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CHAPTER |

INTRODUCTION

Production efficiency of a cow-calf operation can be enhanced by increasing the number
and weight of calves. Artificially inseminating cows to genetically superior bulls enhances the
genetic merit of offspring and provides producers with an opportunity to increase the production
efficiency of the cowherd. Estrous synchronization in combination with Al can shorten the
calving interval, decrease labor, and result in greater cow productivity (Lauderdale, 2009).
Although Al is utilized in 78% of U.S. dairy herds (USDA, 2009), estrous synchronization and
Al are only used in 8% of U.S. beef herds (USDA, 2011). Time and labor expenditures are the
primary deterrents for the utilization of reproductive technologies. Estrous detection is critical for
efficient use of Al. Visual observation of estrous cows is the most commonly used method of
estrous detection in beef and dairy herds. The ideal estrous detection system would include
constant surveillance of cows, accurate and automatic estrous detection, and minimal labor
expense (Senger, 1994). Recent advances in technology have led to the development of accurate
estrous detection systems which utilize either estrous behavior or physiological changes occurring
at estrus. Ruminal boluses have been developed for noninvasive, frequent measurement of
ruminal temperature (RuT) and have been used to detect estrus in beef cows (Cooper-Prado et al.,

2011).



Body temperature increases during estrus. Piccione et al. (2003) demonstrated that rectal
temperature increased 1.3°C on the day of estrus. Similarly, vaginal temperature (Redden et al.,
1993; Kyle et al., 1998; Fisher et al., 2008) and RuT (Bailey et al., 2009; Cooper-Prado et al.,
2011) increase between 0.5 and 1.0°C at estrus. Use of RuT to predict estrus has potential to

enhance reproductive efficiency in beef and dairy cows.

The effect of ambient temperature (Tamb) on RuT at estrus is not well established. Cows
produce heat as a result of metabolic processes, which helps them to maintain body temperature.
During exposure to elevated Tamb, thermoregulatory mechanisms of cows may be inadequate
which may result in increases in body temperature. Heat stress of cattle limits metabolic
efficiency, growth, lactation, and reproduction, and accounts for annual average economic losses
of $897 and $369 million in the dairy and beef industries, respectively (St-Pierre et al., 2003).
Exposure of cows to elevated Tamb alters estrous behavior, follicular development, and
endocrine profile. Increases in core body temperature may influence the usefulness of RuT for
estrous detection. The current research evaluated the use of RuT to identify and predict estrus
and determine effects that ambient temperature may have on the application of RuT for predicting

the time of insemination of beef cows.



CHAPTER Il

REVIEW OF LITERATURE

ESTRUS IN COWS

Endocrine Regulation of Estrus

Estrus is the period of sexual receptivity in the bovine female. Beginning at puberty, the
estrous cycle averages 21 d in duration and occurs throughout the life of a female, unless
pregnancy, suckling, malnutrition, or environmental stress occurs. Phases of the estrous cycle are
identified by the primary structures present on the ovary. The luteal phase of the estrous cycle
occurs with the development and growth of the corpus luteum (CL) and continues until regression
of the CL occurs. Progesterone production from the CL decreases to a nadir approximately 2 d
prior to estrus (Swanson et al., 1972; Wettemann et al., 1972; Hendricks, 1976). The follicular
phase of the estrous cycle occurs when the dominant follicle is present on the ovary. Follicle
stimulating hormone (FSH) and luteinizing hormone (LH) from the pituitary support follicular
development until dominance occurs (Dobson, 1978; Silvia and Taylor, 1989; Flint et al., 1990).
As reviewed by Ginther et al. (1996), 2 to 3 follicular waves occur throughout the estrous cycle
and the dominant follicle develops from a 4 mm follicle cohort that arises after an FSH surge.
Estradiol secretion by the dominant follicle increases during the 3 d prior to estrus (Dobson,
1978; Ireland et al., 1984) and maximum plasma concentrations of estradiol occurs just prior to
estrus (Wettemann et al., 1972). Coinciding with maximum estradiol concentrations, the

ovulatory surge of LH occurs and plasma LH is minimal in the 2 d following estrus



(Wettemann et al., 1972; Echternkamp and Hansel, 1973; Chenault et al., 1975; Lemon et al.,
1975; De Silva et al., 1981). Estradiol, alone or following progesterone priming, stimulates
estrous behavior in ovariectomized cows (Vailes et al., 1992). Differentiation of the theca and
granulosa cells of the ruptured follicle occurs and results in development of the corpus luteum
(CL). Progesterone secretion increases to maximum concentrations (Swanson et al., 1972;
Wettemann et al., 1972) during the luteal phase. Progesterone exerts an inhibitory effect on
GnRH neurons in the hypothalamus and limits LH, FSH, and estradiol secretion. Exogenous
progesterone inhibits sexual behavior in ovariectomized cows (Davidge et al., 1987; Vailes et al.,
1992). Progesterone concentrations in plasma are maximum until uterine prostaglandin F,,

(PGF,,) stimulates CL regression (Louis et al., 1973; Lauderdale, 1974).

Detection of Estrus

Detection of estrus is a major factor limiting reproductive efficiency. Senger (1994)
outlined requirements of the ideal estrous detection system including continuous (24h/d)
surveillance of cows, accurate and automatic identification of cows in estrus, an operational
duration lasting the productive lifespan of the cow, minimal to no labor input, and high accuracy
in identifying behavioral or physiological events that are highly correlated with ovulation. The
most common method of estrous detection is twice daily observation of cows. Exploiting
behavioral changes occurring at estrus, an observer must watch cows to determine which cows
are mounted by other cows. The observation of cows for signs of estrous behavior generally
occurs for 30 min intervals, 2 to 3 times daily. When observation time is increased the efficiency
of estrous detection is increased (Hall et al., 1959). Cows not exhibiting estrous behavior during
observation periods may be overlooked and may be considered anestrus (Foote, 1975).
Technologies have been developed for estrous detection that utilize mounting behavior. Patches
fitted with dye-containing vials, which are broken upon mounting, increase the number of

estruses detected compared with visual observation, but patches are subject to loss and false



positive identification (Baker, 1965). The percentage of dairy cows correctly identified in estrus
were > 81% when multiple estrous detection methods were used simultaneously (Cavalieri et al.,
2003a). Advances in technology have incorporated pressure sensors and data logging. Such
systems, including the HeatWatch system (CowChips LLC, Malapan, NJ) are able to record time
of mount and duration. The use of radiotelemetric devices to record mounting activity detected a
greater number of heifers in estrus compared with visual observation (Stevenson et al., 1996).
The number of mounts received by cows determined by observation and HeatWatch were
correlated (Floyd et al., 2009). Efficiency of these systems for estrous detection ranges from 48%
to 100% (Dohi et al., 1993; Xu et al., 1998; Cavalieri et al., 2003b; Peralta et al., 2005; Floyd et

al., 2009).

Pedometers or accelerometers have been developed to monitor cow activity associated
with estrus and can be effective estrous detection tools (Liu and Spahr, 1993; Nebel et al., 2011).
Kiddy (1977) observed an increase in activity in 93% of dairy cows in free stalls at the time of
estrus and Yoshioka et al. (2010) observed a correlation between increased activity and ovulation
in beef cattle. Increased activity at estrus was greater compared with periods before and after
estrus (Levendahl and Chagunda, 2010). An increase in activity correctly identified 80% of cows
in estrus (Liu and Spahr, 1993; Redden et al., 1993). Estrous detection rates were similar when
comparing mounting behavior and increased activity (At-Taras and Spahr, 2001). Nebel et al.
(2011) observed optimal conception rates with Al between 13 to 16 h after maximal activity at
estrus. Silent estrus, environment, lack of ambulatory movement, housing conditions, and
accuracy of the identification model may be limiting factors in the usefulness of activity as an

estrous detection method.

Development of estrous detection systems, which utilize physiological changes in cows,
has occurred with recent advances in technology. Measures of vaginal conductivity (VC) have

been studied to aid in the detection of estrus. Vaginal dwelling probes, that emit alternating



currents between electrodes, can be used to measure electrical resistance of cervical mucus.
Patterns of VC during the estrous cycle have been quantified for beef cows (Meena et al., 2003)
and water buffaloes (Gupta and Purohit, 2001), and the greatest decrease in VC (30 to 50%)
occurs at estrus. There was a curvilinear relationship between VC and serum progesterone
(Aboul-Ela et al., 1983) and changes in vaginal electrical resistance are associated with changes
milk progesterone during the 2 d before to 23 d after onset of estrus (Scipioni and Foote, 1999).
Vaginal conductivity increases in concert with the LH surge, however, considerable animal
variation prevented use of VC as a physiological indicator of estrus (Fisher et al., 2008).
Incorrect identification of estrus by VC occurred in 36% of cows (Meena et al., 2003). Kitwood
et al. (1993) observed minimal difference in estrous detection rate between VC and twice daily
observation for estrous behavior. Insemination of cows when estrus was detected by VC resulted
in pregnancy rates from 50 to 82% (Leidl and Stolla, 1976; Meena et al., 2003). Vaginal
conductivity is highly variable, differs in individual animals during consecutive estruses
(Gartland et al., 1976; Elving et al., 1983), and varies between animals on the same day relative to
the onset of estrus (Gartland et al., 1976; Leidl and Stolla, 1976). Positioning of the probe
(Aboul-Ela et al., 1983; Kitwood et al., 1993) and inflammation of the reproductive tract in
response to the presence of the probe (Leidl and Stolla, 1976) can result in inconsistent
measurement of VC. Rorie (2002) concluded that use of VVC for estrous detection is greatly

limited due to variation in VVC, duration of probe use, and labor requirements.

