock at a whole farm scale.

5.4.3 Implications of animal heat stress for the dairy industry
This study revealed the effect of climate change across sites and scenarios is larger than previously
estimated (Cullen et al. 2008; Harrison et al. 2017b; Phelan et al. 2015) when heat stress parameters,
either for plants or animals, are not considered. Our results show that animal heat stress poses a
greater risk to the long-term profitability of pasture-based dairy businesses. For this reason, further
research should focus on optimising animal focussed adaptations better suited to outdoor, pasture
based grazing systems that can mitigate the effect heat stress losses. While shading and sprinklers are
reportedly beneficial in countries such as the USA where animals are confined, these strategies are
not practical within the Australian context. Improved quantification of animal heat stress could have
significant financial benefits for the dairy industry. Better process-based understanding, in
mathematical form, will allow industry to better forecast the impacts of heat stress, and to estimate
the benefits to be obtained from the implementation of adaptations. Indeed, while impacts of
seasonal climate forecasts on crops and pastures have received much attention (Blumenthal et al.
1991; Grant et al. 2011; Harrison et al. 2017a), little attention has been paid to forecasting the impacts
of heat stress and biosecurity risks on animals, with the notable exception of few recent decision
support tools (e.g. Kahn et al. 2017). Forecasting of heat impacts on the dairy industry will become
increasingly important in countries such as Australia, where climate change will bring increasing
frequencies of drought and heat waves.

5.5 Conclusions
Extreme heat events will continue to challenge pasture-based perennial ryegrass grazing systems
in future climates by reducing pasture quality and quantity. This will necessitate filling feed gaps with
conserved or purchased supplementary feeds to meet energy requirements in dairy cows. If climate
change continues to track towards the more extreme end of the global climate model projections
(RCP8.5), we can expect future climates that are more in line with hotter, drier scenarios such as the
S2 scenario modelled here. Such climates will have negative effects on pasture production and quality
even under irrigation systems, highlighting the need for farmers and industry to find novel and
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innovative adaptations for both pastures and livestock. Such adaptations may include deeper rooted
or drought tolerant perennials, more flexible stocking rates and rotations, and animal heat mitigation
adaptations such as shading and the use of sprinklers in summer. The need for such adaptations will
require capital investment, so future work should also consider economic assessment of climate
change adaptations.
Future modelling should account for effects of extreme climatic events (such as heat stress) in
whole farm systems analyses. Heat stress in dynamic simulations models should make account for a
variety of animal genotypes, environments and management conditions, and could be implemented
using the THI-DMI relationship undertaken here. This approach would enhance quantification of heat
related impacts on dairy systems over the long term to support decision-making for farmers,
businesses and industry and develop and evaluate policy, extension and adaptation strategies.
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6.1 Introduction
In this thesis we investigated the effect of extreme climatic events on the productivity of dairy
systems, with a particular emphasis on the impacts of pasture and animal heat stress at farm and
regional levels in south-eastern Australia. From the literature review in Chapter 2, existing research
on the effects of heat stress on livestock was examined to identify important research gaps. We
developed a method to quantify regional production losses in commercial Australian dairy farms
during heat events (Chapter 3) and investigated the relationship between DMI and THI in cattle
(Chapter 4). We also explored the suitability of estimating the influence of animal heat stress on future
dairy systems using the findings from Chapter 4 and evaluated the impact of future extreme climatic
events on whole farm dairy systems by accounting for both plant and animal heat stress (Chapter 5).
These methods are transferrable and our findings applicable to other dairy regions across the globe
where heat related losses affect production at present and in the future. In this final chapter, I
highlight the main findings, present my conclusions and summarise opportunities for future research.

