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ABSTRACT

The effects of high ambient temperatures on produc-
tion animals, once thought to be limited to tropical ar-
eas, has extended into northern latitudes in response to 
the increasing global temperature. The number of days 
where the temperature-humidity index (THI) exceeds 
the comfort threshold (>72) is increasing in the north-
ern United States, Canada, and Europe. Compounded 
by the increasing number of dairy animals and the 
intensification of production, heat stress has become 
one of the most important challenges facing the dairy 
industry today. The objectives of this review were to 
present an overview of the effects of heat stress on dairy 
cattle welfare and highlight important research gaps 
in the literature. We will also briefly discuss current 
heat abatement strategies, as well as the sustainabil-
ity of future heat stress management. Heat stress has 
negative effects on the health and biological function-
ing of dairy cows through depressed milk production 
and reduced reproductive performance. Heat stress 
can also compromise the affective state of dairy cows 
by inducing feelings of hunger and thirst, and we have 
highlighted the need for research efforts to examine the 
potential relationship between heat stress, frustration, 
aggression, and pain. Little work has examined how 
heat stress affects an animal’s natural coping behav-
iors, as well as how the animal’s evolutionary adap-
tations for thermoregulation are managed in modern 
dairy systems. More research is needed to identify 
improved comprehensive cow-side measurements that 
can indicate real-time responses to elevated ambient 
temperatures and that could be incorporated into heat 
abatement management decisions.
Key words: well-being, affective state, natural 
behavior, body temperature, cow

INTRODUCTION

Escalating global temperatures (Schär et al., 2004) 
combined with global increases in the number of pro-
duction animals and the intensification of agriculture 
(Renaudeau et al., 2012), including (but not limited 
to) that in emerging economies (von Keyserlingk and 
Hötzel, 2015), has resulted in heat stress becoming an 
important challenge facing the global dairy industry.

Given that lactating dairy Bos taurus cows already 
have elevated internal heat loads caused by high milk 
production (Chebel et al., 2004), the effects of accumu-
lating incremental heat are exacerbated when tempera-
ture and humidity values increase in the surrounding 
environment (West, 2003). Not surprisingly, these chal-
lenges are greatest in geographic areas where the sum-
mer season is long (i.e., southwestern United States, 
Brazil) and there is a constant presence of radiant solar 
energy and high humidity, resulting in minimal relief 
from the heat (Schüller et al., 2014). However, animals 
housed in northern latitudes (i.e., central Europe, 
northern United States, Canada) can also experience 
heat stress, where the summer season is relatively short 
but warm and there is a minimal decline in overnight 
temperatures. Heat stress results in total annual eco-
nomic losses to the US livestock production industry 
ranging from $1.69 to 2.36 billion, of which $900 million 
is specific to the US dairy industry, stemming from 
decreased milk production, compromised reproduction, 
and increased culling (St-Pierre et al., 2003).

Heat stress is defined as the sum of external forces 
acting on an animal that causes an increase in body 
temperature and evokes a physiological response (Dik-
men and Hansen, 2009). Excessive flow of energy (in 
the form of unabated heat) into the body, in addition 
to energy depletion required for lactation and growth 
(Ferrell and Jenkins, 1985) can lead to deteriorated liv-
ing conditions, reduced quality of life, and, in extreme 
cases, death (Mader et al., 2006), unless the animal 
can activate various adaptive mechanisms to increase 
the external net energy flow. Documented physiological 
coping strategies used by dairy cows include increased 
respiration rate, panting, and sweating, and reduced 
milk yield and reproductive performance. Behavioral 
coping strategies include modified drinking and feed 
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intake (e.g., increased water intake and shifting feed-
ing times to cooler periods during the day), increased 
standing time and shade seeking, and decreased activ-
ity and movement (De Rensis and Scaramuzzi, 2003; 
West, 2003; Schütz et al., 2008).

The environmental conditions driving heat stress are 
presented using the temperature-humidity index (THI), 
a calculated index that incorporates the effects of en-
vironmental temperature with relative humidity. This 
unitless index was first introduced by Thom (1959) to 
describe the effect of ambient temperature on humans 
but has been adapted to describe thermal conditions 
that drive heat stress in dairy cattle (De Rensis et al., 
2015). The THI is divided into categories that poten-
tially indicate the level of heat stress, but definitions 
vary between researchers and conditions. Armstrong 
(1994) used THI <71 as a thermal comfort zone (as-
suming the THI does not drop below the thermoneutral 
conditions of dairy cows, which induces cold stress), 72 
to 79 as mild heat stress, 80 to 90 as moderate heat 
stress, and >90 as severe heat stress. Comparatively, 
De Rensis et al. (2015) defined THI <68 to be outside 
the thermal danger zone for cows. Mild signs of heat 
stress are observed at THI of 68 to 74, and a THI ≥75 
will cause drastic decreases in production performance 
(De Rensis et al., 2015). The THI value is usually the 
main determinant for management decisions related 
to heat stress as most meteorological stations close to 
farms provide this data.

However, the categorical THI values described above 
(although dependent on the geographic location, as well 
as cow breed and physical size) can only act as a rough 
indicator for the effects of heat stress on production 
measures, in lieu of knowing the animal’s internal body 
temperature. Moreover, calculating environmental heat 
stress is dependent on which formula is chosen, as THI 
equations can weight humidity or dry-bulb tempera-
ture to account for different environmental conditions 
(Bohmanova et al., 2007). Wind speed has also been 
shown to affect environmental temperatures (Mader et 
al., 2006) and should be included in THI calculations 
when possible.