Increases in core body temperature may be useful for the detection of estrus. Vaginal
temperature (VT) can be measured by insertion of temperature cathodes into the vaginal lumen.
Increases in VT at estrus range from 0.48 to 1.0°C and are 6.5 to 11 h in duration (Bobowiec et
al., 1990; Mosher et al., 1990; Kyle et al., 1998; Fisher et al., 2008; Suthar et al., 2011). Duration
of the interval from PGF,, to ovulation and to maximum VT were correlated (r = 0.74;

Rajamahendran et al., 1989). The intervals between maximum LH and estradiol at estrus and



maximum VT were 30 to 60 min, respectively (Mosher et al., 1990). Concentrations of
progesterone in plasma at estrus were not correlated with VT (Suthar et al., 2011). A 0.3°C
increase in mean VT for 3 h, compared with the mean VT for the previous 4 d, occurred in 81%
of estrous dairy cows (Redden et al., 1993). Kyle et al. (1998) observed VT increases of at least
0.3 or 0.5 during a 3 h identification period, compared with the mean VT during the preceding 72
h, occurred in 56.9 and 89.2% of estrous cows, respectively. During a 4 h period, VT increases of
at least 0.3 or 0.5°C occurred in 75.0 and 89.3%, respectively, of estrous cows (Kyle et al., 1998).
Increases in VT of at least 0.3°C, compared with mean VT during the preceding 72 h, correctly
identified 84% of estrus cows, whereas 53.2% of estrous cows were identified by visual

observation (Kyle et al., 1998).

Increases in ruminal temperature (RuT) at estrus have been established (Bailey et al.,
2009; Cooper-Prado et al., 2011). Measurement of RuT is achieved by administering a
temperature bolus into the rumen of cows and information is sent to a computer via telemetry.
Ruminal temperature increased 0.4 to 1.0°C at estrus, and RuT was not influenced by Tamb or
season (Bailey et al., 2009; Cooper-Prado et al., 2011). An increase in RuT >0.3°Cand >0.7 °C
during an 8 h evaluation period, compared with a mean pre-estrus RuT 12 to 84 h before the 8 h
period, correctly identified 95% and 42%, respectively, of cows in estrus in December, and
100% of estrous cows were detected in May by either a > 0.3 °C or > 0.7 °C RuT increase (Bailey

et al., 2009).

The utilization of physiological temperature changes for the determination of estrus is
contingent on methods of data analyses. Estrous detection by body temperature monitoring is
primarily limited by the ability of the data analyses procedures to separate estrus related

temperature changes from other factors which influence body temperature (Firk et al., 2002).



Estrous Behavior

The duration of estrus in dairy cows ranges from 7.1 to 13.6 h (Walker et al., 1996; Xu et
al., 1998; Cavalieri et al., 2003b) and 5.6 to 21.5 h in beef cows (Mathew et al., 1999; White et
al., 2002; Ciccioli et al., 2003; Landaeta-Hernandez et al., 2004; Lents et al., 2008). The interval
from onset of estrus to ovulation was shorter in dairy cows (27.6 h; Walker et al., 1996) than beef

cows (31.1 h; White et al., 2002).

Changes in cow behavior are associated with estrus. Increases in activity, nervousness,
and mounting behavior are primary characteristics of estrus in cows as reviewed by Foote et al.
(Foote, 1975). Typically, cows do not stand to be mounted during the luteal phase of the cycle
because plasma progesterone inhibits estrous behavior. Mounting activity is influenced by day of
the estrous cycle (Alexander et al., 1984; Helmer and Britt, 1985). When plasma concentrations
of estradiol increase and plasma progesterone decreases at estrus, willingness to accept a mate is
increased. Standing behavior is the best indicator of estrus in cows (Foote, 1975). Mounting
behavior of cows is variable. The number of mounts received by estrous dairy cows ranged from
4.37 to 12.8 (Alexander et al., 1984; Dransfield et al., 1998; Xu et al., 1998) and 11.9 to 46.7 in

beef cows (White et al., 2002; Ciccioli et al., 2003; Lents et al., 2008).

Not all cycling cows exhibit mounting behavior during estrus. “Silent estrus” is the lack
of mounting behavior associated with ovulation and commonly occurs at the first postpartum
ovulation (Morrow, 1971). Ovulation or luteinizination of the dominant follicle without visual
observation of estrus (Hansel et al., 1961; Anderson et al., 1962; Hansel et al., 1966) or estrus
detection by HeatWatch (Floyd et al., 2009) occurs in 3 to 16% of beef cows. Similar results
were observed in dairy cow (6% to 35%) when estrus was detected visually or by increased
activity occurring at estrus (Trimberger and Hansel, 1955; Erb et al., 1971; Ranasinghe et al.,

2010). Dairy cows are typically in a negative energy balance after parturition due to the increase



in milk production. At the first, second and third ovulation after parturition, the occurrence of
standing estrus in dairy cows with ovulation was 16%, 43% and 57%, respectively (Ranasinghe et

al., 2010).

Reception of mounts by other cows is definitively the best indicator of estrus, however,
not all estrous cows receive mounting behavior. Foote (1975) indicated that secondary signs of
estrus may include increases in vocalization, activity, social interaction, mucus discharge,
swelling and pink coloration of the vulva, and decreased feed consumption and milk production.
The amount of time cows spend standing and in ambulatory movement is increased while lying is
decreased at estrus (Pollock and Hurnick, 1979; Hurnik and King, 1987). Similar to mounting
behaviors, sniffing and chin resting activity, by other cows, were maximal at the onset of sexual
receptivity (Hurnik and King, 1987), however a minority of the herd consistently expressed the
secondary signs of estrus. Vulvar swelling increased (Anderson et al., 1962), vaginal mucus
discharge increased (Trimberger and Hansel, 1955), and the amount, thickness and adhesiveness
of cervical mucus increased at estrus (Alliston et al., 1958). A significant linear decrease in chin
resting behavior occurred when increasing amounts of progesterone were given to ovariectomized
Holstein cows treated with estradiol (Davidge et al., 1987). Vocalizations increased 84% from 2
d before onset compared with onset of estrus, however there was much variation in individual

responses (Schon et al., 2007).

Factors Influencing Estrous Behavior

Estrous behavior can be influenced by breed, age, and parity. The interval from
parturition to first ovulation was influenced by breed of dairy cow (Friggens and Labouriau,
2010). Hereford sired cows had a shorter interval between estruses than cows of the same age,
and sired by Angus or MARC Il1 bulls (Cushman et al., 2007). Duration of estrus was similar

for Charolais and Charolais x Brahman cows, however, Brahman influenced cows received fewer



mounts at estrus than Charolais cows (Galina et al., 1982). In contrast, Brahman cows had more
mounts in the first 12 h after the onset of estrus (HeatWatch) than Angus and Senepol cows and
duration of estrus was greater in Angus and Brahman cows compared with Senepol cows
(Landaeta-Hernandez et al., 2004). Breed influences on estrous behavior may be altered by the

social organization of cows.

Estrous behavior is influenced by stage of the estrous cycle. Mount attempts on estrous
cows are more commonly made by other estrous cows, specifically those in proestrus and estrus
(Helmer and Britt, 1985). Multiparous cows attempted more mounts than primiparous cows but
other physiological states did not effect mounting behavior (Vailes et al., 1992). Mounting
activity was greater when unfamiliar cows were comingled at estrus compared with familiar cows

(Alexander et al., 1984).

Management Factors Effecting Estrous Behavior

Management of cattle at estrus, particularly housing facilities, stocking densities, and
feeding times, can influence the expression of estrous behavior. When dairy cows were housed
on dirt, mounting activity was increased four-fold compared with cows housed on concrete
(Vailes and Britt, 1990). Beef cows managed in a drylot had a shorter interval to estrus after
prostaglandin treatment than those on pasture (Floyd et al., 2009), but duration of estrus and
number of mounts received were not influenced. Increased number of mounts received per
estrous cow was greater when the number of cows simultaneously in estrus was increased (Floyd
et al., 2009). Estrous behavior is enhanced when more than one dairy cow is in estrus and penned
on a dirt surface (Hurnik et al., 1975; Vailes and Britt, 1990). A rapid decline in mounting
behavior occurred immediately following feed delivery to confined beef cows (Hurnik and King,

1987).

10



Environmental and Diurnal Factors Effecting Estrous Behavior

The duration of estrus for beef cows was longer in summer compared with winter or
spring and the number of mounts received were reduced in the spring and summer compared with
winter (White et al., 2002). The number of standing events was greater in July compared with
June, and August was intermediate (Peralta et al., 2005). Duration of estrus was similar in dairy
cows in June, July and August (Peralta et al., 2005). Maximum temperature on the day of estrus
did not effect the duration of estrus in dairy cows (Britt et al., 1986) and season did not influence
the time of ovulation in beef cows (White et al., 2002). Monthly and seasonal effects are
influenced by the environment. There was a curvilinear relationship between ambient
temperature (Tamb) and intensity of estrous behavior (Gwazdauskas et al., 1983), and estrous

behavior intensity increased as temperature increased to 25°C, and declined after 30°C.

