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ABSTRACT

Stress is an external event or condition that places a 
strain on a biological system. The animal response to a 
stress involves the expenditure of energy to remove or 
reduce the impact of the stress. This increases mainte-
nance requirements of the animal and results in loss of 
production. The biological response to stress is divided 
into acute and chronic phases, with the acute phase 
lasting hours to a few days and the chronic phase last-
ing several days to weeks. The acute response is driven 
by homeostatic regulators of the nervous and endocrine 
systems and the chronic phase by homeorhetic regula-
tors of the endocrine system. Both responses involve 
alterations in energy balance and metabolism. Thermal 
environment affects all animals and therefore represents 
the largest single stressor in animal production. Other 
types of stressors include housing conditions, over-
crowding, social rank, disease, and toxic compounds. 
“Acclimation” to a stress is a phenotypic response 
developed by the animal to an individual stressor 
within the environment. However, under natural con-
ditions, it is rare for only one environmental variable 
to change over time. “Acclimatization” is the process 
by which an animal adapts to several stressors within 
its natural environment. Acclimation is a homeorhetic 
process that takes several weeks to occur and occurs 
via homeorhetic, not homeostatic, mechanisms. It is a 
phenotypic change that disappears when the stress is 
removed. When the stress is severe and not relieved 
by acclimatization or management changes, the animal 
is considered chronically stressed and is susceptible to 
increased incidence of disease and poor health. Milk 
yield and reproduction are extremely sensitive to stress 
because of the high energy and protein demands of lac-
tation and the complexity of the reproductive process 
and multiple organs that are involved. Improvements 
in protection of animals against stress require improved 
education of producers to recognize stress and methods 
for estimating degree of stress on animals.
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INTRODUCTION

Hans Selye (1936) first introduced the concept of 
stress as ‘the non-specific response of the body to any 
demand,” and many attempts have been made to refine 
its meaning (Friend, 1991; Appendix Table A1). How-
ever, the definition remains ambiguous and the word 
is used differently in different contexts. As pointed out 
by Schulte (2014), the variability in the definition of 
stress may stem from the fact that stress research has 
developed relatively independently across several fields 
of biology, with substantial gulfs between those inter-
ested in stress from a biomedical perspective and those 
interested in the effects of stressors in natural popula-
tions (Bijlsma and Loeschcke, 2005; Boonstra, 2013).

For the purpose of consistency, we will define stress 
as an “external event or condition.” We will further 
define a stressor as the component of the environment 
that places a strain on a biological system. Examples 
of stressors are shown in Table 1 and include thermal 
environment, management, social interaction, environ-
mental contaminants, and disease, to name a few. Stress 
is a threat to homeostasis because it always increases 
the maintenance requirements of domestic animals. 
Because energy demands alter animal production, we 
are restricting this review to “external challenges that 
require a change in maintenance output to meet the 
challenge.” One of the earliest estimates of maintenance 
energy requirements in cattle was published by Wash-
burn (1938). Brody (1956) reviewed the effects of ther-
mal environment on basal metabolism. The increase in 
maintenance requirement by stress is of real concern to 
production animal systems because it increases costs, 
reduces efficiency, and leads to lower profitability of 
an animal enterprise. The reason a stress increases 
maintenance cost is because energy must be expended 
to return the animal to homeostasis of body function. 
This energy must come from net energy for produc-
tion because it is not physically possible to remove it 
from net energy for maintenance. The environmental 
temperature below which the body produces extra heat 
to meet the thermostatic heat requirement is termed 
the “lower critical temperature” and was first estimated 
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by Kleiber (1961) and confirmed by Hamada (1971). 
The environmental temperature above which the body 
starts storing heat and losing milk yield was established 
by Berman et al. (1963, 1985). For other stressors, 
we do not yet have specific end points by which to 
measure the relationship between the stress and loss in 
productivity of cattle. A key opportunity for the future 
will be to improve our ability to identify and measure 
levels of various stressors and their impact on animals 
in order to develop strategies to reduce the effects of 
those stressors on dairy animals (Appendix Table A1).

STRESS RESPONSE

Animals mount a response to a stress that involves 
behavioral, metabolic, and physiological changes at 
multiple levels of vertebrate organization from subcel-
lular to the whole animal (Selye, 1936; Collier and Ge-
bremedhin, 2015). The stress response is divided into 2 
phases: acute and chronic (Friend, 1991). Acute stress 
responses last from a few minutes after the beginning 
of the stress to a few days (Horowitz, 2001). Activation 
of the acute response to stress is initiated by various 
receptors that respond to changes in the environment 
(Collier and Gebremedhin, 2015; Figure 1). The affer-
ent pathways for the stress transmit this information to 
the central nervous system, including the thalamus and 
hypothalamus, where setpoints are controlled, and to 
the cortex for perception (Figure 1). These centers then 
activate various efferent pathways to effect a response 
to the environment (Figure 1). The acute response is 
driven by the autonomic nervous system promoting 
release of catecholamines and glucocorticoids, which 
alter metabolism and activate transcription factors 