Most of the scientific literature on the effects of heat 
stress on dairy cattle has focused on physiological mea-
sures that describe how the animal is interacting with 
its environment, such as plasma cortisol, heart rate, 
and respiratory rate (Kadzere et al., 2002). However, 
physiological measures at best describe the health and 
biological functioning component of the animal’s wel-
fare but fail to address the multidimensional concept 
of animal welfare that also considers aspects such as 
mental states (i.e., the absence of pain and frustration), 
and the ability to live a reasonably natural life (Fraser 
et al., 1997; Boissy et al., 2007).

Negative feelings such as pain or frustration are 
increasingly described as suffering (Duncan, 2004). 
Clearly, when animals lose the ability to control their 
environment (e.g., a need for water to alleviate dehy-
dration, the need for shade to reduce body tempera-
ture), there are associated risks to the animal’s welfare 
that may not necessarily be associated with direct 
biological functioning. The subjectivity of feelings in 
animals, including cattle, is difficult to quantify and 
describe, but scientists have begun to evaluate them 
using experimental approaches such as preference and 
motivation testing (Schütz et al., 2008; Charlton et al., 
2013; von Keyserlingk et al., 2017) and judgement bias 
tests (Daros et al., 2014).

A key objective of animal welfare science, as argued 
by some, is to determine which aspects of natural living 
are important for animals and how producers can in-
corporate these needs into best management practices 
(Fraser et al., 1997). This component of animal welfare 
has received much debate, as some view natural living 
to literally mirror the animal’s “evolutionary” environ-
ment (e.g., grazing on pasture and calves suckling their 
dam) and how producers can promote their animals to 
express these behaviors. In contrast, others argue that 
this interpretation and application of natural living into 
management practices may negatively affect welfare 
(e.g., by exposing the animal to diseases, parasites, 
extreme weather, and predators; Špinka, 2006). Recent 
research investigating dairy producer attitudes toward 
animal welfare highlights farmers’ concerns for animals’ 
subjective and natural living (Ventura et al., 2015), and 
ultimately, we see natural living solutions as being a 
balance of both interpretations so that farm animals 
can live a “good life.”

An essential foundation for welfare science is that 
different concerns of animal welfare can overlap each 
other. A lactating cow unable to seek shade on a hot 
day (natural living) will likely feel uncomfortably hot 
(affective state) and will experience reduced milk pro-
duction (poor biological functioning; von Keyserlingk 
et al., 2009). Most research has addressed welfare issues 
in a manner where the concern can be subjected to 
and assessed using scientific investigation through one 
sphere of animal welfare (i.e., lameness as a compo-
nent of biological functioning and health; motivation 
to access pasture as a component of natural living). 
However, personal values of researchers often dictate 
the direction of scientific inquiry and may prevent new 
approaches from being considered and investigated 
(e.g., lameness as a component of affective states). Un-
fortunately, heat stress research has followed this same 
dogma; thus, in this review, we propose new avenues of 
discussion in an attempt to reframe how we think of 
heat stress and dairy cattle welfare. For example, for 
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the purposes of this review, we have elected to discuss 
lameness from an affective state perspective (given that 
there is a growing body of evidence that this malady is 
painful) and not, as most have done, from the position 
of biological functioning and health.

The objective of this review was to take a broad ap-
proach to assessing the effects of heat stress on dairy 
cattle welfare by using the 3 key constructs of animal 
welfare originally defined by Fraser et al. (1997) and 
then modified for dairy cattle by von Keyserlingk et al. 
(2009): (1) the biological functioning (and health) of 
the animal; (2) the affective states the animal is expe-
riencing; and (3) the naturalness of its life under cur-
rent heat management strategies (Figure 1). Based on 
the available literature, the majority of the review will 
focus on the dairy cow in North American confinement 
housing (with brief examples from pasture-based herds) 
but when applicable, evidence from other mammalian 
species is discussed.

HEALTH AND BIOLOGICAL FUNCTIONING

Good health is central to animal welfare because it 
is indicative of the animal’s physiological functioning 

(Fraser et al., 1997). Producers are committed to the 
health and nutrition of their livestock, as this approach 
normally results in high levels of milk production reflec-
tive of their genetics and acceptable reproduction rates, 
thereby increasing the efficiency and profitability of the 
dairy farm (Te Velde et al., 2002). Beef producers also 
emphasize the importance of promoting strong biologi-
cal functioning and health as a component of welfare 
management practices, as well as its inextricable re-
lationship with productivity (Spooner et al., 2012). 
Mortality is the ultimate beacon of a poor quality of 
life for animals but clearly should only be considered 
a crude indicator for health (von Keyserlingk et al., 
2009). There is no doubt that the use of prompt and 
sensitive markers indicative of biological functioning 
can improve health monitoring (Cray et al., 2009), 
and may allow for proactive treatment before animals 
become ill and experience severely depressed biological 
functioning. Although body temperature (vaginal or 
rectal) or respiration rate (panting frequency) provides 
valuable information for the relationship between the 
animal and the environment, both measures are im-
practical to consistently monitor on a large production 
scale, and discontinuous sampling times may not ac-

Figure 1. The relationship between the immediate effects of environmental heat stress and the 3 key constructs of animal welfare: (1) the 
biological functioning (and health) of the animal, (2) the affective states the animal is experiencing, and (3) the naturalness of its life under 
current heat management strategies.
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curately represent the animal’s experience of heat load 
(Bewley et al., 2008). We recognize that numerous fac-
tors fall within this construct but will, for the purposes 
of this review, focus on the use of milk production and 
reproductive performance as welfare indicators for the 
biological functioning of heat-stressed dairy cows.