Mounting frequency was greater in beef cows between 0600 to 1200 h compared with
other times of the day (White et al., 2002). In contrast, Xu et al. (1998) and Peralta et al. (2005)
observed mounting activity and time of onset of estrus in dairy cows was not affected by time of
day, and physical activity increased between 0100 and 0600 (Peralta et al., 2005). Feeding,

turnout periods, and other management effects may alter the daily expression of estrous behavior.

BODY TEMPERATURE IN COWS

Mammals maintain a constant body temperature over a wide range of environmental
conditions. Homeotherms, including cows, are able to regulate internal body temperature,
independent of Tamb, as a result of alterations in heat loss and metabolic rate or heat production.
Thermogenesis ensures optimal body temperatures for biological processes; low temperatures
limit enzymatic efficiency and high temperatures can denature enzymes. Homeotherms exchange

heat with their external environment for core body temperature to remain between 33 and 40°C.
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Thermoregulation occurs through chemical, behavioral, and physiological means that allow a

thermal balance between the animal and the environment.

Heat Production

Cows produce heat by metabolic processes from either body tissues or microbial
fermentation. Metabolizable energy of maintenance (ME,,) is utilized by an animal to achieve
basal metabolism for sustaining vital body functions or voluntary activities, digesting, and
metabolizing feed stuffs. In beef cows, maintenance functions account for nearly 70% of the ME
that is consumed (Ferrell and Jenkins, 1987). A primary maintenance function is body
temperature regulation (NRC, 1996) as energy that is not utilized by cows results in heat
production. Heat production is affected by level of nutrition, age and stage of production (Freetly
et al., 2006). Purwanto et al. (1990) described the diurnal pattern of heat production in dairy
cows, with maximum heat production occurring in the late afternoon and the nadir occurring in
the early morning. Heat production decreases when cows are exposed to a sudden thermal

challenge and is correlated with thyroxine disappearance rates (Yousef et al., 1967).

Sensory Input

Animals first sense changes in environmental temperature through cutaneous warm and
cold receptors. Temperature sensation from the core and periphery passes through the central
nervous system to stimulate thermosensitive neurons in the brain which activate thermogenic,
sympathetic, and efferent neurons (Morrison et al., 2008). The hypothalamus contains many of
the loci involved in temperature regulation and is generally accepted as the integration site for
thermosensory information for most mammals. The preoptic nucleus has been identified as the
major locus for thermosensory innervation in rats (Banet and Brandt, 1990; Bratincsak and
Palkovits, 2004; Nakamura and Morrison, 2008, 2010) and sheep (Kendrick et al., 1989).

Although several tissues can affect localized thermoregulatory responses, regulation of internal
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body temperature is dependent on the hypothalamus. Destruction of the preoptic area of goats
limited the ability of the animals to respond to both heat and cold exposure (Andersson et al.,

1965)

Thermoneutral Zone

Cows have a temperature range that is optimal for performance and health. The
thermoneutral zone (TNZ ) is defined as the range of Tamb within which heat production of a
unstressed animal offsets the heat loss to the environment (NRC, 1891). The TNZ is influenced
by species, breed, age, gender, degree of thermal acclimation, and time of day (Yousef, 1985).
When cows are within the TNZ, production of heat is primarily based on feed consumption and is
independent of Tamb (NRC, 1996). The lower critical temperature of an animal is the Tamb at
which an animal must increase heat production to maintain a constant body temperature. The
TNZ of cows is 0°C to 16°C (Bianca, 1970). The ambient temperature at which an animal must
employ mechanisms to facilitate heat loss is the upper critical temperature. Animals are
considered heat stressed when exposed to Tamb above the upper critical temperature and are
unable to maintain body temperature. Cows can adapt to changes in Tamb. The TNZ of cattle
can shift by as much as 15°C (NRC, 1891) with acclimation rates of 0.1 to 0.4°C of body

temperature per day (Hahn et al., 1990).

Diurnal Factors Effecting Body Temperature

Similar to other animals, body temperature of cows fluctuates throughout the day.
Maximum body temperature of cattle occurs in early morning hours and the lowest occurs
between 0800 and 1300. The daily range in temperature of cattle is 38.6 to 41.4°C (AlZahal et
al., 2008; Beatty et al., 2008; Vickers et al., 2010). Body temperature increases throughout the
afternoon and decreases during early morning hours (Bitman et al., 1984; Hahn et al., 1990;

Lefcourt and Adams, 1996; Beatty et al., 2006; Ipema et al., 2008). Diurnal variation in core
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body temperature is independent of sleep-wake and rest-activity cycles (Aschoff, 1983). Hahn et
al. (1990) observed that changes in the core body temperature of cattle mirrors changes in Tamb
within 2to 5 h. Cattle are able to dissipate the daytime heat load during the night time hours and
maintain a body temperature similar to cattle exposed to a consistently lower temperature (Mader
etal., 1999). Lefcourt and Adams (1996) suggested the lower than normal body temperatures
during morning hours would allow animals the ability to tolerate increased thermal stress

occurring during afternoon periods.

Endocrine Responses to Elevated Ambient Temperature

Thyroid hormones are important regulators of metabolic rate of cattle. When steers are
exposed to elevated Tamb, plasma concentrations of triiodothyronine (T3) and thyroxine (T4) are
decreased and the responsiveness to thyroid releasing hormone (TRH) is reduced (Pratt and
Wettemann, 1986). Triiodothyronine concentrations decreased in heifers exposed to thermal
stress (Pereira et al., 2008). Plasma concentrations of thyroxine in cows decreased significantly
60 h after sudden exposure to heat (Yousef et al., 1967). When cows were returned to
thermoneutral conditions, plasma bound iodine concentrations returned to pre exposure
concentrations within 84 h. Thyroxine disappearance rates were correlated with heat production
and rectal temperature (Yousef et al., 1967). Cows with induced hyperthyroidism had a greater
occurrence of anestrous and abnormal cycle length, however serum progesterone concentration,
and ovarian function were not affected (De Moraes et al., 1998). Treatment with thyroxine
increased metabolic rates in both thermoneutral and thermally challenged cows (Yousef and

Johnson, 1966)

Despite a reduction in reproductive efficiency, the hormonal response to elevated Tamb
is varied. Cortisol is a primary stress hormone. For conditioned cows, sudden exposure to

thermal stress increased plasma cortisol concentrations (Christison and Johnson, 1972) and with
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prolonged exposure cortisol concentrations were decreased (Christison and Johnson, 1972;

Abilay et al., 1975).

The effect of thermal stress on adrenocorticotropin (ACTH) and progesterone secretion is
not well defined as reviewed by Gwazdaukas (1985), however, ACTH stimulates adrenal
production of progesterone (Gwazdauskas et al., 1972). Plasma concentrations of LH (Madan and
Johnson, 1973; Dunlap et al., 1981) and estradiol (Wolfenson et al., 1995; Wilson et al., 1998) are
suppressed in response to thermal stress. Thermal exposure of cows (Wolfenson et al., 1997), or
dominant follicles in culture (Bridges et al., 2005), reduces estradiol production by the dominant
follicle in vitro. Bridges et al., (2005) observed a decrease in androstenedione and an increase in
progesterone secretion of dominant follicles cultured at elevated temperatures. Follicle
stimulating hormone was increased and inhibin decreased in thermally stressed dairy cows (Roth
et al., 2000). Treatment with estrogen increased the thermal conductance of the vagina, likely as

a result of increased local blood flow.

Behavioral Response to Elevated Ambient Temperature

Cattle dissipate heat through conduction, convection, and radiation. When ambient
temperature or thermal radiation increases to greater than skin temperatures, the ability of an
animal to dissipate heat is limited. Evaporative heat loss is the primary thermoregulatory
mechanism when Tamb is greater than body temperature and occurs through sweating and
increased respiration. Respiration rates were increased in heat stressed beef (Robertshaw, 1985;
Al-Haidary et al., 2001; Boehmer et al., 2011a) and dairy cows (Sanchez et al., 1994).
Respiratory alkalosis, a result of thermoregulatory panting, increased in heat stressed sheep along
with an increase in arterial pH and a decrease in pCO2 (Andrianakis et al., 1989). Sweating is
increased when cattle are exposed to thermal stress and the efficiency of heat dissipation is

strongly influenced by humidity, wind velocity, and animal insulation (Gebremedhin et al., 2008).
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Exposure to elevated Tamb increases cutaneous moisture loss of dairy cows which supports the
theory that cutaneous blood flow is increased during heat stress (Alvarez et al., 1970) although
heart rate remains consistent (Mundia and Yamamoto, 1997). Similarly, blood flow through the
caudal artery of beef steers increased following thermal challenge while heart rate was not altered
(Kirch et al., 2008). Increases in blood flow during thermal stress serves to transfer heat to the

periphery, aiding in heat abatement.