involved in the acute response. The chronic response to 
stress is driven by the endocrine system and is associ-
ated with altered receptor populations, changing tissue 
sensitivity to homeostatic signals and resulting in a 
new physiologic state (Bligh, 1976; Bauman and Cur-
rie, 1980). Selye (1946) coined the term “heterostasis” 
to describe the process of achieving a new equilibrium 
state following exposure to a stressor (Fink, 2009). 
The term “rheostasis” was introduced to emphasize 
that the setpoints for homeostatic regulation may vary 
across environments or seasons (Mrosovsky, 1990), 
and the term “enantiostasis” was coined to refer to a 
situation in which multiple physiological variables are 
varied to maintain the overall functionality of a system 
(Mangum and Towle, 1977). These concepts emphasize 
the idea that maintaining functional homeostasis may 
require dynamic changes in a variety of parameters. 
Acclimation to a stress is a phenotypic response devel-
oped by the animal to an individual stressor within the 
environment (Fregley, 1996). However, under natural 
conditions, it is rare for only one environmental vari-
able to change over time. Acclimatization is the process 
by which an animal adapts to several stressors within 
its natural environment (Bligh, 1976). Acclimation and 
acclimatization are not therefore evolutionary adapta-
tions or natural selection, which are defined as changes 
allowing for preferential selection of an animal’s phe-
notype and are based on a genetic component passed 
to the next generation. The altered phenotype of ac-
climated animals will return to normal if environmental 
stressors are removed, which is not true for animals 
that are genetically adapted to their environment (Col-
lier et al., 2004). Acclimatization is a process that takes 
several weeks to occur, and close examination of this 

Table 1. Partial list of types of stressors and biological responses to them1

Stressor  Symptom  Physiological system activated or inhibited

Heat Elevated body temperature Heat loss mechanisms increased; decreased phagic drive

Cold Reduced body temperature Heat gain mechanisms enhanced; heat loss mechanisms reduced; feed intake 
enhanced

Infection Elevated body temperature Immune system activated; decreased phagic drive; hypothalamic body 
temperature setpoint altered

Poor housing Increased lameness Hypothalamic-pituitary-adrenal axis activated; reduced phagic drive

Poor nutrition Deficiency symptom varies with 
nutrient

Mobilization of nutrient reserves; activation of pituitary-adrenal axis; altered 
behavior

Environmental Hepatotoxicity Liver function reduced; multiple organ damage; hypothalamic-pituitary-adrenal 
axis activated

Social Altered behavior Feed intake reduced; hypothalamic-pituitary-adrenal axis activated
1References: Bauman and Currie, 1980; Collier et al., 1982b; Friend, 1991; Coulombe, 1993; Bauman (2000); Collier and Gebremedhin, 2015; 
Chebel et al., 2016.
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process reveals that it occurs via homeorhetic and not 
homeostatic mechanisms. As described by Bligh (1976), 
there are 3 functional differences between acclimatory 
responses and homeostatic or “reflex responses.” First, 
the acclimatory response takes much longer to occur 
(days or weeks versus seconds or minutes). Second, ac-
climatory responses generally have a hormonal link in 
the pathway from the central nervous system to the 
effector cell. Third, the acclimatory effect usually alters 
the ability of an effector cell or organ to respond to 
environmental change.

These acclimatory responses are characteristic of 
homeorhetic mechanisms as described by Bauman and 
Currie (1980) and revisited by Bauman (2000) and the 
net effect is to coordinate metabolism to achieve a new 
physiological state. Thus, the seasonally adapted ani-
mal is different metabolically in winter than in summer. 
Bauman and Currie (1980) incorporated these charac-
teristics of acclimation into the concept of homeorhesis, 
which is defined as “orchestrated changes for priorities 
of a physiological state” (Bauman and Currie, 1980). 
The concept originated from considering how physi-
ological processes are regulated during pregnancy and 
lactation (Bauman and Currie, 1980), but application 

of the general concept has been extended to include dif-
ferent physiological states, nutritional and environmen-
tal situations, and even pathological conditions. Key 
features of homeorhetic controls are its chronic nature 
(hours and days versus seconds and minutes required 
for most examples of homeostatic regulation) and its 
simultaneous influence on multiple tissues and systems 
that results in an overall coordinated response, which 
is mediated through altered responses to homeostatic 
signals (Bauman and Elliot, 1983; Vernon, 1988; Bell 
and Bauman, 1997).

ENERGY BALANCE

Stress does not uniformly affect energy balance, which 
is the difference between energy intake and energy ex-
penditure. Dependent on the stress, phagic drive may 
be increased (pregnancy, lactation, cold) or decreased 
(heat, social, immune, calving). Energy expenditure 
is both increased (pregnancy lactation, cold, immune 
stress) and decreased (fasting and heat) by stressors. 
Herein, we review the role of stress on feed intake and 
energy expenditure in the dairy cow.

Figure 1. Schematic representation of pathways of stress response.
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Pregnancy and Parturition

Pregnancy is a primary metabolic requirement in 
the dairy cow. During the first 180 d of pregnancy, the 
metabolic energy requirements (Mcal/kg0.75) increase by 
approximately 16%. Over the next 105 d, approximate-
ly the last one-third of gestation, metabolic demand 
increases to 175% of that observed in nonpregnant cows 
at parturition (Moe and Tyrrell, 1972). In line with this 
estimate, Brody (1956) showed that heat production in-
creased 59% during the final 200 d of pregnancy. On the 
day of calving, there is a consistent and robust decrease 
in feed intake (Marquardt et al., 1977; Goff et al., 2002; 
Huzzey et al., 2007; Lukas et al., 2008). The decrease 
in feed intake at calving is coincident with a decrease in 
rumen contractility at calving (Marquardt et al., 1977). 
Calving is associated with a rise in serum cortisol that 
is exacerbated in cows that have depleted serum Ca2+ 
(Horst and Jorgensen, 1982). This may be an adaptive 
positive feedback response because cortisol increases 
serum Ca2+. However, the decrease in feed intake is not 
dependent on a lactation-induced depletion of serum 
Ca2+ or an increase in serum cortisol, because calving 
more robustly decreases feed intake in mastectomized 
cows, which respond to calving with a smaller decrease 
in Ca2+ and increase in cortisol (Goff et al., 2002). In 
fact, feed intake remains lower in mastectomized cows 
than in control cows for the first 4 d after calving. This 
suggests that the metabolic demands of lactation are 
driving the rapid restoration of feed intake postcalving.