Heat Stress Decreases Milk Production

Lactating dairy cows have an increased sensitivity to 
heat stress compared with nonlactating (dry) cows, due 
to milk production elevating metabolism (Purwanto et 
al., 1990). Moreover, because of the positive relation-
ship between milk yield and heat production, higher 
yielding cows are more challenged by heat stress than 
lower yielding animals (Spiers et al., 2004).

When a cow becomes heat stressed, an immediate 
coping mechanism is to reduce DMI, causing a decrease 
in the availability of nutrients used for milk synthesis 
(West, 2003; Rhoads et al., 2009). Simultaneously, there 
is an increase in basal metabolism caused by activation 
of the thermoregulatory system. Mild to severe heat 
stress can increase metabolic maintenance require-
ments by 7 to 25% (NRC, 2001), further exacerbating 
both the existing metabolic stress and the decrease in 
milk production.

Decreased milk production has been used in some 
studies as an indicator for reduced welfare for animals 
that are already challenged by various diseases such as 
mastitis (Gröhn et al., 2004). Rushen et al. (2001) dem-
onstrated that milk yield declines instantly when cows 
are exposed to stressful or unfamiliar environments. As 
a result, it is often assumed that milk production can 
be interpreted to be a direct welfare indicator in that 
it offers producers the ability to monitor the animal’s 
individual response to a challenging event (e.g., increas-
ing ambient temperature or changes in nutrition). How-
ever, others have challenged the use of milk production 
as an acceptable welfare indicator (von Keyserlingk 
et al., 2009), particularly for heat-stressed cows, due 
to the confounding effects of decreased DMI and the 
delayed decline in milk production following elevated 
ambient temperatures.

Following periods of warmer environmental tem-
peratures, there is usually a lag before milk yield 
declines. Collier et al. (1981) reported a 24- to 48-h 
delay between elevated environmental temperatures 
and decreased milk production. Additional evidence 
provided by Linvill and Pardue (1992) indicated that 
milk production only begins to decline when the THI 
consistently exceeds 74 during the previous 4 d. Clearly, 
if milk production changes are only identified in the 
days following heat stress, this measure is limited in 
that it only tells us that the animal was in heat stress 

and arguably experienced poor welfare but, given the 
lag, it is at best an indirect measure of welfare (von 
Keyserlingk et al., 2009).

Despite the documented challenges with using milk 
production per se as an indicator of welfare in lactating 
dairy cows, very recent evidence suggests that changes 
in milk composition may be more useful to assess cows 
in immediate heat stress (Hu et al., 2016). Future re-
search is needed to determine whether cow-side tests 
that monitor acute changes in milk composition in 
response to heat stress can be practically implemented 
on farms.

Heat Stress Decreases Reproductive Success

The decrease in conception rates during summer 
seasons can range between 20 and 30%, with evident 
seasonal patterns of estrus detection (De Rensis and 
Scaramuzzi, 2003). Elevated environmental tempera-
tures negatively affect the cow’s ability to display natu-
ral mating behavior, as it reduces both the duration 
and intensity of estrous expression (Orihuela, 2000). 
A reduction in estrous behavior has been argued to 
be the result of reduced DMI and the subsequent ef-
fects on hormone production (Westwood et al., 2002). 
Moreover, reduced estrous behavior may be attributed 
to man’s domestication of bovine breeds, which has at-
tempted to change the cow from a “seasonal” to “year-
round” breeder. The cow’s natural selection for seasonal 
breeding has been argued by some to be reduced due 
to improved feed quality and availability, improved 
health monitoring, and care for the calf (Hansen, 1985), 
thus reducing the need to express various components 
required for successful reproduction (uterine health, 
embryo quality, hormone concentrations) on a strictly 
seasonal basis. However, the encompassing effects of 
heat stress on reproduction are persistent and exacer-
bated in the summer months, and year-round breeding 
continues to be problematic for producers.

Hansen and Aréchiga (1999) reported reduced estrous 
behaviors in heat-stressed dairy cows. Those authors 
speculate that heat stress induces physical lethargy, 
which acts as a coping mechanism that limits further 
increases in the animal’s internal heat production al-
ready caused by activity related to estrus. Additional 
evidence reports that estrous mounting behaviors in 
beef cattle are markedly decreased in total time and 
frequency during the summer compared with winter 
months (White et al., 2002). Moreover, shorter dura-
tions of estrus have been documented when European 
breeds such as B. taurus (compared with Bos indicus 
breeds) are moved to tropical areas, with differences 
attributed to temperature, nutrition, and parasites 
(Orihuela, 2000).
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Reproductive metrics have been used as a welfare 
indicator for cows in heat stress based on the prem-
ise that conception rates (De Rensis and Scaramuzzi, 
2003), oocyte quality (Roth et al., 2001), and pregnan-
cy loss (Silanikove, 2000) are all affected by elevated 
temperatures. However, these characteristics are deter-
mined retrospectively and thus only indicate that the 
animal was in heat stress at the time of, or surrounding, 
breeding. We therefore argue that these parameters are 
better used as management tools for future breedings 
and as evidence that improved strategies are needed 
to mitigate the effects of increased environmental tem-
peratures. A more sensitive indicator of welfare is rectal 
temperature on the day of AI because conception rates 
at 60 d decline from 21 to 15% when rectal temperature 
is greater than 39.1°C during AI (Pereira et al., 2013).