Thermal stress has an inhibitory effect on reproductive traits. Exposure of cows to
elevated Tamb during estrus reduces the length and intensity of estrous behavior when estrus was
detected by visual observation and aided a teaser bull (Abilay et al., 1975). The longest interval
between received mounts (HeatWatch) for estrous cows was greatest in the summer when
maximal daily temperatures at estrus averaged 28 °C compared with spring and winter when
maximal daily temperatures were less (White et al., 2002). Duration of non cyclic activity as
determined by progesterone (< 1 ng/ml) is increased concurrent with a reduction in the length of
the estrous cycle when cows are exposed to elevated Tamb (Torres-Janior et al., 2008). Follicular
growth and development is altered when cows are exposed to elevated Tamb (Torres-Junior et al.,
2008; Shehab-El-Deen et al., 2010). Growth of the dominant follicle is depressed in heat stressed
cows and the number of medium sized follicles in the subsequent cohort is reduced (Roth et al.,

2000).

External and Sub-Dermal Measures of Body Temperature

Infrared thermography (IR) can be used to measure surface body temperature in
ruminants. Temperature measurements, of any surface, can be taken from a distance using IR.
Variation in IR between measurement locations is not well defined; Kotrba et al. (2007) observed
measurements of body temperature in the trunk and appendages of cattle were not different, while

Montanholi et al. (2010) observed temperature differences of 7°C between peripheral and core
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body locations. Measurement of IR temperature may be a predictor of heat production (Stewart
et al., 2007; Montanholi et al., 2010). Infrared thermography is strongly affected by Tamb
(Kotrba et al., 2007). Temperature transmitters can also be surgically implanted sub-dermally
throughout the body. Gaughan et al., (2010) determined flank temperatures were greater than
rectal temperatures. The magnitude of increase in body temperature was greater in beef steers
without shade during elevated ambient temperatures compared with steers housed under
shade(Gaughan et al., 2010). Tympanic temperatures are strongly correlated with body skin
temperatures and are similar among various thermal environments (Berman, 1971). Tympanic
temperature was greater than ear surface temperature and less influenced by seasonal
environment (2006). Tympanic temperature is minimally influenced by water and food
consumption compared with rectal and RuT (Davis et al., 2003). Sub-dermal measures of body
temperature, including tympanic temperature, are greatly influenced by environment when

compared with internal body temperature measures (Shiraki et al., 1986; Hahn et al., 1990).

Internal Measures of Body Temperature

Measurement of internal body temperature of cows can occur at several locations. Rectal
temperature (RT) is the most common measure of core body temperature. While highly
repeatable, technician variation, penetration depth, and thermometer type may influence the
measurement of RT (Burfeind et al., 2010). Rectal temperature is correlated with vaginal
temperature (Rajamahendran et al., 1989; Hillman et al., 2009; Vickers et al., 2010), RuT
(Prendiville et al., 2002; Bewley et al., 2008a; Boehmer et al., 2011a) and reticular temperature
(Burns et al., 2002; Bewley et al., 2008a) of cows. Although VT and RT were not different
(Hillman et al., 2009), uterine temperatures were greater (0.2°C) than RT in dairy cows
(Gwazdauskas et al., 1973). Elevated Tamb increased VT in dairy cows with the greatest
increase in VT occurred during the day (Mundia and Yamamoto, 1997). Vaginal temperature of

dairy cows was not correlated with temperature humidity index (Suthar et al., 2011).

17



Ruminal temperature is an effective measure of core body temperature and is correlated
with rectal and tympanic temperature (Prendiville et al., 2002). Ruminal temperature is usually
0.2 to 0.6°C greater than RT (Burns et al., 2002; Prendiville et al., 2002; Bewley et al., 2008a)
and changes in RT and RuT tended to be similar (Gengler et al., 1970). Temperature within the
rumen is dependent on location, with a 0.5°C difference from the top of the rumen to the bottom
(Dale et al., 1954). Localized, exogenous changes in RuT have minimal effect on temperature
elsewhere in the body. Beatty et al., (2008) observed that a 2°C decrease in RuT (associated with
drinking) resulted in a decrease of 0.1°C in core body temperature. Scharf et al., (2010)
determined that core body temperature was more closely related to Tamb than other meterogical

parameters.

Factors Effecting Ruminal Temperature

The rumen is the primary storage and fermentation chamber of the digestive tract and
several factors influence RuT. Consumption of water decreases RuT of beef (Beatty et al., 2008;
Boehmer et al., 2009) and dairy cows (Bewley et al., 2008b), and the magnitude of the RuT
depression is affected by the temperature and amount of consumed water. Type and amount of
consumed feed also effects RuT. Dale et al., (1954) observed an increase in RuT during fasting.
Lactating dairy cows consuming soy hulls had greater RT compared with cows receiving wheat
hay (Arieli et al., 2004). Heat is produced as a result of ruminal fermentation and metabolism of
feed, and an increase in metabolic rate is associated with feeding (Conrad, 1985; NRC, 1996).
Exposure of cows to elevated Tamb can affect feed and water consumption and ruminal function.
Water intake was increased in dairy cows exposed to elevated Tamb (Sanchez et al., 1994). Feed
intake was reduced in heat stressed dairy cows (Arieli et al., 2004) and the duration of eating
events was reduced during acute and chronic heat stress (Hahn et al., 1990; Aoki et al., 2005).
Amplitude of rumen contractions were decreased when cattle were exposed to elevated Tamb

(Attebery and Johnson, 1969).
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Body Temperature at Estrus

It is well accepted that core body temperature increases at estrus. Increases in RT
occurred at estrus compared with other periods (Burns et al., 2002). Piccione et al. (2003)
observed a RT increase of 1.3°C at estrus in dairy cows. The use of temperature transponders has
allowed the reporting of VT and RuT. Vaginal temperature increased about 0.5 to 1.0°C in dairy
and beef cows at estrus (Bobowiec et al., 1990; Mosher et al., 1990; Redden et al., 1993; Kyle et
al., 1998; Fisher et al., 2008). Similarly, RuT increases 0.44 to 1.0°C in beef cows at estrus
(Bailey et al., 2009; Boehmer et al., 2010; Boehmer et al., 2011b; Cooper-Prado et al., 2011).
Vaginal temperature increases in the 12 h prior to ovulation (Suthar et al., 2011) and remains
elevated for 6.5 to 11 h (Bobowiec et al., 1990; Mosher et al., 1990; Redden et al., 1993; Kyle et
al., 1998). Maximum estrual VT occurs 1 h and 0.5 h after maximum serum concentrations of
estradiol and LH , respectively (Mosher et al., 1990). The relationship between VT and
progesterone is less clearly defined. Although serum progesterone and VT are not correlated
(Suthar et al., 2011), Mosher et al. (1990) observed that the VT increase associated with estrus
occurred after the decline in serum progesterone. Ruminal temperature is elevated at estrus
compared with the day before and the day after estrus in beef cows (Bailey et al., 2009; Cooper-
Prado et al., 2011) and RuT returned to basal levels within 16 h after the cows were first observed
in estrus (Cooper-Prado et al., 2011) Vaginal temperature of dairy cows returned to basal values

from 12 to 36 h after the onset of estrus (Bobowiec et al., 1990; Suthar et al., 2011).

SUMMARY

Increasing the genetic merit of calves by Al cows to genetically superior bulls can
enhance the production efficiency of a cow-calf operation. Estrous synchronization and Al can
provide producers an opportunity to increase cow productivity, but are not commonly utilized in

beef herds because of the time and labor required. Estrous detection is critical for efficient use of
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Al. Visual observation of estrous cows is the most commonly used method of estrous detection,
but can be subjective and requires time and labor input. Radiotelemetric estrous detection
systems have been developed to identify estrus. Body temperature of cows is greater at estrus
and may be a useful tool for the identification of estrus. Ruminal temperature boluses have been
developed for frequent, non invasive measurement of body temperature of cow in their natural
environment. Changes in ruminal temperature at estrus in cows may be useful for the
identification and prediction of estrus and the timing of Al. The usefulness of ruminal
temperature as an estrous detection system may be limited by elevated ambient temperature and
diurnal variation in ruminal temperature. Evaluating the efficacy of ruminal temperature models
for estrus identification and prediction is necessary. Physiological based estrous detection
systems could decrease the calving interval, reduce the time and labor required for estrous
detection, and promote the use of Al. Therefore objectives of this thesis were: 1) to evaluate
ruminal temperature during the estrous cycle of beef cows, 2) to develop ruminal temperature
models for the identification and prediction of estrus 3) to determine the effect of elevated
ambient temperature on ruminal temperature of beef cows, 4) to evaluate relationships between
ruminal temperature, rectal temperature, and respiration rate of beef cows during thermal stress,
and 5) to determine the effect of elevated ambient temperature on the efficacy of ruminal

temperature to predict estrus.
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CHAPTER 1l

IDENTIFICATION OF ESTRUS IN BEEF COWS WITH RUMINAL TEMPERATURE

Abstract: Postpartum, Angus cows (4 to 7 yr of age) were used to evaluate changes in ruminal
temperature (RuT) associated with estrus. In Exp. 1, estrus of cows (n = 20) was synchronized
with PGF,, at 79 £ 1 d postpartum and RuT was evaluated during the subsequent estrous cycle.
In Exp. 2, estrus of cows (n = 47) was synchronized at 88 + 1 d postpartum and RuT was
evaluated from 96 h before to 96 h after the synchronized estrus. Ruminal temperature boluses
(SmartStock, LLC) were programed to transmit RuT every hour. The onset of estrus was
determined by HeatWatch (CowChips, LLC). Progesterone was quantified in plasma each day to
verify stage of the estrous cycle. Ambient temperature was recorded each hour

(www.mesonet.org) and mean daily maximum ambient temperature (Tmax) ranged from 11 to

40°C in Exp. 1. Mean RuT of cows was 38.47 £ 0.07°C and RuT was greater (P < 0.001) during
9 h after the onset (39.10 + 0.10°C) compared with 16 to 24 h before (38.21 £ 0.11°C) and 24 to
32 h after (38.10 + 0.10°C) the onset of the synchronized estrus. Mean RuT of cows during the
natural estrus was 38.59 + 0.10°C) and was greater (P < 0.01) during 9 h after the onset (39.25 +
0.14°C) compared with 16 to 24 h before (38.53 £ 0.14°C) and 24 to 32 h after (38.69 + 0.14°C)
onset of estrus. A RuT increase of > 0.7°C for any 9 h period, compared with the mean RuT that
occurred 12 to 84 h prior to the 9 h mean, correctly identified 75% and 93% of estrous cows

during the synchronized and natural estruses, respectively. A RuT increase of > 0.7°C occurred
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in 38% and 50% of non estrus cows during the synchronized and natural estruses, respectively.

