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Implications

* The mental effects of heat stress in dairy cattle are
poorly understood.

* Providing effective heat abatement while allowing cows
to engage in highly motivated behaviors is important to
maintain good welfare.

* On-animal sensors will help understand, monitor, and
predict individual cow heat load.

» Mitigation now and in future should use known strat-
egies, while research into novel mitigations continues.

» Advancing adaptation using genetic selection requires
novel phenotypes for heat tolerance to be identified.
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Intfroduction

Societal scrutiny of animal welfare in food production sys-
tems is intensifying. In the dairy sector, the impact of heat stress
on cow productivity, health, and welfare is a growing global
concern, particularly with increasing temperatures and weather
variability predicted to become more extreme (Nguyen et al.,
2016). Excessive heat can negatively impact biological func-
tioning including milk production, health, and reproduction
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(Kadzere et al., 2002), and in severe circumstances, it can
cause suffering, reduce quality of life, or even lead to death
(Polsky and von Keyserlingk, 2017). The cost of unmitigated
heat stress to the global dairy industry could reach $30 billion
(USD) by 2050 (Allen, 2024). This global challenge requires
locally tailored solutions due to variations in animal character-
istics, farm systems, locations, and climatic drivers.

Dairy farming occurs across the Northern and Southern
Hemispheres, encompassing temperate, cold, and hot climates.
Temperate climates provide conditions that fall mostly within
the thermoneutral zone for modern dairy cattle breeds, which
is ideal for dairy farming since cows do not need to expend
additional energy to regulate their core temperature (Figure
1: Kadzere et al., 2002). Temperate climates also support low-
cost, seasonal-calving systems reliant on seasonal pasture
growth, common in New Zealand and Australia (Figure 2).

According to the Koppen—Geiger climate classification,
dairying areas in New Zealand and Australia are mostly tem-
perate, with average ambient temperatures from 0 to 20 °C (min:
—40 °C; max: 40 °C) (Figure 2: Peel et al., 2007). About 5% of
Australia’s and 5% of New Zealand’s dairy production occurs
outside this zone, mainly in subtropical regions (i.e., Queensland
and Northern New South Wales, Australia and Northland,
New Zealand; Figure 2). All dairying areasin New Zealand
and Australia, however, experience days when ambient temper-
atures exceed the cows’ thermoneutral range. Solar radiation,
humidity, and wind speed also impact heat load by affecting
radiative heat transfer and evaporative cooling (Blackshaw and
Blackshaw, 1994). Indices for predicting conditions associated
with increased heat stress risk have been developed using envir-
onmental factors as predictors (Ji et al., 2020). The commonly
used Temperature Humidity Index (THI) combines air tem-
perature and humidity but omits weather variables such as wind
speed and solar radiation, critical for outdoor-grazing cows
(Blackshaw and Blackshaw, 1994). Indices that include these fac-
tors better predict outdoor cattle thermal load. New Zealand’s
Grazing Heat Load Index (GHLI) uses such factors to predict
dairy cattle respiration rates (Bryant et al., 2022). On the con-
trary, Australia’s mixed systems, where cows are pasture-fed or
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Figure 1. A schematic of the influence of environmental temperature on cattle metabolic rate (balance between heat loss and gain) and core temperature.
According to the environmental temperature on the x-axis moving away from the center toward the left of the image indicates cooler temperatures and moving
away from the center toward the right of the image indicates warmer temperatures. Adapted from Kadzere et al. (2002).

have pasture access with partial mixed rations, utilize both the
THI and dairy heat load index (DHLI) (Lees et al., 2018). While
there is a need for more accurate indices in both New Zealand
and Australia, available indices have modeled scenarios to define
current and predict future heat stress risk.