Decreased milk production and declining repro-
ductive success are the most commonly examined 
components of a heat-stressed dairy cow’s health and 
biological functioning due to their ease of measurement 
at the herd level, and they have a direct link to farm 
profitability. Comparatively, the effects of ambient 
temperature on the affective states and natural liv-
ing of heat-stressed animals have not been thoroughly 
examined but do provide essential information on the 
animal’s welfare at the cow level.

AFFECTIVE STATES

How the animal feels as it experiences and perceives 
its surrounding environment is central to animal wel-
fare, and developing validated measures of these states 
is one of the most challenging components of animal 
welfare science (von Keyserlingk et al., 2009). Substan-
tial research has been conducted investigating negative 
affective states such as pain and suffering (see reviews 
by Weary et al., 2006; von Keyserlingk et al., 2009), 
and parallel research has examined positive affective 
states experienced by animals (Boissy et al., 2007; 
Bertenshaw et al., 2008; Weary et al., 2017).

Collins and Weiner (1968) first suggested that the 
initial reactions by dairy cows to acute heat stress could 
represent an emotional rather than a thermoregulatory 
response, as human emotional responses can elevate 
adrenal levels despite the absence of physical stimuli. 
This review will examine how negative stimuli such as 
hunger, thirst, and frustration, induced by heat stress, 
can negatively affect the animal’s affective state.

Heat Stress and Hunger

The link between increasing environmental tempera-
tures, body temperature, and decreased DMI has been 
clearly established (reviewed by West, 2003; Allen et 

al., 2015), but minimal work has examined the result-
ing effects of appetite and hunger caused by reductions 
in DMI or by feed composition changes during heat 
wave periods. Appetite refers to the subjective desire to 
eat, whereas hunger is a negative affective state expe-
rienced by an animal that is unable to become satiated 
(D’Eath et al., 2009). The concept of under-nourishing 
implies that the animal’s intake is falling short of its 
“desired” intake. A heat stress–driven reduction in ap-
petite and a decline in nutrient availability can lead 
to large BW loss, ultimately pushing the animal into 
physiological negative energy balance (Rhoads et al., 
2009), accompanied by a reduction in the cow’s BCS 
(Collard et al., 2000; Rhoads et al., 2011). It has been 
suggested that low BCS may contribute to a reduced 
welfare state in dairy cows, as their biological health is 
functioning at suboptimal levels (Roche et al., 2009). 
Verbeek et al. (2012) reported that ewes with a low 
BCS ( = 2) were prepared to work harder for access 
to food compared with animals of higher BCS (3 or 4), 
providing some evidence that animals in low BCS were 
likely experiencing hunger.

The duration of elevated temperatures has an in-
verse relationship with DMI, and a short, simulated 
heat wave (29°C, ~50% relative humidity for 4 d) has 
been shown to suppress feed intake as soon as 1 d after 
the rise in temperature (Spiers et al., 2004). Ghrelin, a 
hormone produced by ghrelinergic cells in the gastro-
intestinal tract, is secreted when the stomach is empty 
in attempts to increase hunger and gastrointestinal 
mobility (Pearce et al., 2014). Heat stress increases the 
expression of ghrelin from the glandular stomach and 
small intestines of broiler chickens (Lei et al., 2013), 
laying hens (Song et al., 2012), and pigs (Pearce et al., 
2014). We postulate that despite “voluntary” decreases 
in DMI, dairy cows subjected to heat stress may have 
increased ghrelin secretion and may be experiencing 
hunger.

Variations in vocalizations demonstrated by piglets 
are related to degree of need (Weary and Fraser, 1995), 
and increased vocalizations are common during dairy 
calf weaning, often indicative of hunger stemming from 
a reduced milk allowance (Thomas et al., 2001). Vo-
calizations by dairy cows during distressing situations 
(e.g., social isolation, pain, or hunger) are common (re-
viewed by Watts and Stookey, 2000), thus we hypoth-
esize that extreme environmental temperatures may 
act as a stressor, thereby inducing the same distressing 
vocalization response. Moreover, heat-stressed cows can 
experience malaise stemming from low satiety as well as 
hunger caused by unbalanced diets (Roche et al., 2009), 
prompting further behavioral responses. Additional re-
search is required to elucidate the relationship between 
gastric neuromuscular and neurohormonal mediators 
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of heat stress and hunger to better understand eat-
ing behavior under times of elevated heat load and the 
subsequent effects on the animal’s affective state.

