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Abstract: Due to high metabolic heat production, dairy cows are more sensitive to heat stress than other 
livestock. This has consequences on the animal’s welfare and productivity. Reductions in milk production can 
occur from relatively mild temperatures with the degree of impact increasing with increasing severity of heat 
exposure. The degree to which heat stress impacts milk production, farm income, and milk supply is becoming 
increasingly important as the duration and frequency of heat waves increases. This analysis aims to provide 
estimates of the sensitivity of milk production on Australian dairy farms under heat stress situations. 

The milk tanker pickup data from three dairy companies was used to investigate the on-farm impacts of heat 
stress on milk production in three regions of Australia. Milk production and weather data were matched based 
on the postcode of the farm and Bureau of Meteorology weather station. Weather data were used to calculate 
the temperature-humidity index (THI) using a formula typically used in Australian studies. The THI is 
commonly used to quantify the effects of heat stress by combining the effects of temperature and relative 
humidity. Data that did not meet pre-defined quality criteria were eliminated from the analysis. For instance, 
records that occurred three or more days since the previous milk pickup, data from farms with less than one 
year of observations, and years in which more than 10 records were missing between October and April, 
inclusive, were excluded. Over 960,000 records from 1,286 farms are included in the regional analysis. Linear 
mixed effect models were fitted to the data from each of three regions using R.  

The estimated response of milk volume (L) and milk solids (kg) and associated 95% confidence intervals (CIs) 
are summarised in Table 1. Models using THI values averaged over 7-days, consistently performed better than 
those averaged over shorter periods. THI values based on minimum and average temperatures performed 
slightly, but consistently, better than those based on maximum temperature. 

 
The improved performance of average and minimum THI compared to maximum THI supports the hypothesis 
that cool night-time temperatures are important in mitigating the impacts of high daytime temperatures. THI 
metrics calculated over seven days, which performed better than those calculated over shorter periods, supports 
previous findings of lag effects and the impacts of prolonged heat. The larger impact of heat stress on milk 
production in Gippsland may reflect dairy cows being comparatively sensitive to heat in this relatively cool 
region, a lack of management interventions, or a combination of both. This analysis addresses the current losses 
associated with heat stress. This, accompanied by work on the cost effectiveness of available mitigation 
options, will assist in effective adaptation to the impacts of heat stress on dairies.  
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 Gippsland Murray SE QLD - NE NSW 

Volume (L/THI unit) (95% CI) 
Best performing THI metric  

-13.7 (-14.5, -12.8) 
 Min THI avg 7 d 

-10.3 (-11.3, -9.2) 
Min THI avg 7 d 

-10.8 (-16.7, -4.9) 
Min THI avg 7 d 

Milk Solids (kg/THI unit) (95% CI) 
Best performing THI metric 

-1.38 (-1.45, -1.32) 
Avg THI avg 7 d 

-1.25 (-1.32, -1.17) 
Avg THI avg 7 d 

-0.66 (-1.07, -0.25) 
Min THI avg 7 d 

Table 1. Change in milk production with increasing THI in three regions of Australia 
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1. INTRODUCTION 

As the climate has warmed in the last several decades the frequency and severity of heatwaves has increased. 
For instance, the Australian Bureau of Meteorology and CSIRO (2016) reported that very warm monthly 
temperatures (defined as two standard deviations above the 1951-1980 average) occurred 2.2% of the time 
during this period, and 11% of the time between 2001 and 2015. This was based on standardised data from 104 
locations and all seasons. This trend is projected to continue. Warm spells, meaning six or more days above 
the 90th  percentile temperature from 1961 to 1990, are projected to increase by more than 100 days per year 
by 2090 in a high emissions scenario (CSIRO and Bureau of Meteorology, 2015).   

The agriculture sector is one of the most sensitive to heatwaves, experiencing wide-ranging effects. Impacts 
include reduced grain yield (Hochman et al., 2017), sunburn in fruit (Darbyshire et al., 2015), and reduced 
productivity and fertility in livestock systems (Harle et al., 2007; Tao and Dahl, 2013). Milk production can be 
quite sensitive to heat stress (Garner et al., 2017; Rhoads et al., 2009), as lactating animals have a greater 
metabolic heat load (Purwanto et al., 1990). However, the extent of the production losses caused by heatwave 
events in Australian dairying systems have received little attention in the scientific literature, impeding the 
ability make informed decisions regarding benefits and trade-offs of implementing management options of 
differing scales. 