In New Zealand and Australia, where large populations of
dairy cows are kept outdoors, it is recognized that heat stress is a
significant and ongoing issue facing the dairy sector (Jago et al.,
2023). Recent modeling indicates that dairy cows are at risk of
heat stress annually for 40 to 85 days in New Zealand and 100
to 300 days in Australia, regardless of the indices or thresholds
used in prediction (Nidumolu et al., 2010; Nguyen et al., 2016;
Woodward et al., 2024a). By 2050, under low to high emission
futures scenarios, the number of heat stress risk days is predicted
to rise even in regions previously less prone to such conditions
(Nidumolu et al., 2010; Woodward et al., 2024a).

This review highlights areas that require ongoing research
to better understand the onset and effects of heat stress on
dairy cows kept predominantly outdoors in New Zealand and
Australia. We summarize the challenges and opportunities in
developing fit-for-purpose tools to predict, monitor, and miti-
gate heat load, and strategies to adapt to heat load. Our goal is
to support the development of sustainable and climate-resilient
farm systems for outdoor dairy cows.

Defining Heat Stress and Heat Load

Heat load and heat stress are often used synonymously in the
literature, with definitions differing among authors. Both terms
relate to environmental conditions (temperature, humidity,

solar radiation, and wind speed) and animal factors (genotype,
coat color, breed, age, and stage of lactation) affecting cows’
thermal balance and tolerance (Kadzere et al., 2002). Cattle
maintain a stable core temperature within the range 38 to
39.3 °C for optimal functioning (Bewley et al., 2008). Heat ex-
change between an animal’s body and its environment can lead
to heat loss or gain through radiation, convection, conduction,
and evaporation. Cattle respond to environmental conditions
through hormonal, metabolic, behavioral, and physiological
responses to balance heat loss with heat gain. An imbalance
leads to hyperthermia (increased core temperature) or hypo-
thermia (decreased core temperature) (Figure 1).

We define increased heat load as the thermal state where an
animal must respond to environmental conditions physiologically
(altered respiration, panting, and blood flow to the skin) or behav-
iorally (altered dry matter intake, activity, and lying time) to main-
tain thermal balance and normal functioning. We define heat stress
as the physiological state where the animal’s adaptive mechanisms
to dissipate heat to maintain thermal balance have been overcome,
which can lead to reduced biological functioning (Kadzere et al.,
2002). Signs of heat stress may include hyperthermia (elevated core
temperature beyond critical limits) (Bewley et al., 2008), reduced
milk production (Chen et al., 2024), impaired fertility (Kadzere et
al., 2002), drooling, and open-mouthed breathing, alongside be-
havioral changes that also occur during increasing heat load.

Predicting Heat Stress Risk

Developing tools to predict heat stress risk and monitor
heat load and stress, while also exploring options to mitigate
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Figure 2. Key dairying areas in Australia (NT: Northern Territory; QLD: Queensland; SA: South Australia; NSW: New South Wales; VIC: Victoria; TAS:
Tasmania) and New Zealand (NL: Northland; BP: Bay of Plenty; WK: Waikato; EC: East Coast; TA: Taranaki; MA: Manawatu; WC: West Coast; CA:
Canterbury; OS: Otago-Southland) and climate classifications according to their location based on Képpen-Geiger classification between 1991 and 2020.
Adapted from Woodward et al. (2024a), Dairy Australia (2023), and https://commons.wikimedia.org/w/index.php?curid=146726177, CC BY 4.0, via Wikimedia

Commons.

elevated heat load in dairy cows, requires cow-level responses,
and environmental and system-level drivers of heat load to be
understood (Ji et al., 2020).

Prediction using environmental drivers

Ambient temperature is the primary driver used to predict
heat stress risk in housed (Ji et al., 2020) and grazing cows
(Bryant et al., 2022; Hitchman et al., 2024). However, solar

radiation, humidity, and wind speed also contribute to heat
load by influencing radiative heat transfer and the efficiency
of evaporative cooling (Blackshaw and Blackshaw, 1994).
Previous research has focused on developing indices that cap-
ture the interaction of environmental conditions to predict heat
stress risk for dairy cows housed indoors. The THI is one of
the most widely used indices that was initially developed for
humans and later modified by others (Ji et al., 2020) for use
in housed cows. However, the THI is less applicable to cows
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outdoors (Nguyen et al., 2016; Bryant et al., 2022) due to solar
radiation exposure, which can be the largest single contributor
to heat load for these animals (Blackshaw and Blackshaw,
1994). Furthermore, grazing cows can also be exposed to wind,
which can have a cooling effect (Hitchman et al., 2024).