To mitigate decreases in DMI while sustaining milk 
production, farm managers will often increase the en-
ergy density of the diet by reducing the concentration 
of forage and increasing the concentrate portion of the 
diet (Renaudeau et al., 2012). However, the increased 
catabolism of urea caused by elevated protein digestion 
increases the concentration of blood nonprotein nitro-
gen (NPN). Blood NPN concentrations are positively 
correlated with increased rectal temperatures (Hassan 
and Roussel, 1975), suggesting that protein digestion 
elevates internal temperature. Clearly, strategies used 
to mitigate the negative effects of reduced DMI can 
have downstream consequences that further exacerbate 
the effects of heat stress. Future research should aim 
to refine heat stress dietary solutions that satisfy the 
animal’s production requirements while prioritizing the 
animal’s optimal biological functioning and taking into 
consideration the other concepts of welfare.

Heat Stress and Thirst

In mammals, the 4 primary routes of water loss are 
cutaneous and pulmonary evaporation, feces, and urine. 
Some species, such as camels (Camelus dromedarius) 
and Bedouin goats (Capra hircus) can survive 30 to 
40% BW water loss (Cain et al., 2006). Dairy cattle, in 
contrast, experience severe dehydration symptoms at 
12% BW water loss (Roussel, 1999).

Water accessibility is the most important resource for 
a heat-stressed dairy cow, and the supply of fresh water 
on hot days should not be overlooked. Water intake will 
increase by 1.2 kg/°C above minimum ambient temper-
ature (West, 2003), and providing chilled drinking wa-
ter (10°C) can lower body temperature and respiration 
rates (Wilks et al., 1990). However, in extreme cases 
of heat stress, an animal’s thirst can be inhibited or 
completely depressed by altered mental states induced 
by hyperthermia (Ganong, 2005). In this situation, the 
animal enters a detrimental cascade of events in which 
the inability to satisfy thirst compounds the existing 
dehydrating effects of heat stress (i.e., increased res-
piration rate, panting, sweating), further exacerbating 
the altered mental state (Ganong, 2005).

The behavioral response elicited by heat stress can 
vary based on species as well as the animal’s perceived 
threat of temperature. Pritchard et al. (2006) showed 
that dehydration negatively affects spatial awareness 
and coordination in donkeys, and research conducted 
on humans provides additional evidence that hyper-
thermia contributes to neuromuscular fatigue (Nybo 
and Nielsen, 2001). Future research should investigate 

the link between hyperthermia, dehydration, and coor-
dination in dairy cows, as increases in movement (i.e., 
walking on pasture, to/from the milking parlor, indi-
vidual and collective herd behavior) may increase their 
susceptibility to injury in hot climates.

Skin tenting is a classic sign of dehydration in ani-
mals (Ettinger and Feldman, 2009) and can be used to 
assess animal welfare. Pritchard et al. (2005) examined 
~5,000 draft, pack, and work animals, and found that 
37% of donkeys and 50% of horses showed an increase 
in skin tenting, whereas fewer than 4% of those animals 
showed clinical behavioral signs of heat stress (increased 
panting, flared nostrils, apathy). These results suggest 
that the welfare of the animal, at least of working 
equines, begins to be compromised before behavioral 
responses have been initiated, and that solely using 
behavior to indicate heat stress does not always ac-
curately represent the animal’s immediate physiological 
(dehydration) or mental (thirst) state. More research 
is needed to examine this relationship in dairy cows, 
as horses have a higher capacity to exchange heat via 
sweating compared with cattle.

Lameness, Pain, and Heat Stress

Pain and discomfort are the most frequently studied 
negative affective states in animal welfare literature 
(reviewed by Weary et al., 2006). Although “discom-
fort” lacks a precise scientific definition, the Interna-
tional Association for the Study of Pain defines pain 
as an “unpleasant sensory and emotional experience 
associated with actual or potential tissue damage” 
(IASP 1994). Current research methodologies that aim 
to assess animal pain normally use 1 of 3 approaches: 
measures of body functioning (i.e., water, DMI), physi-
ological responses (i.e., hypothalamic-pituitary-adrenal 
axis activation), or behavioral measurements (e.g., 
vocalizations, lying and standing duration and bouts) 
(Weary et al., 2006). This review will focus on pain 
caused by lameness as a contributor to the animal’s 
negative affective state and how this malady may be 
affected by heat stress.

Cows under increased heat load change their behavior 
in an effort to improve cooling. Notably, heat-stressed 
cows have been reported to increase their standing 
time, and in turn decrease lying time and walking 
activity, to expose more surface area for heat abate-
ment, sensible water loss, radiating surface area, and 
air movement via convection (Cook et al., 2007; Allen 
et al., 2015). Several studies examining the lying time 
of cows in freestalls report a range of 11 to 14 h (Cook 
et al., 2004a; Jensen et al., 2005; Ito et al., 2010) under 
thermo-neutral conditions, with a 30% reduction when 
ambient temperatures increase (Cook et al., 2007).
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Extended periods of prolonged standing have been 
argued by some to be a major risk factor for lameness 
(Cook and Nordlund, 2009; Allen et al., 2015), which 
may also be associated with painful experiences (Flower 
et al., 2008). It is not surprising that heat stress is con-
sidered a major risk factor for lameness (Cook et al., 
2007), but whether this association is a consequence of 
increased standing times (Cook et al., 2007) or due to 
alterations in nutrient metabolism (Cook et al., 2004b) 
caused by a decrease in DMI is not known. Given that 
lameness has been associated with pain in dairy cattle 
(Whay et al., 1998; Flower et al., 2008), future research 
should disentangle the complex interaction between 
heat stress, lameness, and pain. Based on the avail-
able evidence to date, we speculate that heat stress 
may have a profound impact on behavior, biological 
functioning, and affective states of dairy cattle given 
that high ambient temperatures cause increased stand-
ing times, which in turn increases the risk of lameness 
and painful experiences.