Lactation

The energy demands of lactation often result in a 
negative net energy balance that remains until 16 wk 
of lactation (Bauman and Currie, 1980). Brody (1956) 
reported that at peak lactation, heat production was 
twice that observed in the dry cow. The increased heat 
production is partly a result of the increase in energeti-
cally expensive organ mass that is required for lactation 
(Smith and Baldwin, 1974). Obviously, the mammary 
gland increases in size with lactation (73%), but the 
liver, heart, and lungs are also 22 to 25% larger in 
lactation than in dry animals. Indeed, the metabolic 
demands of the liver increase by 25%. In addition, 
lactation increases digestive tract mass and energy 
expenditure by 29 and 28%, respectively. To meet the 
increased maintenance and lactation energy demands, 
dairy cows increase feed intake. In fact, DMI more 
than doubles from precalving to 2 wk postpartum and 
nearly triples by 7 wk postpartum, reaching maximal 
values at 12 wk of lactation (Bauman and Currie, 1980; 
Silanikove et al., 1997). This increase in feed intake 

is associated with an increased number of meals and 
simultaneous decrease in total feeding time (Huzzey et 
al., 2005).

Environmental Cold Exposure

Cold exposure increases the energy expenditure nec-
essary for the cow to maintain homeothermy and, in 
turn, drives increases in both energy expenditure and 
feed intake. Brody (1956) defined the “comfort zone” 
as the temperature at which no demands are made 
on the temperature-regulating mechanism and identi-
fied this to range between −1 and 15°C (30 and 60°F) 
in European cattle (Brody, 1956). Kibler and Brody 
(1949) demonstrated that a decrease in environmental 
temperature from 10 to −15°C (50 to 5°F) increased 
heat production 30 to 35% in lactating Jersey cows 
and 20 to 30% in lactating Holstein cows. The more 
robust increase in energy expenditure in the Jersey 
cow may be a result of smaller body size or decreased 
heat of lactation. The metabolic stimulator thyroxine 
(T4) increases in response to cold exposure and de-
creases with an increase in temperature (Yousef and 
Johnson, 1966). This increase in T4 is a mechanism 
to enhance endothermy. Cows that have higher milk 
production have a less robust increase in T4 at 15°C, 
which suggests that high-producing dairy cows with 
high levels of body heat production are not as reliant 
on T4 for stimulation of metabolic rate in response to 
a cold environment (Johnson and Vanjonack, 1976). Of 
note, if cold-exposed cows are not allowed to become 
hyperphagic in response to a decrease in environmental 
temperature, the body adapts with high levels of thy-
roxine to further stimulate metabolic rate. The increase 
in metabolic rate associated with cold exposure is evi-
dent in the metabolic data from calves reared in a cold 
environment, which have increased serum nonesterified 
fatty acids and decreased serum glucose, despite con-
suming more feed.

Environmental Heat Exposure

Heat has been one of the primary stressors evaluated 
in dairy science, as the high metabolic demand and as-
sociated endothermy makes high-producing dairy cows 
uniquely sensitive to heat-induced depression of pro-
duction. In fact, a temperature-humidity index (THI) 
as low as 78 decreases DMI (Cowley et al., 2015). The 
decrease in feed intake with heat exposure is likely an 
adaptive mechanism to decrease heat of digestion and 
the heat of metabolism (Thompson et al., 1963; Abilay 
et al., 1975; Magdub et al., 1982). The decrease in feed 
intake depends on the duration and severity of heat 
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exposure (Kibler and Brody, 1949; Brody, 1956; Omin-
ski et al., 2002). Ominski et al. (2002) showed that 5 d 
of heat exposure decreased DMI during heat exposure 
and continued to suppress feed intake for 5 d under 
thermoneutral conditions. Interestingly, the THI 2 d 
prior appears to most robustly affect feed intake (West 
et al., 2003), which is in agreement with a previous 
report by Collier et al. (1981a), that afternoon black 
globe temperature 2 d prior had the greatest effect on 
reduced milk yield. Although the decrease in feed intake 
associated with heat exposure has been reported to be 
60 to 70% of that in thermoneutral cows (McDowell 
et al., 1969; Tao and Dahl, 2013), the hyperthermia 
experienced by the cow is best able to predict the de-
gree of hypophagia. In fact, feed intake is negatively 
correlated with rectal temperature (Maust et al., 1972; 
Abilay et al., 1975). This decrease in feed intake plays 
a primary role in the depression of milk production 
during heat stress (Wayman et al., 1962; Clark et al., 
1972). Accordingly, researchers have focused on physi-
ological adaptations and cooling strategies that may 
restore feeding.

In response to heat exposure, cows physiologically 
adapt to depress their heat production and increase 
heat loss. We have already described how a decrease 
in feed intake can decrease the heat of digestion. Addi-
tionally, because decreasing feed intake depresses milk 
production, this adaptation also serves to depress the 
heat of lactation. Heat-stressed cows also upregulate 
the production of β-hydroxybutyrate, which binds to 
GPR109a, the niacin receptor, to induce peripheral 
vasodilation and enhance evaporative heat loss (Di 
Costanzo et al., 1997). A decrease in T4 with envi-
ronmental heat exposure limits the metabolic rate 
stimulation and heat production of heat-stressed cows 
(Thompson et al., 1963; Magdub et al., 1982). Finally, 
the cow increases respiration rate to encourage evapo-
rative heat loss (McDowell et al., 1969; Collier et al., 
1981a). This increase in respiration rate is among the 
most sensitive phenotypic indicators of heat stress; a 
respiration rate >60 breaths per minute is an indica-
tor of heat stress in lactating dairy cows (Shultz, 1984; 
Berman et al., 1985).