6.2 General effects of climate change and extreme climatic events on dairy systems
The literature review conducted in Chapter 2 explored existing research on the impact of climate
change on pasture-based dairy systems with a particular focus on extreme climatic events. We
reviewed the effects of heat stress on pastures and cattle and identified their influence on production
losses based on a range of climate projections for Australian dairying regions. This allowed to identify
the main drivers of reduced productivity, while also evaluating current methods for assessing and
quantifying heat stress. Physiological measurements such as body temperature and panting score are
reliable indicators of heat stress in cattle (Gaughan et al. 2008; Mader et al. 2006) but are not practical
for use in outdoor grazing systems. Hence, a climatic indicator such as the THI is the preferred method
for monitoring environmental conditions. The THI, a function of ambient temperature and relative
humidity, is currently the most widely used heat index in dairy cattle due to its strong correlation with
physiological rates (Bouraoui et al. 2002; Johnson et al. 1963) and easy access to climate variables.
The Stern Review on the Economics of Climate Change (2007) suggested the impact of climate
change on agriculture to be primarily dependent on geographic location, with countries at lower
latitudes like Australia, projected to be most adversely affected. Without adaptation, climate change
and extreme events are predicted to negatively impact agriculture by reducing the quantity and
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nutritive value of the pasture feedbase, animal performance, animal health and welfare (CSIRO 2014;
IPCC 2012; IPCC 2013). Economic impact models estimate that by 2050, the impact of climate change
on Australia’s agriculture to be 19% despite an initial beneficial carbon fertilisation (Cline 2007;
Gunasekera et al. 2007). In the dairy sector, projected losses are estimated at 9% by 2030 and 11% by
2050 (relative to a reference case of no climate change) if no adaptation or mitigation strategies are
implemented (Ahammad 2010; Gunasekera et al. 2007). Potential effects of climate change on dairy
production and profitability, animal welfare and associated social risks to farmers in Australia warrant
further research, particularly with respect to the impact of future extreme heat events. For example,
in the US, production losses induced by heat events are evident in reduced milk yield, reduced cow
fertility, increased milk wastage from reduced milk quality (high levels of somatic cells) and animal
deaths, costing the dairy industry an estimated $897 million every year (St-Pierre et al. 2003). While
research on the impacts of climate change on agriculture are widespread worldwide, there is relatively
little information examining how extreme events will impact whole farm performance in major dairy
regions in Australia and the cascading influences of these impacts on the overall economic
performance of the Australian dairy sector.
Prospective dairy heat stress adaptation options include substitution of plant species for those
that better tolerate future climatic conditions (Eckard and Cullen 2008), use of irrigation infrastructure
(Kirby et al. 2011), adjusting milking times to cooler parts of the day , shifting calving periods to secure
good quality and quantity of pasture (Sergeant et al. 2005), introducing heat tolerant animal
genotypes (Garner et al. 2016), providing access to shading and the use of mechanical cooling
strategies, such as fans and sprinklers (Jones and Hennessy 2000; Nidumolu et al. 2010). Water
sprinklers may be an effective method in indoor production systems or at milking times in pasturebased systems, although such systems may be less attractive when water supply is limiting or cost
prohibitive, which may be the case under future climates. The demand for available water, in times
when rainfall is predicted to decrease due to climate change, questions the effectiveness and
sustainability of such strategy. The environmental footprint of adaptations, their suitability within
Australian grazing systems and their effectiveness short- and longer-term should be considered in
relation to potential future water restrictions, from both irrigation and general usage.
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6.3 Effects of extreme heat events on dairy milk production at the regional level
Chapter 3 examined the impacts of heat events on dairy farms at the regional scale and developed
new methods for forecasting regional lactation during such events. Using an auto-regressive
integrated moving average (ARIMA), our findings showed that heat events are already affecting the
productivity of commercial dairy farms in Australia. Average heat-induced losses in milk yield, energycorrected milk and milk solids were 3.4%, 3.9% and 4.1%, respectively representing aggregate losses
estimated at 13,000 kg milk solids and amounting to a farm gate value of ~AUD$65,000 over a nineday heat event.