In Exp. 2, mean daily Tmax ranged from 10.5 to 38.2°C and mean RuT was 38.20 + 0.02°C.
Ruminal temperature was greater (P < 0.001) in the 9 h after the onset of estrus (38.87 £+ 0.08°C)
compared with 16 to 24 h before (38.10 £ 0.08°C) and 24 to 32 h after (38.13 + 0.08°C) the onset
of estrus. The onset of estrus determined by a RuT increase of > 0.7°C, compared with mean
RuT during the previous 12 to 84 h, correctly identified 84% of estrous cows. In the 72 h before
to 72 h after the onset of estrus, a RuT increase of > 0.7°C occurred in 16% of non estrous cows.
Ruminal temperature in beef cows increases at estrus and RuT has potential for identification of

estrus.

INTRODUCTION

Use of Al in beef and dairy cows can enhance the genetic merit of progeny. Superior
genetics available through use of Al can increase profitability of the cow herd. The use of Al can
be enhanced when used with estrous synchronization. Whereas Al and estrous synchronization
are only used in 8% of beef herds in the U.S. (USDA, 2011), these technologies can increase
production efficiency in beef and dairy herds (Lauderdale, 2009). Major detractors from use of Al
are time and labor (Thibier and Wagner, 2002). When timed Al programs are not utilized, estrous
detection is critical. The most common estrous detection method is twice daily visual observation
of cows. Visual observation is an effective estrous detection method but it is subjective and

requires considerable time and labor inputs (At-Taras and Spahr, 2001).

Development of radio telemetric estrous detection systems provides producers with labor
saving methods. The HeatWatch system records mounts received by cows and can effectively
identify cows in estrus (Walker et al., 1996; Peralta et al., 2005; Floyd et al., 2009). Estrous
detection systems have been developed which monitor changes in animal physiology at estrus.
An increase in ambulatory activity at estrus (Kiddy, 1977) is an effective method (Liu and Spahr,

1993; Nebel et al., 2011). An increase in core body temperature of cows at estrus has been
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utilized for the detection of estrus. Vaginal temperature increases (0.5 to 1.0°C for 6.5to 11 h) in
estrous cows (Mosher et al., 1990; Kyle et al., 1998; Suthar et al., 2011) and may be useful to
determine the onset of estrus (Kyle et al., 1998). Body temperature is greater when cattle are
exposed to elevated ambient temperature (Hahn et al., 1990) and body temperature varies

throughout the day (Lefcourt et al., 1999; Beatty et al., 2006).

Temperature boluses (SmartStock, LLC, Pawnee, OK) have been developed for the
frequent, non invasive measurement of ruminal temperature (Rose-Dye et al., 2011). Ruminal
temperature increases 0.6 to 1.0°C at estrus in beef cows (Bailey et al., 2009; Cooper-Prado et al.,
2011). Estrus was correctly identified in 42 to 100% of estrous cows (Bailey et al., 2009) when
RuT was increased > 0.7°C compared with pre-estrus mean RuT. Estrous detection systems
utilizing body temperature must precisely and effectively identify estrus through accurate and
frequent monitoring of body temperature. Therefore, objectives of these studies were: 1) to
evaluate RuT during the estrous cycle of beef cows, 2) to develop RuT models for the

identification of estrus, and 3) to determine the effect of ambient temperature on RuT at estrus.

MATERIALS AND METHODS

Animals and Management

The Institutional Animal Care and Use Committee of Oklahoma State University

approved all animal related procedures used in these experiments.

Exp.1

Postpartum, lactating, Angus cows (4 to 7 yr of age, n = 20) were used to evaluate
changes in RuT associated with the estrous cycle during May, June and July in Oklahoma. Cows
and calves were managed in a drylot (0.25 ha) at the South Range Cow Research Center with ad

libitium hay and water. Cows weighed 530 + 8 kg, had a BCS of 4.5 + 0.1(Wagner et al., 1988)
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and were administered PGF,, (Lutalyse 25 mg, i.m.; Pfizer, Inc., New York, NY) at 88+ 1d
postpartum to synchronize estrus. Cows that did not exhibit estrus after initial treatment with
PGF,, were administered PGF,, 10 d after the first treatment. The synchronized and subsequent

natural estrus were evaluated.

The HeatWatch system (CowChips, LLC, Manalapan, NJ) was used to monitor the onset
of estrus. The onset of estrus can be accurately determined by HeatWatch (Walker et al., 1996;
At-Taras and Spahr, 2001; Floyd et al., 2009). HeatWatch detected 100% of visually observed
estruses and the number of mounts received per cow by the two detection methods were
correlated (Floyd et al., 2009). Cows were fitted with pressure sensitive radio transmitters when
treated with PGF,,. Radio transmitters were placed in nylon patches and secured to the tail head
with adhesive. Patches were monitored daily for proper attachment and secured with adhesive as
needed. The onset of estrus was defined as the first of two or more mounts received within a 4 h

period (White et al., 2002). Mounts were recorded if the mount duration was greater than 2 sec.

Cows were administered RuT boluses (8.25 cm x 3.17 cm; 114 g), 4 to 5 d prior to PGF,,
treatment with a balling gun. Bolus records were transmitted through 3 receiver/repeater
antennas located in the drylot within 100 m of a base station receiver linked to a PC data recovery
system (SmartStock, LLC, Pawnee, OK). Boluses were programed to transmit bolus ID, RuT,
date, and time. Each hourly record contained the temperature readings for the current hour and
the preceding 11 h. Ruminal temperature was recorded from 4 d prior to the first PGF,, treatment
until 4 d after the natural (second) estrus. Identification of estrus by RuT was determined as a
mean RuT increase > 0.3°C, > 0.5°C, or > 0.7°C for 9 h compared with the mean RuT during 12
to 84 h before the start of the 9 h identification period (Figure 1). The pre-estrus mean RuT
included > 12 RuT values and the 9 h identification period included > 4 RuT values. Individual
cows were evaluated for RUT increases before, during and after estrus and for failure to increase

when a cow was in estrus. When inadequate RuT data (less than 4 RuT values per day) were
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recorded during the 24 h before to 24 h after the onset of estrus, the cow was excluded from
estrous detection analyses, but was evaluated for RuT increases when cows were not in estrus.
The 24 h period following the onset of estrus was excluded from the analysis for RuT increases
when cows were identified as non estrus. Outliers associated with drinking events (Bewley et al.,
2008b; Cooper-Prado et al., 2011) were identified as RuT values less than 2 x SD (> 35.3°C)
from the mean RuT. One bolus failed to transmit data and the cow was excluded from analyses.
During the synchronized and subsequent natural estruses, onset of estrus by HeatWatch was not

determined in 3 and 5 cows, respectively, and these cows were excluded from analyses.

Time of ovulation after the natural (second) estrus was determined by transrectal
ultrasonography (Aloka 500-V ultrasound with a 7.5-MHz probe; Corometrics Medical Systems,
Wallingford, CT). Size and position of dominant follicles were determined every 8 h
commencing 16 h after the onset of estrus, as determined by HeatWatch, until the dominant
follicle was not present on the ovary. Time of ovulation was recorded as 4 h before the dominant

follicle was not present.

Blood was collected via caudal venipuncture once daily between 0700 and 1200 h.
Samples were collected into vacutainer blood collection tubes containing EDTA (Monoject™,
Covidien AG, Mansfield, MA). Samples were stored on ice after collection, centrifuged at 2500
X g (4°C) for 20 min within 3 h of collection, and plasma was stored at -20°C. Plasma
concentrations of progesterone were quantified to determine luteal activity (Wettemann et al.,
1972) by solid phase RIA (Vizcarra et al., 1997). Samples within a cow were analyzed in one
assay. Samples below the assay sensitivity (0.1 ng/ml) were rounded up to the minimum

concentration. Intra and interassay CV (n = 6 assays) were 1.9 and 14.1%, respectively.

Environmental data were collected (www.mesonet.org) from a weather station 3.6 km

from the experimental site. Ambient temperature (Tamb) and relative humidity were recorded
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every 5 min during 39 d and maximum, minimum and mean ambient temperatures were
calculated for each hour. Daily maximum ambient temperature (Tmax) ranged from 11 to 34°C
during the synchronized estrus and 18 to 40°C during the natural estrus. Temperature humidity

index was calculated (Thom, 1959).