In heat-stressed animals, milk energy output decreas-
es twice as much as digestible energy intake (McDowell 
et al., 1969). This was confirmed by Wheelock et al. 
(2010), who demonstrated that only half of the decrease 
in milk yield could be accounted for by decreases in 
feed intake. Although milk yield is decreased, the basal 
metabolic requirements are increased during thermal 
stress despite a decrease in T4 (Kibler and Brody, 1949, 
Brody, 1956)

The physiological consequences of heat exposure can 
be mitigated through management practices that di-
rectly cool the dairy cow (Berry et al., 1964). Cooling 
heat-exposed cows increases feed intake (do Amaral et 
al., 2009; Tao et al., 2012a). Cooling dry cows increases 
the gestation length and calf weight at birth and wean-
ing (Tao et al., 2012b). Many strategies to cool dairy 
cows efficiently have been investigated. Cooling only 
the head and neck improves feed intake while decreas-
ing body temperature and respiration rate (Roussel 
and Beatty, 1970). Similarly, cooling the bedding to 
encourage conductive cooling when the cow is lying 
down decreases temperature and respiration rate while 
increasing DMI (Perano et al., 2015; Ortiz et al., 2015). 
In fact, simply providing bedding materials that remain 
cooler increases feed intake and time spent resting (Or-
tiz et al., 2015). Sprinklers that wet the animal, along 
with ventilation to increase airflow, encourage evapora-
tive cooling and increase feed intake while decreasing 
water intake (Flamenbaum et al., 1995; Schütz et al., 
2011). Although sprinkling with water is effective at 
lowering body temperature, cows prefer shade (Schütz 
et al., 2011). Shaded heifers have higher feed intake 
and better ADG than those that were sprinkled for 
cooling (Marcillac-Embertson et al., 2009). In cows 
on pasture, shade availability increases the time spent 
grazing and the time spent lying (Palacio et al., 2015). 
Of note, rumen contractions are increased in shaded 
animals, which may explain the improved feed intake 
associated with each of these cooling strategies (Collier 
et al., 1981b).

Health Challenge

Immune challenges are well established to depress 
feed intake across species. A lipopolysaccharide-induced 
immune challenge dose-dependently decreases feed in-
take in the dairy cow up to nearly 50% (Waldron et 
al., 2003). In the dairy cow, mastitis and metritis are 
immune challenges that occur at high incidence. Masti-
tis occurs in 10 to 24% of dairy cows, whereas clinical 
metritis has been reported to occur in 5.3 to 12.7% of 
dairy cows (Wittrock et al., 2011; Ribeiro et al., 2013; 
Levison et al., 2016). Inclusion of subclinical metritis 
increases the incidence of metritis to over 40% (Wit-
trock et al., 2011). Both mastitis and metritis decrease 
DMI in relation to severity of infection (Huzzey et al., 
2007; Lukas et al., 2008). Severe metritis can depress 
feed intake by up to 40%, whereas mild metritis results 
in an 18% reduction in feed intake (Huzzey et al., 2007). 
The decrease in DMI may be related to a decrease in 
feeding time observed in metritic cows (Huzzey et al., 
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2007). Lameness, another common malady in dairy 
cows, similarly decreases feeding time and DMI when 
lameness scores meet or exceed 4 on a scale of 5 (Nor-
ring et al., 2014).

Social Stress

Social stresses in herd animals such as cattle may in-
clude isolation, introduction to a novel group, or limited 
feed bunk availability. A detailed review of stresses due 
to housing and other welfare-related situations can be 
found in this issue (von Keyserlingk and Weary, 2017). 
Putting a calf into a new group of calves decreases milk 
intake on the day of introduction (O’Driscoll et al., 
2006). However, this effect is acute, as feed intake is 
not affected by this change in social interaction in the 
3 d following mixing. The decrease in milk intake is 
associated with a decrease in the number of meals per 
day and the time on teat. However, there is some com-
pensatory response to the decreased number of meals: 
intake/meal and feeding rate (kg/h) are increased. 
Similarly, putting a cow into a novel group depresses 
DMI on the day of introduction but not thereafter 
(Schirmann et al., 2011). This decrease in feed intake 
is not a result of decreased time at the feed bunk (von 
Keyserlingk et al., 2008). Feed bunk availability may 
also affect time spent at the feed bunk. In fact, decreas-
ing feed bunk space from 1 to 0.5 m/cow decreased the 
total time spent feeding by 14% and increased the num-
ber of aggressive interactions. Furthermore, decreasing 
bunk space limits the time spent feeding immediately 
after fresh feed provision by 24% (DeVries et al., 2004; 
Huzzey et al., 2006). A more severe reduction in bunk 
space results in a further decrease in time spent at 
the bunk and a more significant relationship between 
dominance and time spent at the bunk (Friend et al., 
1977; Huzzey et al., 2006). Despite these changes in 
feeding behavior, only one study has shown that limit-
ing bunk space depresses daily DMI and that occurred 
only when cows were provided 0.1 m of bunk space/
cow (Friend et al., 1977). Studies with direct competi-
tion for a single feeding space have shown that sharing 
a feeding space increases feeding rate without altering 
daily DMI (Olofsson, 1999; Hosseinkhani et al., 2008). 
This suggests that cows adapt their feeding behavior to 
accommodate a limiting feeding space until the restric-
tion is so severe that it limits feed access throughout 
the day. Social stressors do alter feed intake in both 
calves and cows. However, these effects appear to be 
acute and are not likely to robustly affect production. 
Social dominance has also been shown to affect feed-
ing behavior, growth rate, metabolic status, and age at 
onset of puberty (Fiol et al., 2017).