Given the limitations of the THI for outdoor conditions, New
Zealand and Australia have developed indices that are more ac-
curate for their environments and systems. In Australia, Lees et
al., (2018) developed the DHLI using panting score and environ-
mental data in dairy cows with pasture and feedlot access. The
DHLI incorporates ambient temperature, humidity, solar ra-
diation, and wind speed. In New Zealand, Bryant et al. (2022)
developed the GHLI using respiration and environmental data,
and this index was recently updated using a more comprehen-
sive dataset from grazing dairy cows across different locations in
New Zealand (Hitchman et al., 2024). The GHLI combines am-
bient temperature, solar radiation, and wind speed (Bryant et al.,
2022), with humidity being excluded due to providing inconsistent
value in predicting GHLI. While humidity’s impact on heat load
is documented in hot climates, its exclusion from the New Zealand
index supports the need for models developed using localized data
to capture diverse combinations of environmental factors on heat
stress risk. Despite several decades of research, highly accurate,
predictive indices remain elusive in both housed and grazing cows,
as evidenced by the continued development of existing indices and
the reporting of more than 20 different indices in the literature
(reviewed by Ji et al. (2020) and Wang et al. (2018) and reported
elsewhere [Lees et al., 2018; Bryant et al., 2022; Hitchman et al.,
2024]). Both New Zealand and Australia need to further refine
and validate their indices before farmers can confidently rely on
them for making management decisions.

Opportunities to improve predictive indices

Improving data collection can enhance the accuracy of pre-
dictive indices. Data should capture system-level factors unique
to where the indices will be applied and represent local, tem-
poral, cumulative, and real-time cow-level responses to envir-
onmental conditions (Gaughan et al., 2008).

System- and cow-level factors may partly explain the limita-
tions when applying indices and thresholds developed for over-
seas systems to New Zealand and Australian grazing systems.
System factors include but are not limited to, the distances that
cows walk for milking and to acquire feed through grazing that
increases metabolic heat production (Kendall et al., 2008), and
increased metabolic heat production through digestion of feed
with a higher amount of fiber (Conte et al., 2018). Cow factors
may include differences in breed, production levels, and parity.
These system and cow-level factors would not be fully captured
in datasets used to develop predictive models for housed cows
(Hitchman et al., 2024). Therefore, the intersection of environ-
mental, system-, and cow-level differences between indoor and
outdoor dairy systems further supports the need for indices de-
veloped using localized data.

Another limitation of current indices is their development
from small, manually collected datasets (e.g., observations of

respiration rate and drooling) (Ji et al., 2020). These datasets
are limited in capturing complex biological associations be-
tween local environmental conditions and temporal cow-level
responses such as cumulative effects of heat load across days
(Gaughan et al., 2008). Cattle may carry an accumulated heat
load into the next day due to insufficient night cooling, which
may be a key factor for refining predictive indices (Chapman
et al. 2023).

Automated monitoring of cow-level response using sensors
generates large, highly granular temporal datasets and could
aid in improving predictive indices (Woodward et al., 2024a).
Such datasets provide the opportunity for advanced analytical
methods that fully exploit the structure of the data to improve
model predictions compared with linear approaches (Chapman
et al., 2023; Woodward et al., 2024b). Biological systems are
inherently complex and are not well accounted for linearly
(Hitchman et al., 2024). Woodward et al. (2024b) used rumen
boluses to capture temperature data at 10-min intervals from
grazing dairy cows and weather data at 15-min intervals to
predict heat stress events using both manual linear regression
techniques and nonlinear machine learning (ML) approaches
(cubist ML model). Compared with GHLI and linear models,
the cubist ML model was better at discriminating heat stress
determined by increased rumen temperature. Sensor technolo-
gies and novel analytical methods (e.g., ML and artificial intel-
ligence) offer new opportunities to leverage rich datasets and
advance predictive models for grazing dairy cows.