In 2018-2019 dairy was Australia’s 4th largest rural industry and had a farmgate production value of $4.4 
billion. The industry has a workforce of 46,200. Annual milk production of nearly nine billion litres occurs 
across 5,700 farms (Dairy Australia, 2019b). Much of this production is in Victoria. In 2019/2020 Victoria 
produced 64.9% of Australia’s national milk production (Dairy Australia, 2021b). In the Gippsland region of 
southeast Victoria there are over 1,300 dairy farms producing 21% of the national production. In the Murray 
region, including northern Victoria and southern New South Wales, there are about 1,370 farms producing 
22% of national production. Milk production occurs as far north as the subtropical region, which is comprised 
of over 500 farms and produces 6% of the national production (Dairy Australia, 2021c).  

Although the impacts of heat stress on milk production have been well researched globally, few studies have 
looked at the impacts of heat stress on Australian dairies. A chamber experiment addressed the sensitivity of 
Australian dairy cows and demonstrated reductions of 2.6 L/cow/day (12.5%) and 3.9 L/cow/day (17.4%) in 
heat tolerant and heat sensitive cows, respectively. This was observed with daily THIs ranging from 72 to 84 
over four days (Garner et al 2016). In western Victoria, reductions in milk volumes observed during a heatwave 
in November 2009 ranged from as low as 0.3% on 17 farms near Timboon to 6.3% on 11 farms near Kolora 
and eight farms near Leslie Manor (Chang-Fung-Martel, 2020). An analysis of several annual datasets from 
New South Wales and Queensland found varying responses to heat stress (Mayer 1999), while another study 
addressed the impacts of heat stress on milk protein (Hayes et al., 2003). 

This paper describes an analysis using dairy company milk tanker data to investigate the impacts of heat stress 
on milk yield in Australia. This is the first analysis to estimate the impacts heat stress has on milk yield using 
data from Australian farms over many years and over a significantly larger area than Chang-Fung-Martel 
(2020), including dairies from Gippsland, Victoria to Gladstone, Queensland. 

2. METHODS 

2.1. Data and analysis 

Data: Tanker pickup records were obtained from three dairy companies and included milk volume, percent fat, 
percent protein, and cell count from 2000 to 2017. Approximately 36% of this data was from 2-day pickups. 
Given this reduces the granularity of the response to heat stress, each record was labelled as a 1- or 2-day 
pickup to incorporate this effect into the analysis of the data. Records that occurred three or more days since 
the previous pickup were excluded from the analysis. In the rare cases where there was more than one pickup 
per day these were aggregated into a daily value.  

For quality control purposes, other records excluded from the analysis were those from farms with less than 
one year of data and farm-years where more than 10 records were missing between October and April. 
Consequently, for inclusion, a farm had a minimum of at least 200 records. This was also applied to farms with 
2-day pickups which led to those farms needing at least two years of data. No zero records were included; these 
values were treated as missing data as opposed to a pickup of 0 litres. This quality check of the milk production 
data was done using scripts written in R.  

Farm data was connected to weather data based on postcodes. Weather stations used had consistent temperature 
and dew point data over the time series. The linking of farm postcodes with weather station postcodes was 
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done using an Access database. Weather stations more than 50 km from the centre of the postcode were 
excluded to reduce the occurrence of using weather data far from farms; this was important  

primarily for postcodes with large areas. Data from three regions of differing latitude with weather stations that 
had consistent dew point data are the focus of this analysis. Maps of the postcodes with milk tanker pickup 
data and weather stations were developed in ArcGIS and are shown in Figures 1 and 2. 

Weather data was obtained from the Bureau of Meteorology (BOM) and included 3-hourly temperature and 
dew point temperature. The THI was calculated with a formula commonly used in Australia (Dairy Australia, 
2019a) originally published by Yousef (1985): 

THI = TempAir + (0.36 * TempDewPt) + 41.2                                                                                                      (1) 

This data was used to determine 
daily minimum, daily average, 
and daily maximum THI. These 
values were then averaged over 
three, five and seven days to get 
12 different THI measures, 
including the daily values.  