EFFECTS OF STRESS ON METABOLISM

Several potential metabolic health problems and 
related interactions of stress and nutrition can arise 
from physiological responses to stress. Energy and 
nutrient deficits, respiratory alkalosis, ketosis, and 
ruminal acidosis are some examples of alterations in 
metabolism associated with heat stress–induced altera-
tions in nutrient metabolism and balance. Nutritional 
metabolic changes include alteration in feed consump-
tion and energy and protein metabolism (Baumgard 
and Rhoads, 2013), water balance, metabolism of 
electrolytes and associated acid–base imbalance (Beede 
and Collier, 1986), and endocrine status (Collier et 
al., 1982b; Rhoads et al., 2009, 2010; Baumgard et al., 
2011). Dale and Brody (1954) conducted 2 experiments 
to study the impact of reduced feed intake during ther-
mal stress on metabolic state. In the first experiment, 
feed consumption of cows maintained at environmental 
temperatures above 27°C was depressed, thus setting 
the metabolic circumstances for body fat catabolism. 
However, these cows did not develop ketosis or even 
ketonuria. Blood ketone concentrations were actually 
lower as environmental temperatures increased from 7 
to 27°C, and total urine ketone bodies were not af-
fected. In a second experiment, 4 cows were fasted for 
5 d at 18°C (thermal comfort). In contrast to results 
of the first experiment, blood and urine ketone con-
centrations increased dramatically after the second day 
of fasting, suggesting increased fat depot mobilization 
and incomplete fat oxidation. These 2 experiments em-
phasized an apparent difference in energy metabolism 
of animals experiencing similar dramatic reductions in 
feed intake and carbohydrate oxidation but responding 
differently, possibly because of differences in general 
metabolic and physiological state (thermal stress vs. 
starvation). Later work by Wheelock et al. (2010), 
Baumgard et al. (2011), and Rhoads et al. (2009, 2011) 
confirmed these observations and extended these differ-
ences to alterations in insulin secretion and clearance 
and gluconeogenic genes in liver of heat-stressed cows. 
They proposed that elevated insulin during periods of 
thermal stress suppresses adipose tissue fatty acid mo-
bilization and is associated with increased catabolism 
of protein for glucose (Baumgard and Rhoads, 2013). 
O’Brien et al. (2010) extended these observations to 
growing cattle, demonstrating that heat stress alters 
postabsorptive carbohydrate (basal and stimulated) 
metabolism, characterized primarily by increased basal 
insulin concentrations and insulin response to a glucose 
challenge. However, heat stress–induced reduction in 
feed intake appeared to fully explain decreased ADG in 
Holstein bull calves. There is currently no mechanism 
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to explain increased insulin secretion during heat stress 
in growing and lactating cattle. Recently, Baumgard 
and Rhoads (2013) proposed that heat stress impairs 
gut integrity, leading to influx of endotoxins that could 
cause some of the metabolic effects detected in heat-
stressed dairy cows. Additionally, there is scant infor-
mation on effects of other stressors on metabolism.

IMPACTS OF STRESS ON REPRODUCTION  
IN DAIRY CATTLE

Cattle, like most other mammals, have to be bred 
and deliver calves to initiate and maintain normal 
lactation. Keeping ideal reproductive performance is 
important for maximizing the efficiency of milk produc-
tion in dairy cows. The reproductive processes include 
production of sperm in males, production of oocytes in 
females, and embryonic and fetal development. These 
processes are susceptible to stressors such as heat, cold, 
handling, and so forth. Heat stress is the best char-
acterized stress and has the most severe impacts on 
reproductive performance in dairy cattle among all the 
physiological stressors.

Fertility

In early studies, the first identified stressor affect-
ing fertility of dairy cows was considered the effect of 
season. Morgan and Davis (1938) reported the first 
study on seasonal effects on breeding efficiency in dairy 
cattle. They went through records of the University of 
Nebraska dairy herd from 1896 to 1934. The breeding 
records covered 2,090 cows from 5 dairy breeds, and the 
ages of cows and bulls ranged from <2 to 18 yr. They 
found that more services were required for conception 
during the summer season (May to October) than the 
winter season (November to April) for services between 
bulls of all ages and cows of all ages. Conception rates 
were lower during August and September than in other 
months. Erb et al. (1940) investigated breeding records 
of the Purdue University dairy herd from 1920 to 1940, 
and found that the herd had the lowest breeding ef-
ficiency during August and highest efficiency in May. 
Seath and Staples (1941) at Louisiana State University 
also demonstrated that both of the north and south 
Louisiana herds required more services per conception 
in summer than that in other seasons. However, the 
study conducted by Mercier and Salisbury (1947a,b) 
at Cornell University demonstrated that the poorest 
season for breeding dairy cows in eastern Canada and 
New York State was winter, indicating the presence of 
adverse effects of cold stress on fertility. These early 
studies and a comprehensive review (Vincent, 1972) 

suggested that the impacts of heat and cold stress on 
fertility of dairy cattle might associate with climates of 
the region. It may also represent poor ability to detect 
estrus in stanchion barns during winter months when 
movement of cows was greatly restricted.