Responses to Increasing Heat Load and
Monitoring Heat Stress

Cows respond to increased heat load through changes in
biological functioning and the expression of heat-abating be-
haviors, with the success of these responses to manage heat
load influencing the cows’ mental affective state. A key gap in
the literature is the threshold at which increasing heat load be-
comes stress based on a combination of biological and behav-
ioral responses and their impact on affective state.

Cow-level responses to heat load (biological
functioning)

Cow-level responses to increasing heat load that researchers
have been able to manually measure or observe have received
the most attention up to the early 2020s. Studies with housed
dairy cows have used environmental indices (typically the THI;
NRC, 1971) to determine heat load thresholds associated with
physiological responses and used these thresholds to define
when mitigation should occur (THI > 65 for respiration rate;
>65 for rumen temperature; >70 for rectal temperature; and
>72 for heart rate; Pinto et al., 2020; Shu et al., 2021). Such
thresholds have not been defined for grazing dairy cows out-
doors, with common thresholds in grazing dairy cows related
to decreased milk production (THI > 60 to 74; Hitchman et al.,
2024) or the onset of increased panting and drooling (GHLI
> 55; Bryant et al., 2022). Other responses have been studied
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to improve our understanding of how animals cope with
increasing heat load; however, these have also received less at-
tention in grazing dairy cows. Cows increase their shade use and
water intake and decrease feed intake and lying time (Schiitz et
al., 2008) as part of the process of regaining thermal balance,
and these responses diminish once cows achieve homeothermy.
Additionally, there are production, reproduction, health, and
welfare responses to heat stress. Rather than replicating these
well-known impacts of heat stress studied in housed cows and
associated environmental thresholds at which cows respond,
research in grazing dairy cows should be prioritized based on
the relative importance of different cow-level responses within
seasonal pasture-based dairy systems.

Within seasonal block calving systems, cows are outdoors
for most of the year and calve within an annual cycle in a con-
centrated period driven by an intensive breeding period of 10 to
12 wk. Heat stress risk throughout the year varies by region, but
generally, in New Zealand and Australia, the peak risk period for
heat stress is in the summer months from December to February
(Nguyen et al., 2016; Woodward et al., 2024b). The impact of
heat stress events and how they intersect with the stage of lac-
tation, breeding season, or gestation determined by the herd’s
planned start of calving needs to be considered as they will differ
compared with housed cows. In housed systems where cows
calve year-round, heat stress events can occur year-round within
a herd as heat exposure can occur during all physiological stages.
These system differences may result in lesser or more severe im-
pacts within seasonal compared with year-round calving herds.

Mid- to late-lactation coincides with heat stress risk in grazing
dairy cows in New Zealand and Australia, therefore, impacts of
heat stress on milk production are a concern. Studies undertaken
in grazing dairy cows in Australia (Wildridge et al., 2018; Osei-
Amponsah et al., 2020) and one study in heifers (Bryant et al.,
2007) and two studies in adult cows in New Zealand (Kendall et
al., 2006; Fisher et al., 2008) investigated the impacts of heat stress
on milk yield and composition. Milk yield and milk protein con-
centration declined with increasing THI in grazing cows. Similarly,
a meta-analysis of housed cows indicated that milk protein con-
centration declined by 3.9% and energy-corrected milk yield by
17.9% in heat-stressed compared with thermoneutral cows (Chen
et al., 2024). Studies in a New Zealand and Australian context are
sparse and more recent data from grazing dairy cows is needed
to fully understand these effects. Furthermore, localized data on
animal responses in addition to milk production (e.g., dry matter
intake, body weight gain, and reproductive culls) under differing
scenarios could allow economic modeling of heat stress impli-
cations. Such analyses are important for prioritizing mitigation
options and funding future research areas, as well as being a key
motivator for change.