Frustration and Aggression Caused  
by Improper Cooling

Similar to pain, current indicators of frustration in 
animals rely on changes in functioning and behavioral 
measures (Weary et al., 2006). Frustration is classically 
defined as the emotional state experienced when the 
animal fails to achieve expected gratification (LeDoux, 
1995). Research investigating an animal’s motivation 
for control and its desire for agency is a focal point 
in welfare research (Špinka and Wemelsfelder, 2011), 
as controlled effectiveness (the animal’s motivation to 
manage its environment; Franks and Higgins, 2012) has 
been documented in rats (Franks et al., 2013), chick-
ens (Lindqvist and Jensen, 2008), pigs (de Jonge et 
al., 2008), and cattle (Hessle et al., 2008). When an 
animal is motivated to change its environment (i.e., as 
a means to alleviate environmental temperatures), it 
will initiate a reward cycle where the strongest positive 
affective state occurs when the reward is acquired (e.g., 
in the case of heat stress—reduced internal tempera-
ture; Keeling et al., 2008). Some have argued that any 
interruption in the animal’s motivation to complete the 
cycle may result in display of nonfunctioning behaviors 
indicative of frustration (Dawkins, 1988; Zobel et al., 
2015). Work on human subjects found that an absence 
in the ability to manage or control one’s environment is 
associated with mental health problems such as depres-
sion (Franks et al., 2016).

The provision of shade to cows under heat stress con-
ditions is an essential component of heat management 
and results in an increased proportion (from 19 to 24%) 
of animals ruminating (Blackshaw and Blackshaw, 

1994), higher milk yield (West, 2003), and decreased 
body temperatures compared with unshaded animals 
(Kendall et al., 2006). Dairy cattle demonstrate a strong 
need to control their thermoregulation by seeking and 
spending the majority of their time standing in shaded 
pasture or a comparable housing system (Schütz et al., 
2008; Vizzotto et al., 2015), even when deprived of ly-
ing for 12 h (Schütz et al., 2008).

We speculate that heat stress episodes may initially 
cause cows to experience frustration as they experi-
ence conflict as to whether they should lie down to 
rest or remain standing to thermoregulate. These 
feelings of frustration may be further exacerbated as 
the cow has been instinctively conditioned to use ther-
moregulatory behavior to alleviate heat stress, but the 
conflicting motivations break the reward cycle and the 
animal cannot attain the comfort of thermal allevia-
tion. Despite the lack of evidence, we speculate that 
the malaise initially experienced by dairy cows during 
heat stress may have profound effects on thermoregu-
lation, because the experienced mental and physical 
discomfort will supersede any other affective state, even 
the strong motivation to rest. Moreover, a reduction 
in the ability to lie down has been shown to increase 
behaviors indicative of frustration in thermo-neutral 
cows (Munksgaard and Simonsen, 1996), such as leg 
stomping, weight repositioning, and butting (Cooper 
et al., 2007). Future research should examine possible 
frustration behaviors unique to heat-stressed cows in an 
effort to more accurately determine the cow’s mental 
state during the progressing stages of thermal illness. 
Improved understanding of these behaviors can help in 
the early identification of cows at risk for heat stress.

The frustration-aggression hypothesis states that 
feelings of frustration can manifest into aggressive be-
havior (Berkowitz, 1989). Research on human subjects 
indicates that high temperatures increase aggression 
by directly increasing hostile, aggressive, and violent 
thoughts (Anderson, 2001). Aggression has been re-
ported in other livestock such as donkeys working in hot 
environments (Pritchard et al., 2005), and pigs housed 
in high temperature barns (Schrøder-Petersen and Si-
monsen, 2001). A few reports have cited increased ag-
gressive behavior in dairy cattle when animals directly 
exposed to the sun competed for the opportunity for 
shade access (Vizzotto et al., 2015). Schütz et al. (2010) 
reported that the amount of space provided to the ani-
mals experiencing heat stress affects aggression, because 
increases in shade availability per cow result in reduced 
aggressive interactions. Given that shade appears to be 
highly valued by cattle in heat stress, efforts should 
continue to determine how much shade space cattle 
require to enable cooling without the negative effects 
of aggression. Social hierarchy also plays a role in the 
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harmful effects of heat stress, particularly when access 
to the resources that enable cooling is restricted. For 
instance, subordinate cows already have elevated hypo-
thalamic-pituitary-adrenal (HPA) axis activity (Solano 
et al., 2004), which may be further exacerbated by the 
increase in aggressive behaviors expressed by dominant 
cows competing for access to shade. Moreover, on hot 
days, depending on the location of the water trough, 
dominant cows have more drinking events and time 
spent drinking than subordinate cows (Coimbra et al., 
2012). Future research should continue to investigate 
how the social structure of dairy cows influences heat 
stress coping strategies and competition for resources.

NATURAL LIVING

The ability to thermoregulate is an evolutionary ad-
aptation that allows mammals to maintain biological 
functioning (at least to some extent) in spite of envi-
ronmental temperature fluctuations (Silanikove, 2000). 
Environmental temperatures have increased by 0.2 to 
0.6°C since 2000 and are projected to continue to in-
crease a further 5.8°C by the end of the century (IPCC, 
2007); therefore, we predict that an ever-increasing 
number of cows will be subjected to heat stress and 
that taking advantage of the animal’s natural ability 
and morphological differences to thermoregulate will 
become increasingly important.