Instead of using seasons to define environmental con-
ditions, Stott and Williams (1962), from the University 
of Arizona, presented that a lengthened estrous cycle 
and lowered breeding efficiency in dairy cows were 
associated with the high temperature and humidity 
in summer. Ingraham et al. (1974), from Iowa State 
University, evaluated conception rates of dairy cows in 
a subtropical climate using THI as an indicator. They 
reported that conception rate decreased from 55 to 10% 
as the THI of the second day before breeding increased 
from 70 to 84. Gwazdauskas et al. (1975), from the Uni-
versity of Florida, selected the 5 most important factors 
affecting conception rate from 21 climatological param-
eters: maximum temperature day after insemination, 
rainfall day of insemination, minimum temperature day 
of insemination, solar radiation day of insemination, 
and minimum temperature day after insemination. 
These defined environmental indices or factors were 
helpful not only in recognizing the magnitude of en-
vironmental stress on fertility of dairy cows, but also 
in developing strategies for alleviating the impacts. To 
that end, scientists in the field began to identify which 
reproductive processes were affected by these stressors 
and how.

Sperm Production in Dairy Bulls

To dissect effects of environmental stress, research-
ers initially focused on investigating these impacts on 
fertility of bulls, and Anderson (1941) reported low 
volume and sperm motility of semen collected from 5 
breeds of bulls from May to August in Kenya. Erb et 
al. (1942) systematically investigated effect of season 
on semen quality of the dairy bulls. They found that 
semen volume, sperm concentration, sperm motility, 
and sperm survival were the lowest and the abnormal 
sperm number was the greatest in summer months. 
Their studies indicated that semen production in dairy 
bulls was impaired during summer. In an attempt to 
test whether environmental temperatures were involved 
in the seasonal impacts on semen quality, Casady et al. 
(1953) studied the reproductive activity of dairy bulls 
exposed to high ambient temperatures using climate-
control chambers. When ambient temperature in the 
chambers increased to 32.2°C or higher, they found that 
bulls showed typical stress symptoms, such as increase 
in respiration, decrease in body weight, restlessness, and 
excess salivation. Continuous exposure to high ambient 
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temperatures led to decreases in sperm concentration, 
total count, and motility in the collected ejaculates and 
adversely affected sperm production in young bulls. 
With the aid of climate chambers, de Alba and Riera 
(1966) demonstrated that high ambient temperature 
lowered semen quality and delayed puberty in Jersey 
calves. These studies suggested that high temperatures 
in summer could cause heat stress and impair semen 
quality. With the emergence of AI, frozen semen tech-
niques, and use of climate-controlled barns for bulls, 
these negative effects of stress on sperm production in 
bulls were eliminated in AI semen. However, these ef-
fects are still a major issue when bulls are used on farm.

Estrus, Reproductive Hormone Secretion,  
and Follicle Dynamic in Dairy Cows

Environmental stress is also deleterious to reproduc-
tive performance in females, perhaps even more severe 
than in males. Stott (1961) studied 2 sets of breeding 
records: (1) Jerseys, Holsteins, and Guernseys insemi-
nated in Arizona with semen collected in California, 
Ohio, and Arizona; and (2) cows inseminated inside 
or outside Arizona at the same time of summer with 
semen from the same bull in California. He found that, 
regardless of the source of semen, the Arizona cows 
demonstrated a substantial decrease in breeding ef-
ficiency during summer months; moreover, cows bred 
outside Arizona had a higher fertility level than those 
bred in the state using the same semen. He concluded 
that heat stress effects on females were the major con-
tributor to depressed fertility in summer.

Maintaining normal estrous cycles in dairy cows is 
essential to control calving intervals, which eventually 
affects days in milk. Estrus could also be negatively af-
fected by environmental stressors. Hall et al. (1959) ob-
served 1,460 estrous periods of 270 cows and heifers in a 
15-mo period. By comparing the observations reported 
from the temperate regions, they found lengthened es-
trous cycles, shortened estrus duration, and decreased 
estrus intensity in dairy cattle under Louisiana’s hot 
and humid climate. This environmental effect was later 
confirmed under climatic controlled conditions (Gang-
war et al., 1965).

Estrus is driven by reproductive hormone fluctua-
tions, and hormonal activity regulates follicular waves 
in ovaries during each estrous cycle. Adverse effects 
of environmental stressor such as elevated ambient 
temperature on reproductive hormones and follicular 
dynamic were described in dairy cows as early as the 
1970s. Madan and Johnson (1973) investigated effect 
of thermal stress on the pattern of plasma luteinizing 
hormone (LH), which is involved in follicle development 