The impact of intensity and duration of heat stress on other
aspects of biological functioning such as reproduction, im-
mune function, and offspring has also received less attention
in grazing dairy cows compared with studies in housed cows
(Dahl et al., 2020; Ouellet et al., 2021). The periconception,
late gestation, and transition periods are key times when the
impacts of heat stress may be significant. Nevertheless, their

relative importance as future research priorities needs to be
considered within a seasonal context. For spring-calving cows,
the number of heat stress events occurring is negligible during
the periconceptional period, and therefore, impacts of milk
production are likely to be the main known biological factor
impacting these herds. Downstream impacts of heat stress
during mid-gestation have not been documented in housed or
grazing dairy cows which may be important for spring-calving
herds. On the contrary, for autumn-calving cows, the impacts
of heat stress during late gestation on the cow’s offspring and
the cow’s immune function during the transition period may
be important (Dahl et al., 2020; Ouellet et al., 2021) but needs
to be more clearly understood in these herds. In New Zealand,
autumn-calving herds are a minority group (<3% of ~11,600
herds), and therefore, future research should prioritize areas
relevant to spring-calving herds. Conversely, in Australia where
autumn-calving herds are more common (40% of herds split
or batch calving), this may be an important area for future
research. Furthermore, future health-related impacts due to
changes in climate should continue to be investigated within
New Zealand and Australia (e.g., lameness, infectious and
parasitic diseases; reviewed by Vallee et al., 2020).

Cow-level responses to heat load (natural be-
havior and affective state)

While cow-level responses to heat stress that impact bio-
logical functioning have important economic and health impli-
cations, they also contribute to an animal’s mental experiences
and overall quality of life (Polsky and von Keyserlingk, 2017).
Negative affective experiences due to heat stress may occur due
to impaired biological functioning leading to negative feelings
such as hunger, thirst, malaise, and pain (reviewed by Polsky
and von Keyserlingk, 2017 and Galan et al., 2018). Here, we
focus on the expression of natural behaviors, particularly heat-
abating behaviors and potential impacts on affective state.

Under increasing heat load, dairy cows respond by engaging
in heat-abating behaviors such as shade-seeking, even at the ex-
pense of lying (Schiitz et al., 2008), and increase water intake
and decrease feed intake (Kadzere et al., 2002). The inability to
engage in behaviors that animals are highly motivated to per-
form, or having to compete for access to resources, can lead to
negative experiences manifesting as frustration, aggression, or
even suffering (Polsky and von Keyserlingk, 2017). However,
it is currently unclear when the progression of responses to
increasing heat load becomes stress in dairy cows grazing out-
doors, not just in terms of the cow’s biological functioning
but also regarding the animals’ motivations to engage in heat-
abating behaviors, and their combined impacts on affective
state. Research on dairy cows outdoors should consider the en-
vironmental conditions that motivate heat-abating behaviors to
better understand thermal comfort and heat stress.

Monitoring at herd-level

Environmental indices are commonly used to predict herd-
level heat load. Changes in bulk milk yield, composition, and
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feed intake (Nguyen et al., 2016) allow farmers to assess the
effectiveness of mitigation measures (Ji et al., 2020). Herd-level
indicators lack specificity and would not allow for real-time
decision-making in grazing cows. Furthermore, they do not
represent an animal’s experience of heat load due to different
microclimates, animal factors, and individual variability that
influence susceptibility and tolerance to heat stress (Ji et al.,
2020; Islam et al., 2021). How an individual animal is coping
(i.e., are they managing conditions of increasing heat load
to maintain thermal balance) will require individual moni-
toring to capture the variable responses of cows to heat load
not captured through herd-level data (Hitchman et al., 2024;
Woodward et al., 2024b). However, herd-level monitoring will
remain important for farmers who do not have access to cow-
level monitoring.