Analysis: Linear mixed models 
were used to analyse the data. 
The random effects were farm 
(nested within postcode) and year 
(18 categories, i.e., the effect of 
time) and the fixed effects were 
the days since pickup (1 or 2), 
month (addresses the season, 
stage of lactation), and a measure 
of THI. The 12 THI metrics 
previously mentioned were 
investigated. This analysis was 
done in R using the lmer() 
function. Mixed models of 
increasing complexity were 
developed, incorporating more 
variables and more interactions 

Figure 1. Postcodes with dairies included in the analysis and the associated BOM weather stations for 
the Gippsland and Murray regions 

Figure 2. Postcodes with dairies included in the analysis and the 
associated BOM weather stations for southeast Queensland and 

northeast New South Wales regions 
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between variables. Determination of the best performing THI metric was based on lowest p-values, highest R2 
and the lowest Akaike Information Criteria (AIC) scores.  Models of increasing complexity were compared 
using residual maximum likelihood (REML), and comparison of identical models that used different measures 
of THI was made using maximum likelihood.  

Three dairying regions were chosen to investigate how dairying areas with differing climatic characteristics 
respond to heat stress. These regions were Gippsland, the Murray River region, (Figure 1) and northeast New 
South Wales and southeast Queensland (Figure 2). This was done as opposed to including longitude in the 
mixed modelling since other characteristics of dairies vary with longitude. Inferring the extent to which 
variables such as forage type, management differences, and climate differences would impact the response to 
longitude was not possible with the lack of information on individual farms. The number of postcodes and 
farms from each of these regions included in the analysis is displayed in Table 2.  

 

3. RESULTS 

Two-day pickups reduced milk yield per farm per day. This reduction was 36.5, 51.5, and 53.5 kg milk solids 
in southeast Queensland – northeast New South Wales, Gippsland, and Murray regions, respectively. The 
reduction in volume was 504, 670, and 718 litres in southeast Queensland – northeast New South Wales, 
Gippsland, and Murray regions, respectively.      

The impact of month reflects the lactation curve and predominance of spring calving in these regions. Milk 
production was greatest in October and declined through April. The decline in production over the summer is 
displayed in Figure 3 for the three regions.  

 

In southeast Queensland and northeast New South Wales, both milk volume and milk solids were most strongly 
correlated to minimum THI averaged over seven days (P<0.002). The minimum THI averaged over seven days 
ranged from 50.3 to 70.9 between October and April and averaged 62.7. Milk volume decreased by 10.8 litres 
per unit increase in this THI metric (Figure 4), with the 95% confidence interval (CI) ranging from a reduction 
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 Number of Postcodes Number of Farms Number of records 

Gippsland 51 849 631,521 

Murray 14 388 323,465 

SE QLD - NE NSW 13 49 5456 

Figure 3. Change in milk production from spring calving peak in October to April in three regions of Australia. 

Table 2. Milk tanker data included in the analysis 
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of 16.7 L to 4.9 L. There was a reduction of 0.66 kg milk solids per unit increase in this THI metric (95% CI 
= -1.07 to -0.25). A summary of the milk yield response for both volume and milk solids for each region is 

provided in Table 1.  

 In the Murray Region of New South 
Wales and Victoria, milk volume and 
milk solids were most strongly 
correlated with the minimum THI 
averaged over seven days and the 
average THI over seven days, 
respectively (P<0.001). In this 
region, the 7-day average THI ranged 
from 51.4 to 76.5 between October 
and April and averaged 63.7. There 
was a reduction of 1.25 kg in milk 
solids per unit increase in this THI 
metric (95% CI = -1.32 to    -1.17). In 
this region the minimum THI 
averaged over seven days ranged 
from 38.7 to 71.4 from October to 
April with an average of 53.5.  Milk 
volume was reduced by 10.3 litres 
per unit increase in this THI metric 
(95% CI = -11.3 to -9.2; Figure 4).  

THI metrics that were most strongly 
correlated to milk production and milk solids in the Gippsland region were like the Murray Region, with milk 
volume most strongly linked to minimum THI averaged over seven days and milk solids most strongly related 
to 7-day average THI (P<0.001). The 7-day average THI ranged from 50.3 to 70.8 from October to April in 
Gippsland and averaged 60.2. There was a reduction of 1.38 kg milk solids per unit increase in this THI metric 
(95% CI = -1.45, -1.32). In Gippsland, the minimum THI averaged over seven days ranged from 35.0 to 68.3 
from October to April and averaged 52.5. Milk volume was reduced by 13.7 litres per unit increase in this THI 
metric (95% CI = -14.5 to -12.8; Figure 4).  

4. DISCUSSION 

The impact of heat stress per unit THI across the differing regions were generally similar for both milk volume 
and milk solids. However, the results suggest larger reductions in milk production with heat stress in Gippsland 
than in the Murray region. This suggests that either cows in these areas are more sensitive to heat stress or 
fewer management interventions are used in the cooler Gippsland region, or both. The wide confidence 
intervals associated with the southeast Queensland – northeast New South Wales estimates are primarily due 
to the smaller sample size from this area.  