Milk production on commercial dairy farms declined as THI increased, but effects of very high THI
on productivity varied from farm to farm, with variability in losses of up to 14% of milk solids. Chapter
3 suggested that previous estimates of milk production losses as a function of climate indices (Jones
and Hennessy 2000; Nidumolu et al. 2010) may have oversimplified the impact of heat-related milk
losses, since approaches related to climate indices do not account for animal-level metabolic
adaptations and farm-level adaptations such as provision of shade or sprinklers as ambient
temperatures increase. To forecast milk-production losses, we tested the applicability of an ARIMA
model. This method was able to adequately forecast commercial production records before and
during heat events, suggesting the potential applicability of this approach on individual farms and
larger dairy regions. Previous attempts to forecast milk production have underlined the need for
simpler approaches that could be applied to commercial farms, without input of detailed parameters,
such as stocking rates, calving times, lactation persistence or herd numbers per farm (Adediran et al.
2007; Olori et al. 1999). We showed that an ARIMA can be trained on historical milk processor records
at the regional level and thus can be used to forecast milk production in the coming weeks, accounting
for current management details within each farm. This approach allows users to gauge regional
impacts of heat events on dairy farms without the additional reliance on experimental farms that may
not reflect commercial farming operations and suggest that dairy farmers will need to proactively
adapt to heat events to limit the detrimental impacts of climate change and extreme heat events.
Future work should focus on the variability in milk production between farms, thus providing
insight into the degree to which different farms adapt to extreme heat events. To this end, farmer
surveys to identify current adaptations coupled with actual milk production records would enable the
analysis of the efficacy of current management adaptations applied to commercial dairy farms.
Surveys should also monitor farmer attitudes to adaptations and skills required for the adoption of
new technologies and research on animal heat stress, as this would provide insight to potential
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barriers to adoption of heat-related adaptations. Future studies should also attempt to quantify the
impacts of compound extreme events, such as high THI and prolonged dry periods, as coupled extreme
events would be expected to have much greater effect compared with impacts of individual extreme
events.

6.4 Using a meta-analysis to develop a simple relationship for predicting effects of
heat stress on dairy cow dry matter intake
In Chapter 4, a systematic literature review and meta-analysis was used to investigate the
relationship between DMI of cattle and THI and evaluate a key physiological indicator of heat stress
(i.e. DMI) known to lower milk production in dairy cows. We analysed the differences between major
subgroups including countries, breeds, stage in lactation and parity and investigated the efficacy of
cooling strategies to mitigate heat related reductions in DMI. Prior to this work, studies worldwide
reported fluctuations in feed intake at various environmental conditions using inconsistent units of
study. The lack of standardisation on reporting of feed and heat stress indicators meant that
comparing studies, results and recommendations was complex. In this study we standardised feed
intake as DMI and environmental and heat stress indices as THI from past study results. Such
comparison is important in global studies assessing the effects of climate change on animal production
systems. As part of this review, we identified subclasses that may be relatively more impacted by heat
stress and assessed the efficacy of various adaptations to promote cooling. Lastly, we discussed the
applicability of the relationship between DMI and THI in estimating animal heat stress production
losses.
In line with past work (Fox and Tylutki 1998; Garner et al. 2017; Ominski et al. 2002a), we found
a strong negative correlation between DMI and THI, suggesting that for every unit increase in THI, DMI
decreased by 0.45 kg/d. We analysed differences related to these variables between countries,
breeds, stage in lactation and parity. Primiparous and multiparous cows did not show significant
differences in the reduction of DMI at increasing THIs. While differences in the DMI-THI relationship
between lactating and non-lactating cows were not significant, there was a marked decline in DMI
with increasing THIs in early lactation cows compared with other stages of lactation. The DMI of cattle
exposed to cooling was less affected than in animals with no cooling. Passive cooling (e.g. shading)
was more effective than active strategies (e.g. fans and sprinklers) at alleviating the reduction in DMI
at high THIs. The provision of shading was therefore more effective than sprinklers and fans at
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mitigating the decline in DMI, but cooling adaptations became increasingly important at THI≥68,
indicating that this THI could be viewed as a threshold above which cooling should be provided.