Monitoring at cow-level

Our understanding of heat stress progression and inten-
sity is limited due to variable responses to increasing ambient
temperature (Shu et al., 2021), complicating the definition of
early indicators for cow-level monitoring. Future work should
focus on sensor technologies that allow animal-based measures
to be collected automatically, in real-time, and with a level of
granularity that enables the exploration of more nuanced ques-
tions regarding the manifestation and impacts of heat stress
at cow-level (Pryce et al., 2022). This could provide practical
information for farmers to identify cows at risk of heat stress
or succumbing to the effects of heat stress, supporting targeted
mitigation (i.e., on an individual needs basis) and monitoring
the success of mitigation at cow-level. Due to the movement
of grazing dairy cows around a large grazing area, off-animal
sensors such as video surveillance and infrared thermography
investigated for use in housed cows may have limitations (Islam
et al., 2021). On-animal sensors may include sensors moni-
toring lying, eating, grazing, rumination, panting, and activity
behaviors, rumen bolus monitoring rumen temperature, loggers
monitoring ear, surface, and vaginal temperature, and GPS de-
vices monitoring resource use (i.e., shade, water troughs) and
other behaviors (i.e., bunching behaviors) (Islam et al., 2021;
Pryce et al., 2022). These sensors may allow individual vari-
ability in heat stress susceptibility to be accounted for (Islam et
al., 2021). Several factors including breed, coat color, genotype,
stage of lactation, milk yield, system type, diet, and available
mitigations and opportunities to access resources (i.e., social
status and territoriality) impact a cow’s susceptibility to heat
stress which cannot be captured within herd-level monitoring
(Galan et al., 2018). Therefore, cow-level monitoring is re-
quired to account for the susceptibility of individuals and the
internal and external factors that drive susceptibility.

Short- and Long-Term Mitigation for Climate
Resilient Farms
Outdoor access to pasture significantly benefits animal

health and supports welfare by promoting natural behaviors
(Mee and Boyle, 2020). However, at certain times of the year, it

can also expose cows to thermal discomfort, and pasture alone
can be nutritionally limiting, particularly under dry condi-
tions, requiring the addition of alternative grown or bought-in
feeds. Therefore, balancing the benefits and risks is crucial for
advancing the welfare and productivity of dairy cows in these
systems, without relying on routine use of controlled indoor
environments. Meaningful mitigation will require accurate
predictive indices embedded in tools that forecast heat stress
risk which farmers can readily use to provide opportunities for
cows to engage in heat-abating behaviors.

Australian and New Zealand dairy industries provide key
messages regarding short- and long-term actions for their
farmers to manage heat stress. Industries should continue to
support farmers to adopt known heat stress mitigation prac-
tices now and in future based on their farms’ unique environ-
mental challenges while research investigating novel mitigation
options continues. Some short-term actions include the provi-
sion of additional water points, access to shade or sprinklers in
paddocks or in the holding yard before milking, altered milking
frequency (e.g., once a day), or timing of milking or feeding to
avoid the hottest time of the day.

Nutritional management (short- and long-term)

Effective mitigation options are more clearly understood in
housed cows fed total mixed rations than in grazing cows, where
key strategies involve nutritional management and modifying
the physical environment. Nutritional management in housed
cows has largely focused on reducing dietary fiber, increasing
concentrate feed with more slow fermenting starch, fat supple-
mentation, and using feed additives (Conte et al., 2018). While
targeted use of feed additives could be a short-term option,
whether this is viable in pasture-based systems requires con-
sideration. Nutritional management through manipulating
the homegrown feed base will require additional research if
it involves species not routinely used by farmers, which may
limit this as a short-term mitigation option. Nevertheless, fu-
ture feed planning in pasture-based systems requires some con-
sideration due to the changes in quantity and quality of feed
that could arise from increased drought conditions (Jago et al.,
2023) leading to increased use of fiber-rich supplements such as
hay which could increase metabolic heat production (Conte et
al., 2018). Future research could consider the role that alterna-
tive pasture species or crops play in managing heat stress while
also addressing possible seasonal changes in pasture quantity
and quality that may become more pronounced in future (Jago
et al., 2023).