and ovulation. Guernsey heifers with synchronous es-
trous cycles were placed in 2 climatic controlled envi-
ronments (control and heat stress) for 2 consecutive 
estrous cycles in each environment. The LH in plasma 
was monitored daily, and the results showed distinc-
tive depression in LH at the LH surge phase of both 
estrous cycles when heifers were exposed to heat stress 
conditions. Later, the same laboratory published that 
heat stress elevated progesterone levels of the first heat-
exposed estrous cycle but not the second one in heifers 
(Abilay et al., 1975). Gwazdauskas et al. (1981) induced 
synchronized estrus in Holstein heifers with prostaglan-
din F2α, and then measured their hormonal patterns 
when they were placed in environmental chambers with 
either thermoneutral or heat stress conditions. The re-
sults demonstrated that a decrease in plasma estradiol 
levels was associated with the heat stress exposure; 
however, the progesterone in heat-stressed heifers was 
comparable to that in thermoneutral heifers. Wil-
liam Thatcher’s group from the University of Florida 
described the connections between altered hormonal 
secretion and follicular development during summer 
heat stress (Badinga et al., 1993). Lactating cows were 
assigned to shade with sprinkler-fan cooling system or 
no shade management system after estrous synchroni-
zation. The cows with no shade had smaller first-wave 
dominant follicles and less follicular fluid in volume at d 
8 of the estrous cycle. In contrast, the subordinate fol-
licles were larger and contained more fluid in cows with 
no shade, which suggested altered follicular dominance 
in heat-stressed cows. Estradiol in plasma and the first-
wave dominant follicle fluids were decreased from the 
beginning of summer (July) to the end (September) 
in the study. Research teams led by M. C. Lucy from 
the University of Missouri conducted a series of studies 
focusing on effects of heat stress on serum estradiol 
levels and the second follicular wave in lactating cows 
and heifers (Wilson et al., 1998a,b). When comparing 
lactating cows and heifers in a thermoneutral chamber, 
heat-stressed animals showed decreased estradiol from 
d 11 to 21 of the estrous cycle, delayed corpus luteum 
regression in the proestrus period, and decreased ovula-
tion rate of the second-wave dominant follicles. Col-
lectively, these studies suggested a regulatory axis that 
heat stress impaired estradiol secretion, which hindered 
luteolysis, and eventually altered follicle dominance 
and disrupted ovulation.

Effect of heat stress on other follicular-development-
associated hormones, such as inhibin, FSH, and an-
drostenedione, were also addressed. An experiment 
conducted in Israel by Wolfenson et al. (1995) dem-
onstrated that heat stress tended to depress plasma 
inhibin in heat-stressed lactating cows, and also altered 
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the dominance of the first- and second-wave dominant 
follicles. To evaluate effect of heat stress on follicular 
functions, Wolfenson et al. (1997) determined hormone 
production of follicular theca and granulosa cells col-
lected from follicles of the cows in summer, autumn, 
and winter under thermoneutral and heat-shock culture 
conditions. Results indicated that estradiol in follicular 
fluid was lower during fall and winter in cows that were 
stressed during summer months but was higher in fall 
and winter in cows that were housed under thermoneu-
tral conditions during summer months. The capacity to 
produce androstenedione had the same pattern in the 
theca cells isolated from follicles in different seasonal 
or heat stress conditions. This study demonstrated 
adverse effects of heat stress on steroidogenic capacity 
of follicles, but also suggested delayed effects of heat 
stress on ovarian functions in dairy cows. Subsequently, 
the delayed heat stress effect was observed on follicle 
dynamics in a later study (Roth et al., 2000), and the 
authors suggested that FSH secretion was upregulated 
because of downregulated inhibin in plasma in heat-
stressed cows, resulting in altered follicular dominance 
and increased incidence of twinning.

Handling related stressors can also cause alterations 
in reproductive hormones. Thun et al. (1998) investi-
gated hormonal responses of 5 lactating cows under 
restraint stress, and found that plasma progesterone 
and LH were increased by a 2-h immobilization. Mann 
(2001) reported that stress induced by AI and blood 
collection increased plasma estradiol at the end of 
follicular phase and reduced pregnancy rates in dairy 
cows. However, Szenci et al. (2011) showed that 2 h of 
restraint of pregnant heifers at d 30 to 40 of gestation 
did not affect progesterone levels. Therefore, effects of 
handling stressors may vary due to type of stress and 
physiological status of dairy cows.

Oocyte Maturation, Fertilization, and Embryonic  
and Fetal Development in Dairy Cattle

Because follicular function could be negatively in-
fluenced by stress as described above, impairments on 
oocyte development and maturation within the affected 
follicle could be expected. In vivo studies demonstrated 
that extreme hot or cold conditions during the days 
before or after insemination led to reduced conception 
rates in dairy cows (see reviews: Ulberg and Burfen-
ing, 1967; Gwazdauskas, 1985), suggesting that oocyte 
maturation, fertilization, and early embryonic develop-
ment could be all impaired by environmental stressors. 
Researchers led by N. L. First (Lenz et al., 1983) ex-
amined in vitro maturation and fertilization of oocytes 
exposed to different temperatures. Oocytes incubated 

at high temperature (41°C) had lower nuclear matura-
tion rates, which was likely associated with impaired 
cellular function of cumulus cells surrounding the oo-
cytes. High (41°C) or low (35 or 37°C) temperature at 
maturation also decreased the probability of the oocyte 
being fertilized, and the fertilization process per se was 
temperature sensitive. Moreover, this study and a later 
study reported by Peter Hansen’s group (Monterroso et 
al., 1995) from the University of Florida provided evi-
dence that exposure to elevated temperatures in vitro 
had adverse effects on sperm collected from bovine epi-
didymis or frozen semen, including impaired viability 
and motility. Collectively, these studies demonstrated 
that core temperature variation caused by heat or cold 
stress in dairy cows could be deleterious to fertility of 
inseminated sperm and oocyte maturation and fertil-
ization.