Exp. 2

Postpartum, lactating, Angus cows (4 to 7 yr of age, n = 47) were used to evaluate RuT
associated with synchronized estrus. Cows weighed 512 + 8 kg and had a BCS of 4.2 £ 0.1.
Cows were managed and estrus was synchronized at 79 + 1 d postpartum as described for Exp. 1.
Ruminal temperature was recorded from 4 d before PGF,, treatment to 4 d after the synchronized
estrus, as determined by HeatWatch. Onset of estrus was not recorded in 4 cows and the cows
were excluded from analyses. All cows had > 12 RuT values 12 to 84 h before the start of the 9 h
identification period and > 4 RuT during the identification period. Ambient temperature and
relative humidity were recorded during 36 d. Daily Tmax ranged from 11 to 38°C. Intra and
interassay CV for progesterone RIA (n = 4 assays) were 12.2 and 9.7%, respectively. Two
boluses failed to transmit data and cows were excluded from analyses. Onset of estrus was not

determined by HeatWatch in 2 cows, and cows were excluded from analyses.

Statistical Analyses

Mean RuT during the 9 h after the onset of estrus, as determined by HeatWatch, was
compared with 16 to 24 h before and 24 to 32 h after the onset of estrus. Periods for comparison
were selected based on information about estrous behavior, core body temperature at estrus, and
RuT at estrus (Bailey et al., 2009; Cooper-Prado et al., 2011). Periods evaluated the same time of
day for the day before, the day of, and the day after estrus to minimize the effect of diurnal
variation in RuT (Cooper-Prado et al., 2011). Daily periods when the onset of estrus were

evaluated (0100 to 0800, 0900 to 1600, and 1700 to 0000) were selected based on diurnal
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variation in Tamb and RuT. Ruminal temperatures were averaged within period prior to analysis.
Ruminal temperature and Tamb were analyzed using PROC GLM and PROC MIXED (SAS Inst.,
Inc., Carry, NC) with period as a repeated measure within cow. Plasma concentrations of
progesterone were analyzed with PROC MIXED (SAS Inst., Inc.) with day as a fixed effect. Six
variance structures were evaluated (first order autoregressive, compound symmetry, variance
component, unstructured, Huynh-Feldt and Toepliz) and variance structure was selected by the
best goodness of fit statistic prior to analysis. Variance components for analyses were estimated
using the restricted maximum-likelihood method. The Kenward-Roger procedure was used to
determine denominator degrees of freedom. Least squares means were compared using LSD
(pdiff option of SAS) when effects were significant. Estrus identification models were evaluated
using PROC ANOVA (SAS Inst., Inc.). Calculated means for increases in RuT of > 0.3°C, >

0.5°C, and > 0.7°C were compared using the Student’s T Test (SAS Inst., Inc.).

RESULTS

Exp. 1

Mean daily Tmax (www.mesonet.org) was 29.0 + 0.8°C during the synchronized estrus
and 35.7 £ 0.8°C during the natural estrus. Daily Tmax ranged from 18.3 + 0.8 t0 33.8 £ 0.8°C
and 26.7 £ 0.8 to 39.8 + 0.8°C during the synchronized (Figure 2) and natural (Figure 3) estruses,
respectively. Diurnal variation in RuT during the synchronized and natural estruses occurred
with maximum RuT (38.61 £ 0.19, 38.88 £ 0.17°C, respectively) occurring at 0200 and 1900 h
and the nadirs (37.76 £ 0.19, 37.92 + 0.17°C, respectively) occurring at 1200 and 1100 h,
respectively. When RuT < 35.3°C were removed from the analysis, the nadir (37.86 + 0.17°C) in
RuT occurred at 1400 h and maximum RuT (38.61 + 0.19°C) occurred at 0200 h during the

synchronized estrus. Maximum RuT (39.00 £ 0.17 C°) occurred at 1900 h and nadir (38.03 +
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0.17°C) occurred at 1200h when RuT < 35.3°C were removed from the analysis during the

natural estrus. Ruminal temperature < 35.3°C comprised less than 2% of data in the Exp. 1.

Mean RuT of cows during the 96 h before and after the synchronized estrus was 38.47 +
0.07°C and RuT was 38.59 + 0.10°C during 96 h before and after the natural estrus. Figures 4
and 5 depict RuT relative to the onset of synchronized estrus (as determined by HeatWatch) and
subsequent natural estrus, respectively. Ruminal temperature was greater (P < 0.001, 39.10 £
0.10°C) during the 9 h following the onset of the synchronized estrus compared with 16 to 24 h
before (38.21 + 0.11°C) and 24 to 32 h (38.10 £ 0.10°C) after the onset estrus. Mean RuT was
greater (P < 0.01, 39.25 + 0.14°C) during the 9 h after the onset of estrus compared with 16 to 24
h before (38.53 + 0.14°C) and 24 to 32 h after (38.91 + 0.14°C) onset of natural estrus. Plasma
concentrations of progesterone were less (P < 0.02) from 2 d before to 2 d after onset of estrus

compared with 3, 4 d before, and 4 d after the onset of estrus (Figure 6).

Ruminal temperature was greater (P < 0.03; 38.86 + 0.17°C; Figure 7) during the
synchronized estrus in the 9 h after the onset of estrus compared with 16 to 24 h before (38.14 +
0.19°C) and 24 to 32 h after (37.91 £ 0.17°C ) onset of estrus when onset occurred at 0100 to
0800 h. When the onset of estrus occurred at 0900 to 1600 h, RuT was greater in the 9 h after the
onset of estrus (P < 0.003, 39.05 + 0.19°C) compared with the same daily hours the day before
(38.10 £ 0.19°C) and day after (37.98 + 0.19°C) the onset of the synchronized estrus. Ruminal
temperature was greater during the 9 h after the onset of the synchronized estrus (P < 0.001,
39.34 £ 0.17°C) compared with 16 to 24 h before (38.29 £ 0.17°C) and 24 to 32 h after (38.22 £
0.17°C) onset of estrus when onset occurred between 1700 and 0000 h. Ruminal temperature in
the 9 h after the onset of synchronized estrus tended to be greater (P = 0.06) when onset of estrus
occurred from 1700 to 0000 h compared with when onset occurred at 0100 to 0800 h. Mean
hourly Tmax was 24.2 + 0.10°C with hourly ranges of 10.5 to 39.8°C in the 96 h before and after

the onset of the synchronized estrus.
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Mean RuT during the 9 h before the onset of the natural estrus tended to be less (P <
0.10; Figure 8) than the 9 h mean RuT during 0 to 9 h after onset of estrus when the onset of
estrus occurred from 0100 to 0800 h and 1700 to 0000 h. Ruminal temperature during the 9 h
after the onset of the natural estrus was greater (P < 0.03, 39.35 £ 0.20) compared with the 16 to
24 h before (38.57 + 0.20°C) and 24 to 32 h after (38.60 = 0.20°C) the onset of estrus, when onset
occurred from 0900 to 1600 h. Mean RuT during the 9 h after the onset of natural estrus was not
different (P > 0.35) when onset occurred at 0100 to 0800 h, 0900 to 1600 h, and 1700 to 0000 h.
Mean daily Tmax was greater (P < 0.001, 35.7 £ 0.8°C) during the natural estrus compared with
the synchronized estrus (29.0 £ 0.7°C). In the 96 h before and after onset of natural estrus, mean

Tmax was 31.1 = 0.1°C with hourly ranges of 22.5 to 39.8°C.

During the 24 h before and after the onset of estrus, increases in 9 h mean RuT of > 0.3°C
or > 0.5°C, compared with the mean RuT from 12 to 84 h before the 9 h period, correctly
identified 94% and 88%, respectively, of the synchronized estruses (Table 1) and 100% of natural
estruses (Table 2). An increase in RuT of > 0.7°C for any 9 h period, compared with the mean
RuT from the 12 to 84 h before the 9 h period, correctly identified 75% and 93% of estrous cows
during the 24 h before and after the onset of synchronized or natural estruses, respectively. In the
1 to 3 days before the onset of the synchronized or natural estrus, 9 h mean RuT increases of >
0.7°C, compared with the pre-estrus mean, identified 31% and 29%, respectively, of non estrous
as estrus. None of the cows had a 9 h mean RuT increase > 0.3°C in the 1 to 3 d following the
onset of the synchronized estrus. Increases in RuT of > 0.3°C, > 0.5°C, and > 0.7°C identified
estrus in 94, 94, and 38%, respectively in non estrous cows during the 4 to 15 d following the

synchronized estrus.

During the natural (second) estrus, a 9 h mean RuT increase > 0.7°C (compared with the
pre estrus mean) occurred in 50% of non estrus cows in the 4 to 15 d before the onset of estrus

and in 43% of non estrus cows in the 1 to 3 days after the onset of estrus. Ruminal temperature
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increases > 0.7°C occurred 8.38 £ 6.11 h after onset of the synchronized estrus and 5.16 £ 1.88 h
before onset of the natural estrus. The interval from the onset of estrus (as determined by
HeatWatch) to ovulation was 31.4 £ 2.7 h. The interval from the beginning of a 9 h mean RuT

increase of > 0.7°C (compared with a pre estrus mean) to ovulation was 35.1 + 2.8 h.