Methods for assessing physiological and nutritional effects of heat stress on dairy cattle are often
aimed at the individual animal level (Rhoads et al. 2009b; West 1999). Herd-level frameworks available
for assessing heat related impacts on dairy herds often focus on individual genotypes and/or
environments (Allen et al. 2015; Herbut et al. 2018). The DMI-THI relationship in Chapter 4 was used
to assess regional impacts of heat stress on dairy herds, accounted for variability due to alternative
animal breeds, pasture growth conditions, heat stress durations and management conditions. The
DMI-THI relationship will enable better quantification of heat stress implications for feed intake and
milk production, which will be of particular use to industry and policymakers. The relationship will also
advance system-wide strategic management aided by modelling, thus enabling better holistic analyses
of the combined effects of heat waves on plant growth, animal intake and milk production at the
whole farm scale.

6.5 Improving the ability of systems models to simulate impacts of animal heat
stress under future climates
Despite projected changes in climate that support the importance of considering heat stress in
dairy regions worldwide (e.g. US, NZ, UK), the ability to simulate impacts of heat events on dairy cattle
in climate change scenarios using whole farm systems models has been somewhat overlooked (Cullen
et al. 2009; Dunn et al. 2014; Harrison et al. 2017b; Kalaugher et al. 2017). Previous studies have
focussed on evaluating the level and type of impacts based on various farm management strategies
and regional climate variability and investigated adaptation strategies (Cullen et al. 2009; Dunn et al.
2014; Harrison et al. 2017b; Kalaugher et al. 2017) but did not account for the influence of heat stress
in cattle.
For Chapter 5, future climate data that accounted for global climate model (GCM) projections via
increased frequencies of extreme events were developed. Previous work has shown that it is the
increase in climate variability that has the most impact on production systems. Hence, studies which
used only average changes of climate may have underestimated the impact of future climate change
scenarios (Thornton et al. 2014). Using these climate data, the effect of increased heat waves, extreme
rainfall events and more frequent droughts on pasture-based dairy systems in Australia were
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evaluated. In pasture based grazing systems, around 70% of dairy cow nutrient requirements derive
from pasture. However, the majority of feed supply is susceptible to climate variability; lack of rainfall
in rainfed systems inhibits feed supply, while heat stress reduces pasture growth as well as animal
DMI. Using climate scenarios that encompassed the spread of GCM projections, we found that climate
change will reduce the duration of the growing season of rainfed systems, and through increased
pasture senescence will reduce sward dietary quality. Such effects will occur for both rainfed and
irrigated systems, indicating that not even irrigation will be a sufficient adaptation in itself to adapt to
climate change when increased frequencies of extreme climatic events are accounted for.
To account for the effects of animal heat stress within the systems model DairyMod (Johnson,
2018), we included the DMI-THI relationship developed in Chapter 4. Importantly, this showed that
impacts of animal heat stress on DMI are greater than those of heat stress on pasture growth alone.
Indeed, averaged over scenarios and sites, it was shown that animal heat stress has greater impact on
DMI and lactation compared with the effects of extreme heat stress on plants on the same variables.
Plant and animal heat stress reduced lactation by 6% and 18% respectively. These findings suggest
that future whole farm or whole region systems modelling of effects of heat stress on pasture-based
dairy cows should be accounted for. These findings also suggested that under 2050 climates,
supplementary feed use would increase by 25% in climate scenario S1 and 44% in climate scenario S2
across sites. At the farm level, this will result in increased cost of production (e.g. labour, feed), further
adding to the cost-price squeeze of dairy farming under future climates. Although past work has
examined the profitability of dairy farming under future climates (Hanslow et al. 2014; Hayman et al.