Modification of the physical environment
(short-term)

Investment in infrastructure (i.e., sprinklers, fans, or man-
made shelters) requires careful consideration due to cost (Islam
et al., 2021); however, compared with other options such as
planting trees, these are relatively accessible in the short term.
While these options have practical limitations in pasture-based
dairy systems, they could be provided through a centralized
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7am

Figure 3. Schematic of the change in shade provided by single trees based on the position of the sun from satellite imagery captured at 7 am, midday, and 7 pm
on February 8, 2024 near Wardville, New Zealand (Geographical location: 37°43'S 175°47'E).

location that cows can choose to access. In New Zealand and
Australia, farms are providing sprinklers (34.7% and 54%, re-
spectively) and shade over their holding yards (2.7% and 9%,
respectively) (DairyNZ Ltd, 2023; Dairy Australia, 2024).
However, this only provides temporary relief while waiting to
be milked and sprinklers do not allow the expression of highly
motivated behaviors such as seeking shade and could be aver-
sive to some cows (Schiitz et al., 2010). While a resource may be
effective in cooling a cow down, there are many unknowns re-
garding the type, amount, and access to heat-abating resources
that grazing dairy cows require to meet their behavioral and
biological needs. Future research should consider the provision
of heat-abating resources and impacts on a cows’ time budget,
particularly when grazing. Motivations to engage in certain be-
haviors may result in trade-offs with other important behaviors
(Schiitz et al., 2008); for example, when a cows’ need to graze
conflicts with her need to effectively cool down. Furthermore,
if heat load is not successfully abated due to competition for
resources (Polsky and von Keyserlingk, 2017) or cows choose
not to utilize the provided resource (e.g., cattle prefer shade
over other options for cooling such as wetting), this could lead
to negative experiences, such as frustration. Future research
investigating short-term mitigation options for grazing dairy
cows should carefully consider these knowledge gaps to ensure
farmers receive advice that supports effective mitigation while
meeting the cows’ biological, behavioral, and mental needs.

Modification of the physical environment
(long-term)

Planting trees can provide a heat-abating resource at the pad-
dock level (Schiitz et al., 2008), but it is a long-term commitment
due to growing time and has received little attention in intensive
dairy systems. While 56% and 81% of farms have shade from
trees in their paddocks in New Zealand and Australia (DairyNZ,
2023; Dairy Australia, 2024), respectively, little is known about
the effectiveness of these trees as these values are from farmer-
reported data. Trees can provide a source of shade for dairy cattle
under certain conditions by blocking solar radiation (Schiitz et

al., 2009) but can also reduce wind speed which has a mitigating
effect. The research lacks nuance regarding trees suited to opti-
mize shade availability and area shaded based on preferred fo-
liage, amount, type, and tree height. Furthermore, shade from
trees varies considerably throughout the day due to the position
of the sun, whereby in the middle of the day when the sun’s pos-
ition and solar radiation are greatest, a singular tree provides
little shade (Figure 3), hence the placement of trees will be crit-
ical for optimal cooling.

Long-Term Adaptation for Climate Resilient
Farms

Genetic strategies will be an important component of long-
term adaptation to heat stress. A range of strategies were sum-
marized and discussed in an Australian context by Cheruiyot
et al. (2022), Pryce et al. (2022), and Scerri et al. (2023). We
provide additional perspectives from the New Zealand con-
text based on options that are currently available or likely to be
available in future but recommend referring to these reviews for
an in-depth discussion of genetics strategies. Exploiting genetic
variability to improve resilience to heat stress will be an im-
portant component of long-term adaptation. Introgression of
genes and selection for heat tolerance within breeds are areas
currently being prioritized in New Zealand and Australia.