Evolutionary Adaptation to Heat Stress

The modern B. taurus dairy cow differs greatly in 
her adaptations and ability to cope under heat stress 
conditions compared with her predecessors. Mitochon-
drial DNA analysis indicates that B. indicus diverged 
from B. taurus between 110,000 and 850,000 years ago, 
subsequently evolving in tropical Asian regions (Han-
sen, 2004). In hot, arid climates, the scarcity of rainfall 
often prevents the continuous growth of plants to be 
used as feed or solar protection. These environmental 
features may have contributed to the evolutionary pro-
gression of B. indicus breeds, leading to the develop-
ment of morphological, physiological, and cellular traits 
allowing for improved fitness (Finch, 1986; Hansen, 
2004) that facilitate coping under heat stress condi-
tions and promote natural living. Conversely, B. taurus 
evolved in a more temperate environment and thus, 
when subjected to high environmental temperatures, 
may lack adequate heat coping mechanisms (Landaeta-
Hernández et al., 2011).

Evolutionary coping mechanisms in B. indicus breeds 
that improve thermoregulatory efficiency include a 
greater skin surface to mass ratio, greater skin pig-
mentation, shorter hair, lighter-colored coats, larger 

and more numerous sweat glands, and increased skin 
vascularity (Landaeta-Hernández et al., 2011; Riley et 
al., 2012). Additionally, hair coat thickness and hair 
weight per unit surface area are important factors 
for nonevaporative heat loss. Hair coat is affected by 
photoperiod, which can regulate seasonal changes in 
shedding (e.g., thick winter coat for a lighter, thinner 
summer coat). Bos indicus have shorter and lighter hair 
compared with B. taurus during all seasons of the year 
(Berman, 2011). However, it is important to note that 
despite superior thermoregulatory adaptabilities, B. 
indicus breeds are not exempt from the negative effects 
of heat stress, and can experience compromised welfare 
at elevated temperatures stemming from increased rec-
tal temperatures and respiratory rates (Srikandakumar 
and Johnson, 2004).

Bos taurus breeds, such as the Holstein (or its close 
counterpart, the Holstein Friesian), are at increased risk 
for heat stress compared with their B. indicus counter-
parts and, given their lack of functional evolutionary 
adaptations to maintain normal body temperatures, 
are at high risk for compromised welfare due to the 
decline in their ability to live a natural life reflective of 
their evolutionary environment. Ethical concerns also 
arise when animals that are not biologically suited to 
a specific environment are introduced and reared, fre-
quently resulting in suboptimal performance and illness 
caused by the environment and production pressures.

Numerous anecdotal reports of cows bunching in 
tight groups in response to elevated heat load may be 
an adaptive response to an external threat; that is, in-
creased environmental temperature initiates a distress 
response such as the classic prey response of sequester-
ing the herd (Mooring and Hart, 1992). Using dairy 
breeds that are better adapted to elevated tempera-
tures, especially in regions where high temperatures are 
constant, may help to reduce the harmful effects of heat 
stress (von Keyserlingk et al., 2013).

GENERAL DISCUSSION

Housing and Thermal Management of Dairy Cows

Clearly, numerous challenges face dairy cattle, par-
ticularly B. taurus breeds, housed in hot environments 
that are exposed to increasing heat loads. Alterations 
in housing and management strategies have attempted 
to mitigate these negative states. Here, we discuss the 
use of technologies such as fans, misters, and showers 
but do not address other thermal management strate-
gies (e.g., barn construction materials, bedding, feeding 
and reproductive management) as these approaches 
cannot provide immediate thermal relief for dairy cows 
when challenged by an abrupt environmental heat load.
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Various cooling options for dairy cows exist based 
on the principles of convection, conduction, radiation, 
and evaporation. Fan installations, which facilitate air 
movement and increase convection, have been used to 
reduce environmental temperatures and mitigate heat 
stress by decreasing respiratory rate and rectal tem-
perature and increasing DMI (Armstrong, 1994). Other 
forms of evaporative cooling make use of high-pressure 
mist injected into fans (which function to cool the 
microclimate air that the cows inspire) or large water 
droplets from low-pressure sprinkler systems that com-
pletely wet the cow by soaking the hair coat. Both of 
these systems have been shown to reduce rectal body 
temperatures and improve DMI, conception rates, and 
live calf birth rate (West, 2003). Some recent work has 
looked at providing cows with self-controlled showers 
(which animals can operate using a pressure-sensitive 
floor), which provide cooling on an individual animal 
basis but have the added benefit of reducing overall wa-
ter usage by the group (Legrand et al., 2011). However, 
the authors also noted considerable individual variation 
in the time that cows use this resource. Future research 
should continue to investigate behavioral responses to 
water treatments that provide heat abatement but also 
minimize water usage (Legrand et al., 2011). Physical 
structures that provide shade such as trees, roofs, or 
cloth can create more hospitable microclimates for cows 
because of the reduction in solar radiation exposure 
and decline in ambient temperature. However, dairy 
cows show distinct preferences for the type of shade 
structure depending on the environmental conditions 
(Schütz et al., 2009), which should be considered when 
designing farm heat abatement decisions. Barn orienta-
tion (depending on geographic location) can also help 
mitigate heat stress by reducing the insolation and stall 
surface temperature, which in turn increase the heat 
transfer from the cow’s body back to the environment 
(Angrecka and Herbut, 2016).