In the experiment, 14,335 RuT values were recorded for 19 cows. Ruminal temperature
bolus recordings per cow per day ranged from 0 to 24, with a mean of 16.3 + 0.3; 44.5% of
evaluated days for cows had 24 readings per cow per day. At least 12 RuT readings per cow per
day occurred in 71.5% of the days. A RuT was not obtained for a cow during a 24 h period

21.1% of the times.

Exp. 2

Mean daily Tmax (www.mesonet.org) was 30.4 £+ 0.7°C during Exp. 2 (Figure 9) and
ranged from 18.3 £ 0.7 to 38.2 + 0.7°C. Diurnal variation in RuT occurred with maximum RuT
(38.43 £ 0.13°C) occurring at 0100 h and the nadir (37.42 = 0.13°C) occurring at 1300 h. When
RuT < 35.3°C were excluded from the analysis, maximum RuT (38.43 = 0.10°C) and the nadir
(37.64 + 0.10°C) were similar compared with the inclusion of RuT < 35.3°C. Ruminal

temperature < 35.3 comprised less than 2% of data.

Mean RuT of cows in Exp. 2 was 38.20 + 0.02°C. Ruminal temperature was greater (P <
0.001; Figure 10) in the 9 h after the onset of estrus (38.87 £ 0.08°C) compared with the same
daily hours the day before (38.10 £ 0.09°C) and the day after (38.13 + 0.08°C) estrus. Plasma
concentrations of progesterone were less than 1.0 ng/ml from 2 d before to 2 d after the onset of
estrus and were less (P < 0.001; Figure 11) compared with 3 to 4 d before the onset of estrus.
Ruminal temperatures during the 9 h after the onset of estrus were greater (P < 0.003, 38.76 £
0.12°C) compared with the 16 to 24 h before (38.06 + 0.12°C) and 24 to 32 h after (38.22 +

0.12°C) the onset of estrus, when onset of estrus occurred between 0100 and 0800 h (Figure 12).
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When onset of estrus occurred between 0900 and 1600 h, mean RuT in the 9 h after the onset of
estrus was greater (P < 0.004, 39.06 + 0.21°C) compared with 16 to 24 h before (38.03 + 0.23°C)
and 24 to 32 h after (37.79 + 0.21°C) the onset of estrus. Mean RuT during the 9 h after onset of
estrus was greater (P < 0.001; 38.95 + 0.13°C) compared with the 16 to 24 h before (38.21 +
0.13°C) and 24 to 32 h after (38.20 £+ 0.13°C) the onset of estrus, when estrus occurred between
1700 and 0000 h. Ruminal temperature during the 9 h after the onset of estrus did not differ (P >
0.15) among daily periods. Mean hourly Tmax was 23.5 + 0.1°C and ranged from 11 to 38°C

during the 96 h before to 96 h after the onset of estrus; 14 of 36 d had daily Tmax > 32°C.

Increases inan 9 h RuT of > 0.3°C, > 0.5°C or > 0.7°C, compared with the mean RuT 12
to 84 h before the 9 h mean, correctly identified 100%, 98% and 84% of estrous cows (Table 3),
respectively. During the 72 h before to 72 h after onset of estrus, 93%, 42% and 16% of non
estrous cows had 9 h mean RuT greater than the pre estrus mean by > 0.3°C, > 0.5°C and >
0.7°C, respectively. The start of the 9 h increase in RuT of > 0.7°C, compared with a mean RuT
occurring 12 to 84 h prior, occurred 12.2 + 6.7 h after the onset of estrus as determined by

HeatWatch.

In the experiment, 16,770 RuT values were recorded. Ruminal temperature bolus
recordings per cow per day ranged from 0 to 24 with a mean of 16.8 £ 0.3. Thirty percent of
evaluated days had 24 readings per cow per day. At least 12 readings per cow per day were
obtained on 78% of days. A RuT was not obtained for a cow during a 24 h period 9.3% of the

time.

DISCUSSION

There was diurnal variation in RuT for cows in these experiments. A nadir occurred
between 1200 and 1300 h and RuT increased to a maximum between 0000 and 0100h. Ipema et

al. (2008) observed similar diurnal variation in RuT of a dairy cow, but the magnitude of change
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in RUT was greater than in the current experiments and were likely due to effects of averaging
over a much larger sample size. Time of day influenced vaginal temperature of cows which was
least at midday and greatest in the evening (Bobowiec et al., 1990). Maximum vaginal
temperature occurred at 1700 h and nadir occurred at 0500 h in dairy cows (Suthar et al., 2011).
Variation in vaginal temperature was similar in lactating and non lactating dairy cows, but
lactating cows had greater variance and greater sensitivity to daily Tamb (Araki et al., 1987).
Diurnal variation in core body temperature was maintained in cows exposed to thermal stress,
however, daily maximum and minimum body temperatures were increased compared with when

cows were exposed to cooler environments (Beatty et al., 2006).

The difference in RuT between the natural and synchronized estruses in the current
experiment is likely due to elevated Tamb that occurred during the natural estrus. Mean daily
Tmax was 29.0 = 0.8°C during the synchronized estrus and 35.7 = 0.8°C during the natural estrus
of Exp. 1 with ranges of 18 to 34°C and 27 to 40°C, respectively. Mean daily Tmax during Exp.
2 was 30.4 £ 0.7°C and ranged from 18 to 38°C. It is common for Tamb in Oklahoma to
fluctuate dramatically in a 24 h period. The relationship between Tamb and body temperature
when cattle are in the thermoneutral zone is not well defined. Mean RuT was not different in
May and December (Bailey et al., 2009). Ruminal temperature (AlZahal et al., 2011; Cooper-
Prado et al., 2011), vaginal temperature (Kyle et al., 1998) and rectal temperature (Piccione et al.,
2003) were not affected by Tamb when Tamb were within the thermoneutral zone of cattle. Core
body temperature and RuT of beef heifers were increased in response to a thermal challenge
(Beatty et al., 2008). Mean rectal temperature of dairy cows were greater in the summer
compared with winter (Alnimer et al., 2002). Frequent evaluation of Tamb is necessary to
evaluate the effect of Tamb on RuT. Environmental variables including humidity, solar radiation,

rainfall, wind speed, and animal factors may influence RuT and should be evaluated.
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Consumption of water decreases RuT. Volume and temperature of consumed water
effect the magnitude and duration of RuT depression (Dale et al., 1954; Bewley et al., 2008b;
Boehmer et al., 2009). The magnitude of decrease in RuT after water consumption ranges from
0.5 t0 11.0°C and persists for 1 to 2 h . Temperature and volume of consumed water influenced
reticular temperature in dairy cows (Bewley et al., 2008b) and sheep (Bailey et al., 1962) but
water consumption had no effect on core body temperature. Variance and skewedness of RuT
data were reduced when RuT values associated with drinking events (2 x SD) were excluded.
These results were similar to Bailey et al. (2009), but comprised < 2 % of each data set. Water
intake of cows on the day of estrus is decreased compared with the 3 d before or after estrus
(Lukas et al., 2008). Reduced water consumption during estrus compared with normal water
consumption may contribute to increased RuT at estrus. The type and amount of consumed feed
may influence RuT. Rectal temperature and subcutaneous skin temperatures of sheep were
greater during and after feeding (Bailey et al., 1962). High fiber diets can increase heat
production associated with fermentation in the fiber mat and alter temperature within the rumen
(Dale et al., 1954). When high concentrate feeds were consumed, RuT was increased compared

with high roughage diets (Beatty et al., 2008).

Mean daily RuT of cows during the current experiments were similar. Ruminal
temperature was increased (0.34 to 0.89°C) during the 9 h following the onset of estrus compared
with the mean RuT 16 to 24 h before and 24 to 32 h after the onset of estrus. The greater RuT
during the 72 to 96 h after the onset of natural estrus in Exp. 1 (39.14 + 0.05°C) and synchronized
estrus in Exp. 2 (38.49 + 0.05°C) was not observed after the synchronized estrus of Exp. 1 and is
likely due to greater ambient temperatures (31.4 £ 0.3°C and 25.3 £ 0.2°C) that occurred during
these experiments. Similarly, RuT was 1.05°C and 0.61°C greater in the 9 h after the onset of
estrus compared with the same daily hours the day before and day after onset of estrus (Bailey et

al., 2009; Cooper-Prado et al., 2011) as detected by HeatWatch and visual observation,
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respectively. Vaginal temperature increased 0.44 to 1.0°C at estrus in beef and dairy cows
(Mosher et al., 1990; Kyle et al., 1998; Fisher et al., 2008). Rectal temperature increased 1.3°C
on the day of onset of estrus (Piccione et al., 2003). Vaginal temperature increased during the
onset of estrus compared with pre-estrus means and remain elevated for 6.5 to 11 h (Mosher et
al., 1990; Redden et al., 1993; Kyle et al., 1998). The nadir in vaginal temperature that occurred
4 h before or after ovulation (Suthar et al., 2011) was not observed for RuT in the current
experiments. Differences between the magnitude of RuT increase during the synchronized and
natural estruses are likely a result of elevated Tamb at the synchronized estrus rather than altered
physiological function during the natural estrus and synchronization estruses. Rectal temperature
of dairy cows was not different when cows were synchronized with prostaglandin F,, at various
times and when GNRH was added to the synchronization protocol (Alnimer et al., 2002).
Vaginal temperature was less during estrus in dairy cows later in lactation compared with earlier

lactation when cow had a negative energy balance (Bobowiec et al., 1990).