Across all regions the longer 7-day average of THI was a better predictor of heat stress impacts than averages 
over shorter periods. This result was consistent across regions and THI metrics (minimum, average, maximum), 
suggesting that milk production is most sensitive to heat exposure over long periods. THI averaged over longer 
period also captures lag effects which have been demonstrated in several studies. An Australian study found 
impacts of heat stress on milk production up to four days after exposure (Mayer et al., 1999). A lag effect of 
heat was detectable up to eight days in test day records from Italy (Bernabucci et al., 2014). 

Maximum THI performed comparatively poorly across sites and productivity metrics (volume vs milk solids). 
This supports the contention that cool night-time temperatures can offset impacts of high daytime temperatures. 
Maximum THI was outperformed by average THI in studies in northwest Germany (Brügemann et al., 2012), 
Luxemburg, Slovenia, Spain (Carabano et al., 2016), and in the humid southeast USA (West et al., 2003). 
Carabano et al. (2016) suggested this is due to average THI incorporating the effect of cool nights which offsets 
the impacts of hot days. 

Limitations: This analysis has two primary limitations: i) the lack of information on individual cows and farms 
that could influence heat stress response and ii), varying distances between the farms and the paired weather 
station. The second of these limitations was addressed to some extent by ensuring weather stations were within 
50 km of the centre of the postcode. The size of postcodes means most farms are less than 50 km from the 
utilised weather station. This should provide a reasonable estimate of the weather experienced by cows. 

Figure 4. Average reduction in milk volume production per unit 
change in the minimum THI averaged over seven days in the three 

regions.  The error bars show 95% CIs. 
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Previous analysis has shown weather stations over 200 km from the farm can provide satisfactory data for a 
broad-level analysis (Freitas, 2006).  

Given the locations of the weather stations, the largest discrepancies are likely in cases where the station is 
near the coast and the associated farm is somewhat inland (e.g., the southernmost station in Figure 1 and the 
northern most station in Figure 2). This is more likely an issue for the southeast Queensland – northeast New 
South Wales dataset due to its smaller sample size and may contribute to the higher variability in the milk yield 
response. Since the de-identified milk tanker pickup data did not include exact farm locations and the THI 
calculation required consistent dew point measurements, single weather station data was used instead of the 
interpolated gridded dataset despite the limitations associated with distance between some farms and weather 
stations. 

The lack of factors in the analysis that represent farm level characteristics, including heat stress management, 
also contribute to the regional-level focus of this analysis. Without more fine-grained information it is not 
possible to determine farm level factors that could reduce impacts of heat stress on milk production. An analysis 
of heat stress impacts on milk production in western Victoria found notable variation in production response 
at the subregional level (Chang-Fung-Martel, 2020). It is important to note that this analysis is only addressing 
the direct loss of milk production to heat stress and no other impacts of heat stress, including those on animal 
welfare and pasture availability.  

Implications: Heat stress is already impacting dairy operations. The average milk solids response reported in 
this analysis, suggests a loss of 49 kg, 84 kg, 98 kg of milk solids per average farm with a 10-unit increase in 
the relevant THI metric occurring over seven days for the southeast Queensland – northeast New South Wales, 
Murray, and Gippsland regions, respectively (e.g., 1.4*10*7 = 98 in the case of the Gippsland region). Over a 
region the size of Gippsland this equates to a reduction of approximately 83,200 kg of milk solids (based on 
the 849 farms included in this analysis) and a financial loss of $499,200 to the region’s dairy industry, assuming 
the 2015-2020 average Victorian milk price of $6/kg milk solids (Dairy Australia, 2021a). This represents a 
substantial challenge to farmers and the dairy industry. Such estimates assist with cost benefit analysis which 
is necessary to inform decisions regarding investments in farm infrastructure that can alleviate impacts. A clear 
understanding of the effectiveness of different interventions is also needed. Without action, these impacts are 
expected to worsen as the duration and frequency of heatwaves increase with climate change.  

This analysis implies that although milk production in the subtropical north may be affected by heat for much 
of the year, cows in the cooler climate in Gippsland are more impacted by individual heat waves. Improved 
performance of THI metrics over longer time frames demonstrate the  importance of cumulative impacts and 
lag effects on milk production. Better performance of averages and minimum THI metrics over maximums, 
imply that cool nights can offset the impacts of high day-time temperatures. These findings are important for 
both productivity and animal welfare considerations. 
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