To reproduce, a mature oocyte has to be fertilized 
by a sperm to become an embryo. It has been proven 
that embryonic development in dairy cows is also sus-
ceptible to environmental stress. Putney et al. (1988) 
performed superovulation in Holstein heifers followed 
by AI and then assigned heifers to either thermoneutral 
or heat stress chambers. The embryos recovered from 
heat-stressed heifers had lower percentage of normal 
quality and higher incidence of abnormal and delayed 
development compared with those from thermoneutral 
animals. Just like embryos of some other mammalian 
species, however, bovine embryos can gain the capac-
ity to resist the effect of maternal heat stress during 
early development. Ealy et al. (1993) exposed Holstein 
cows at an unshaded lot in University of Florida Dairy 
Research Unit to induce heat stress on d 1, 3, 5, or 7 of 
pregnancy. Embryonic survival analysis of the embryos 
recovered on d 8 showed that maternal heat stress had 
a distinctive negative effect on d 1 of pregnancy but not 
on days after d 3, suggesting that susceptibility of bo-
vine embryos for heat stress was specific to the develop-
mental stage. This gain of thermotolerance during early 
development was confirmed by a later in vitro study 
(Ealy and Hansen, 1994). Taking advantage of the in 
vitro culture system, the Hansen group demonstrated 
anti-apoptotic roles of IGF-1 and colony-stimulating 
factor 2 in increasing survival rates of heat-shocked 
embryos (Bonilla et al., 2011; Loureiro et al., 2011).

Heat stress during gestation reduced birth weights in 
rats and sheep (Cartwright and Thwaites, 1967; Benson 
and Morris, 1971; Brown et al., 1977). Heat stress dur-
ing gestation also reduced placental weight (Alexander 
and Williams, 1971) and uterine blood flow (Oakes et 
al., 1976). The reduction in placental mass or placental 
function has significant implications for the maternal 
system (Tao and Dahl, 2013). Altered placental func-
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tion or size may result in altered endocrine dynamics 
during pregnancy. Several studies have related placen-
tal mass or hormone secretion by the placenta to mam-
mary growth or postpartum milk yield (Desjardins et 
al., 1968; Bolander et al., 1976; Eley et al., 1981). Thus, 
altered placental function may influence the extent of 
mammary growth. Pregnant rats subjected to heat 
stress during the last two-thirds of gestation gave birth 
to pups of reduced weight and exhibited impaired lac-
tation (Benson and Morris, 1971). Collier et al. (1982b) 
assigned lactating Holstein cows and heifers to shade 
or no shade treatments during the dry period begin-
ning in June. Calves born from no shade cows weighed 
less than those born from cows with shade, and shaded 
cows produced more milk in the next lactation. Hor-
monal analysis of the plasma collected from cows dur-
ing treatment period demonstrated that concentrations 
of estrone sulfate were lowered by heat exposure. These 
data demonstrated that heat stress exerted adverse ef-
fects on fetal and mammary development by disrupting 
placental function during pregnancy. Effects of heat 
stress effects during pregnancy on reproductive perfor-
mance in the same study were also reported (Lewis 
et al., 1984). The effects of heat stress during the dry 
period on postpartum performance of the dam were 
confirmed by several investigators (reviewed in Tao 
and Dahl, 2013). Dahl and coworkers have extended 
the known impacts of heat stress during pregnancy to 
include effects on growth and survival of the neonate 
as well as lifetime performance (Tao and Dahl, 2013).

LOOKING AHEAD

It is clear that producers and consumers are increas-
ingly concerned about the welfare of food animals, and 
producers know that stressing animals reduces the prof-
itability of their operations. Thus, there will be growing 
interest in identifying and reducing stressors on dairy 
farms. Key to continued progress in managing stress 
on farms will be identification of improved measures of 
stress that can be applied under practical commercial 
farming conditions. For example, improvement of the 
THI to contain specific physiological endpoints for vari-
ous levels of thermal stress is one example. Biological 
endpoints such as changes in milk composition may 
also offer the opportunity to identify impending health 
issues before their appearance, permitting preventative 
health interventions. Identifying animal behaviors that 
are associated with stress responses are also of critical 
importance. Education of producers to recognize these 
endpoints will help them to adjust management condi-
tions appropriately to improve welfare of animals on 
their operations. A better understanding of the regula-

tory mechanisms that are responsible for metabolic re-
sponses to stress will also lead to improved nutritional 
management of dairy animals.
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APPENDIX

Table A1. Timeline of key events in stress physiology

Date Milestone Reference

1938 Fasting energy metabolism during lactation established. Washburn, 1938

1944 Seasonal variation in semen quality identified. Swanson and Herman, 1944

1953 Heat stress adversely affects spermatogenesis in the bull. Casady et al., 1953

1954 Heat-stressed cows in negative energy balance fail to develop ketosis. Dale and Brody, 1954

1956 Breed differences in response to climate reported. Brody, 1956

1958 Effect of certain acute stress conditions on the plasma levels of 
17-hydroxycorticosteroids. 

Robertson et al., 1958

1961 Lower critical temperature for dairy cattle established. Kleiber, 1961

1961 Fire of Life published. Kleiber, 1961

1961 Upper critical temperature for dairy cattle published. Berman et al., 1963

1962 Causes of low breeding efficiency in dairy cattle are associated with seasonal 
high temperatures.

Stott and Williams, 1962

1963 Recognition of management relationship to stress in animals.

1964 Temperature-humidity index (THI) established. Berry et al., 1964

1980 Concept of homeorhesis defined. Bauman and Currie, 1980

1982 Heat stress during dry period reduces calf birthweight and postpartum milk 
yield of the dam.

Collier et al., 1982b

1991 Behavioral aspects of stress are defined. Friend, 1991

1994 THI categorized into mild, moderate, and severe. Armstrong and Wiersma, 
1994

1994 Effects of heat stress on embryo development are elucidated. Ealy and Hansen, 1994

2010 Carbohydrate and fat metabolism are altered during heat stress, Wheelock et al., 2010

2013 Dry period heat stress effects reported to extend to neonates. Tao and Dahl, 2013

2013 Effects of heat stress on gut integrity and metabolism are shown. Baumgard and Rhoads, 2013
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