Various intervention techniques have been pursued 
to improve the coping abilities of heat-stressed cows. In 
attempts to enhance Holstein genetics with improved 
thermoregulatory ability, the slick hair gene (SLICK) 
has been introduced through selective breeding. This 
gene controls hair length, an important component for 
evaporative heat loss and efficient transfer of heat to 
the environment (Dikmen et al., 2008). Although cur-
rent research has shown promise for this gene, it is un-
likely that the rapid introduction of a single gene into 
the Holstein genome will be able to combat heat stress 
and confer the myriad of adaptations that B. indicus 
have after 110,000 years of evolution. Moreover, some 
regions that experience high ambient temperatures in 
the summer are also prone to very cold temperatures 
in the winter. In such situations, producers should be 

cautious when incorporating the slick hair gene into 
their herd, as short-haired animals will be at a higher 
risk for cold stress in the winter season, subsequently 
compromising their welfare.

The alternative management avenues available 
through gene editing that could result in a cow bet-
ter able to cope with the challenges associated with 
heat stress will no doubt increase in number over the 
next decade. However, despite the advances predicted 
with these types of technologies, it remains to be seen 
whether society will accept them in the long run, given 
the current criticisms regarding the perceived unnatu-
ralness of these types of technologies (see von Keyser-
lingk et al., 2013 for further discussion on this topic).

Sustainability of Heat Stress Management

Despite advances in evaporative cooling technology, 2 
primary concerns arise with the use of sprinkler systems. 
First, depending on herd size, large volumes of water are 
needed for cooling, plus such systems generate equally 
large amounts of wastewater that must be managed. 
Sprinkler-system water use can range from 215 L/cow 
per day (Means et al., 1992) to 454.2 L/cow per day 
(Strickland et al., 1989), quantities that may become 
economically and environmentally unsustainable in the 
near future. Special attention should also be paid to 
the locations of dairy farms, as much of the dairy pro-
duction in the United States has moved to California 
and the Southwest, where environmental temperatures 
continue to rise and fresh water supplies are limited 
(von Keyserlingk et al., 2013). Water for evaporative 
cooling, drinking water, and water needed during the 
milking routine are the 3 main uses of potable water 
on commercial dairies, and decreasing water usage and 
contamination is critical to the sustainability of the 
industry (Chen et al., 2015). Second, despite sprinklers 
greatly reducing respiratory rate and insect avoidance 
behaviors (tail flicks, hoof stamps, skin twitches, and 
head throws), their use also results in increased cow 
avoidance behaviors such as changing head position, 
lowering of the head, and placing the head outside the 
wooden structure away from the sprinklers (Schütz et 
al., 2011; Chen et al., 2016). We speculate that cattle 
likely never evolved to seek out rain as a means to 
cool; thus, exposing animals to water goes against the 
natural living of dairy cows. In contrast, cattle appear 
to prefer to seek out shelter in efforts to avoid adverse 
weather conditions (Vandenheede et al., 1995). How-
ever, optimal cooling strategy designs that take into 
consideration the cow’s perspective have only recently 
begun to be explored and such approaches should be 
strongly encouraged. The dairy industry would benefit 
from additional research that examines the economic 
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benefit of “cow-focused” heat abatement strategies to 
determine which method is most economical in terms 
of increased production metrics (i.e., minimize milk 
production loss and sustain conception rates) but also 
ensures a reasonable quality of life for the cow and 
minimizes the environmental impact.

Ideally, for solutions derived from animal welfare sci-
ence to be sustainable, they must satisfy all 3 constructs 
of welfare (Figure 1), and we challenge those working 
to improve heat management practices for production 
animals, including confinement-housed dairy cattle, to 
incorporate all components of animal welfare, not just 
individual elements, into management solutions. More-
over, adoption of these practices will be much quicker 
if those working closest to animals perceive these solu-
tions to be practical.

CONCLUSIONS

Heat stress has become a major concern for dairy 
producers because of the associated decreases in milk 
production and large economic losses. Classically, re-
search on this important topic has focused on tracking 
changes in biological functioning and health as the cow 
copes in the hot environment. However, to ensure high 
standards of welfare for dairy cattle, a broader approach 
is needed that includes the importance of considering 
how heat stress may also cause negative affective states 
and that heat mitigation strategies should, where pos-
sible, consider the natural adaptions of cows to aversive 
conditions. Gaps in the literature highlight the need for 
research into the pain, frustration, aggression, and mal-
aise associated with heat stress, specifically increased 
hunger and thirst in the short term and foot lesions and 
lameness in the long term. Additionally, we have high-
lighted the drastic deviation of the modern dairy cow, 
particularly the B. taurus animal, from their evolution-
ary ancestors and the resulting challenges faced by the 
modern animal when subjected to heat stress. Future 
research must examine the possibility of adopting cattle 
breeds that are better equipped for hot environments, 
thus minimizing the duration of compromised welfare. 
This literature review was written to provide readers 
with a clear sense of contemporary heat stress issues 
from the perspective of animal welfare and the need for 
clear scientific assessment and intervention.
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