2014; Ho et al. 2015), such work has generally not accounted for increased frequencies of extreme
climatic events. This work calls for future research of climate change adaptations, as well as
interventions for large scale improvements in dairy profitability and productivity.

6.6 Implications of climate change on animal welfare
Key nutritional aspects in the management of heat stressed dairy cows must be considered.
Extreme heat events influence animal water intake, ruminal health and metabolic homeostasis
(Baumgard and Rhoads 2013; Magdub et al. 1982; West 2003a; West et al. 2003), which collectively
have implications for animal wellbeing and can thus influence productivity. For dairy businesses, a
management focus on profitability can result in the effects of heat stressed animals being overlooked.
Heat stressed animals commonly experience higher energetic costs, shifts in nutritional demands and
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ruminal acidosis. Dietary rationing may alleviate production losses while supporting animal health and
wellbeing (Baumgard et al. 2014; West 1999; West 2003a). Nutritional strategies include the provision
of balanced rations that accounts for higher energetic requirements but maintaining low metabolic
heat production and using feed additives to buffer for the adjustments in ruminal pH.
Supplementation with betaine and antioxidants (e.g. vitamin E) lowers energy requirements while
improving milk yield in dairy cows in summer months but is also found to increase concentrate
consumption (Dunshea et al. 2019). Nutritional adaptations to mitigate the effects of heat stress, on
productivity and animal health, should be prioritised when considering future adaptation strategies.
Behavioural aspects and affective states (e.g. thirst, hunger, frustration, discomfort) of heat
stressed dairy cows and the corresponding effects of management adaptations require further study
from an animal welfare lens. For example, the meta-analysis in Chapter 4 showed that shading can
alleviate heat related DMI reduction in some situations, but in most dairy herds, hierarchical groups
may determine which animals get access to shading (Polsky and von Keyserlingk 2017). If shading area
is unavailable to cover the whole herd, subordinate cows are less likely to have access to shade.
Likewise, shifting to pasture species with a greater tolerance to high temperatures may also affect
grazing selectivity and potentially change DMI. Given increasing societal pressures on animal farming
with regards to animal welfare, future research should not only consider the effect of heat stress on
productivity and profitability but should also examine heat abatement strategies using
transdisciplinary approaches that account for consumer preferences and legislative implications with
regards to animal health and welfare.

6.7 Conclusions and future research directions
The overarching aim of my thesis was to examine the effects of climate change and extreme
climatic events on dairy businesses in Australia, with particularly attention to heat stress.
Heat stress negatively impacts dairy animals in most areas of the world. My thesis has shown that
heat stress is already having significant impacts on milk production of dairy farms, even though some
of these farms are already implementing adaptation strategies. Modelling suggests that for most
Australian dairy regions, the impacts of extreme events are expected to increase variability and further
dampen productivity, particularly for rainfed farms. From a whole-farm perspective, the effects of
animal heat stress are likely to be greater than those of plant stress on DMI, suggesting future research
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be directed at improving the ability of systems models to account for heat stress. A straightforward
pathway would be to include the DMI-THI relationship developed here.
In a world of technological innovations, advanced agricultural technology needs to be part of the
solutions that lead to better farm management. Machine learning, artificial intelligence, on-animal
and plant-sensors have the ability to capture data and transform this into information suitable for
action-oriented decision-making. Such information could be used to improve the timeliness of dairy
farm management, increasing cost efficiencies and improving animal welfare through improved
detection of the onset of heat stress while monitoring the effectiveness of adaptations.
Extreme heat events will continue to challenge dairy farming systems in Australia and abroad.
These events will increase in frequency even if successful climate change mitigation efforts were
implemented. This makes a focus on adaptation strategies essential. Further evaluation of the plantanimal-climate interaction across environments, genotypes and management strategies will be
required to identify the most profitable and sustainable adaptation options, equipping industry with
the most suitable knowledge and technology to not only survive but to thrive under in future climates.
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