Introgression of genes

Introgression involves introducing known single genes as-
sociated with increased heat tolerance from a different breed.
Traditional methods of introgression through crossbreeding
are time-consuming and inefficient. Although novel methods
using gene editing are a faster alternative (Pryce et al., 2022),
this is a technology currently unavailable for commercial use
in New Zealand and Australia and has limited application.
However, since 2014, a breeding company from New Zealand,
and more recently, in the United States and Puerto Rico, have
advanced this space using traditional methods to introgress the
“slick” gene (influences hair length and density) demonstrating
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the benefits of heat tolerance in dairy cattle (Donkersloot et al.,
2021; Pryce et al., 2022). Further research is needed to under-
stand the involvement of the “slick” gene and others being in-
vestigated in biological pathways and processes both related
and unrelated to heat tolerance to ensure the production and
welfare benefit of these traits are net positive.

Selection for heat tolerance within breeds

Genetic selection for heat-tolerant cattle is a permanent,
cumulative management strategy that provides a long-term
solution to heat stress at a relatively low cost, particularly in
outdoor systems where the provision of heat abatement re-
sources may be challenging (Pryce et al., 2022). Currently,
Australia is significantly ahead of New Zealand and other
countries in the inclusion of heat tolerance genotypes in their
national dairy industry breeding programs, where Australia
was the first country in the world to release genomic breeding
values (BV) for heat tolerance in 2017 (Nguyen et al., 2016;
Pryce et al., 2022). This BV captures individual genetic vari-
ability in milk production responses to increasing temperature
and humidity (Osei-Amponsah et al., 2023); however, milk
production is just one indicator of thermal balance and is a
lag response to heat stress. Furthermore, milk production is
already captured through other economic traits (Cheruiyot
et al., 2022). Therefore, a BV for heat tolerance could be im-
proved by incorporating other sensitive phenotypic responses
to heat stress, particularly if measured in genotyped dairy cows
to identify thermotolerant individuals (Pryce et al., 2022). To
the best of our knowledge, no heat tolerance BV has been de-
veloped for cows outdoors using phenotypes other than milk
production (Nguyen et al., 2016).

Novel phenotypes for heat tolerance selection

Milk production was a preferred phenotype for developing
the first heat tolerance BV due to the availability of large herd
test and combined weather station datasets (Nguyen et al.,
2016). However, as captured within this review, heat stress is
complex, and therefore, heat tolerance is likely to be affected by
a multitude of factors (Pryce et al., 2022). Possible phenotypes
that could be utilized in developing breeding objectives for heat
tolerance include physiological indicators such as respiration
rate and core temperature or behaviors associated with heat
tolerance. If these phenotypes are heritable, this may provide
additional selection criteria for heat-tolerant cows. Due to the
large datasets required for estimating BV, cow-level responses
captured automatically using sensors are promising (Pryce et
al., 2022). For example, The University of Sydney is leading re-
search in this space through the Dairy—UP program, collecting
phenotypic rumen temperature data to reveal individual vari-
ability in dairy cows in response to heat as demonstrated in
beef cattle (Islam et al., 2023). These data could be utilized to
rapidly advance the selection criteria for heat-tolerant cattle
(A.K. Shirley, Pers. Comms.). With the increasing uptake of
sensors on commercial farms, there are significant opportun-
ities in this space to support the selection of heat-tolerant cows.

Conclusion

The increasing focus on animal welfare and climate change
challenges highlights the need for proactively managing heat
stress in dairy cows managed outdoors. The complexity of
environmental, system- and cow-level factors and their inter-
actions presents a challenge in understanding and predicting
heat stress. However, advancements in sensor technologies, data
collection, and predictive modeling offer opportunities to ad-
dress these challenges. By integrating artificial intelligence and
ML, we can develop more accurate and real-time monitoring
tools that inform targeted mitigation strategies. Ensuring that
cows can engage in highly motivated behaviors while providing
effective heat abatement resources is important for maintaining
animal welfare and productivity. Continued research focusing
on localized conditions and cow-level responses is important
to advance our understanding and management of heat stress
in outdoor grazing systems. Mitigation now and in the future
should be prioritized in New Zealand and Australia using
known strategies to support thermal comfort in dairy cows
outdoors, while research into mitigation and adaptation con-
tinues. These efforts will support sustainable and resilient dairy
farming practices that demonstrate high standards of animal
welfare, retaining market competitiveness, and consumer trust.
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