Time of day influenced RuT at estrus. When onset of estrus occurred in the morning
(0100 to 0800), RuT was greater in the 9 h after the onset of estrus compared with the 16 to 24 h
before the onset of estrus. The increase in RuT during the 9 h after the onset of estrus was not
observed when Tamb was elevated, however reduced cow numbers for the analysis could have
influenced the response. Vaginal temperatures of dairy cows were greatest in the evening and
least at midday (Bobowiec et al., 1990). The influence of time of day may contribute to

differences in RuT at estrus.

Plasma concentrations of progesterone decreased to less than 1.0 ng/ml in the 2 d before
the onset of estrus. Because the onset of estrus and elevated RuT at estrus are concurrent, the
decrease in plasma concentrations of progesterone preceding estrus and the in RuT are very
similar. The decrease in plasma progesterone concentrations to a nadir approximately 2 d before

the onset of estrus is established (Swanson et al., 1972; Wettemann et al., 1972). The increase in
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vaginal temperature at estrus occurred after the decline in serum progesterone (Rajamahendran et
al., 1989; Mosher et al., 1990), but vaginal temperature and serum progesterone were not
correlated (Suthar et al., 2011). Vaginal temperature is greater in pregnant dairy cows and cows
treated with progesterone (Suthar et al., 2012). Fisher et al. (2008) observed a relationship
between vaginal temperature and plasma concentrations of LH, and vaginal temperature could be
used to predict the LH surge in dairy cattle. The interval from estrual increases in body
temperature and the LH surge is consistent and was less variable than intervals from increased
vaginal temperature and decreased serum concentrations of progesterone and increased estradiol

(Clapper et al., 1990).

The frequency that RuT were recorded may have influenced the detection of estrus in the
present experiment. One bolus failed to record data for a cow in Exp. 1. The number of hourly
RuT recorded was 16.3 and 16.8 per cow for Exp. 1 and 2, respectively. Twelve or fewer hourly
RuT readings were recorded in 21 and 22% of days in Exp. 1 and 2, respectively. Data
transmission of ruminal boluses in lying dairy cows was reduced compared with standing cows
(Ipema et al., 2008). Boluses are less invasive than other methods for monitoring RuT but further
improvements in bolus response are needed for the detection of subtle changes in RuT .

Adequate reading frequency and bolus function may have limited the ability to accurately identify

changes in RuT associated with estrus in the current experiments.

Ruminal temperature increases during 9 h of 0.3, 0.5 or 0.7°C, compared with a 72 h pre-
estrus mean (-12 to -84 h), correctly identified 94, 88 and 75% of estrous cows during the
synchronized estrus and 100, 100, and 93% of estrous cows during the natural estrus of Exp. 1.
Increases in 9 h mean RuT of > 0.3, > 0.5, or > 0.7°C, compared with the pre-estrus mean
identified 100, 98, and 84% in Exp. 2. Identification of non estrus cows as estrus by a 9 h RuT
increase of 0.3, 0.5 or 0.7°C, compared with a preceding 72 h RuT mean, did not occur in the 1 to

3 d after the onset of estrus and in 94, 94, and 38% of cows, respectively, during the 4 d before to
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15 d after the synchronized estrus of Exp. 1. Using the same identification criteria, 50 to 100%
and 29 to 86% of non estrus cows were identified as estrus in the 4 to 15d and 1 to 3 d,
respectively, before the onset of the natural estrus in Exp. 1. Increases in RuT (9 h) from a pre
estrus mean (72 h) of > 0.3, > 0.5, or > 0.7°C identified 16 to 93% of non estrus cows as estrus in
the 72 h before to 72 h after the onset of estrus in Exp. 2. Elevated Tamb may have contributed
to incorrect identification of non estrous cows as estrus, as Tamb was greater during the natural
compared with the synchronized estrus in Exp. 1. Decreased accuracy of identification of estrous
cows during periods of elevated Tamb may be caused by decreased ability to maintain normal
body temperature when cows are exposed to thermal stress. Greater daytime body temperature in
beef cattle results from the failure to dissipate the heat load during overnight cooling periods and
results in greater daytime body temperature (Mader et al., 2010). When cattle were exposed to
elevated Tamb, the rate of increases in body temperature was greater when cattle were previously
exposed to elevated Tamb compared with previous exposure to thermoneutral conditions (Brown-
Brandl et al., 2005). Correct identification of estrus by an increase in RuT of > 0.3 °C and > 0.7
°C during an 8 h evaluation period, compared with a mean pre-estrus RuT from 12 to 84 h before
the 8 h period, occurred in 42% to 95% of cows in May and 100% of cows in December (Bailey
et al., 2009). None of the non estrous cows were identified as estrus in by a RuT increase of > 0.7

°C when cows were studied during cooler ambient temperatures (Bailey et al., 2009).

SUMMARY AND CONCLUSIONS

Ruminal temperature of beef cows is greater during estrus when the onset occurs at any
time during the day. Ruminal temperature is greater are cows were exposed to elevated ambient
temperatures. Increases in RuT at estrus may be useful for identifying the onset of estrus.
Ruminal temperature is an effective measure of core body temperature and use of RuT boluses is

non invasive, requires minimal labor, and allows for the frequent monitoring of core body
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temperature. Further study is needed to evaluate the effect of diurnal variation and elevated

Tamb on RuT of beef cows.
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® Mean RuT (72 h) Identification Period (8 h)

Time relative to onset of estrus, h

Figure 1. ldentification of estrus by ruminal temperature (RuT) was determined by an increase in
mean RuT for any 9 h period (grey box) of > 0.3, > 0.5, or > 0.7°C compared with the mean RuT
that occurred 12 to 84 h prior to the 9 h identification period (black bar). The 72 h mean RuT
period and 9 h identification period included minimums of 12 and 4 RuT values, respectively.
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Figure 2. Diurnal variation in ambient temperature (Tamb) and ruminal temperature (RuT) of
beef cows (n = 19) during the synchronized estrus in Exp. 1. Solid grey line includes all RuT
values; broken grey line excludes RuT values < 35.3°C (drinking events). Solid black line is
hourly Tamb; broken black lines are hourly maximum and minimum Tamb, respectively. SE for
all RuT for hour x cow averaged 0.19. SE for RuT excluding values < 35.3°C for hour x cow

averaged 0.17.
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Figure 3. Diurnal variation in ambient temperature (Tamb) and ruminal temperature (RuT) of
beef cows (n = 19) during the subsequent natural estrus in Exp. 1. Solid grey line includes all
RuT values; broken grey line excludes RuT values < 35.3°C (drinking events). Solid black line is
hourly Tamb; broken black lines are hourly maximum and minimum Tamb, respectively. SE for
all RuT for hour x cow averaged 0.17. SE for RuT excluding values < 35.3°C for hour x cow
averaged 0.17.
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Figure 4. Mean ruminal temperature (RuT) relative to the onset of synchronized estrus
(HeatWatch; 0 h) in beef cows (n = 16) in Exp. 1. Bars represent mean RuT for 9 h after the
onset of estrus compared with 16 to 24 h before and 24 to 32 h after onset of estrus (SE = 0.10).
Mean hourly maximum ambient temperature was 23.3 + 0.2°C. *° Means for periods without a
common superscript differ (P < 0.001).
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Figure 5. Mean ruminal temperature (RuT) relative to the onset of subsequent natural estrus
(HeatWatch; 0 h) in beef cows (n = 14) in Exp. 1. Bars represent mean RuT for 9 h after the
onset of estrus compared with 16 to 24 h before and 24 to 32 h after onset of estrus (SE = 0.14).
Mean hourly maximum ambient temperature was 29.5 + 0.3°C. *° Means for periods without a
common superscript differ (P < 0.01).
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Figure 6. Ruminal temperature (RuT) and concentration of progesterone in plasma relative to
onset of synchronized estrus (HeatWatch; Oh) in beef cows (n = 18) in Exp. 1. %9 Means
without a common letter differ (P < 0.02). SE for progesterone over days averaged 0.40.
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Figure 7. Effect of time of day and time relative to onset of synchronized estrus (HeatWatch; 0 h)
on ruminal temperature (RuT) of beef cows in Exp. 1. Bars represent mean RuT for 9 h after the
onset of estrus compared with 16 to 24 h before and 24 to 32 h after onset of estrus during daily
periods of 0100 to 0800 (n = 4; SE = 0.17), 0900 to 1600 (n = 7; SE = 0.17), and 1700 to 0000 h
(n=5; SE =0.17). Daily maximum ambient temperature (Tmax) ranged from 11 to 34°C and 6
of 24 d during the experiment had Tmax > 32°C. " Means within a daily period without a
common superscript differ (P < 0.05).
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Figure 8. Effect of time of day and time relative to onset of natural estrus (HeatWatch; 0 h) on
ruminal temperature (RuT) of beef cows in Exp. 1. Bars represent mean RuT for 9 h after the
onset of estrus compared with 16 to 24 h before and 24 to 32 h after onset of estrus during daily
periods of 0100 to 0800 (n = 4; SE = 0.27 ), 0900 to 1600 (n = 5; SE = 0.20), and 1700 to 0000 h
(n =5; SE = 0.25). Daily maximum ambient temperature (Tmax) ranged from 17 to 40°C and 16
of 18 d during the experiment had Tmax > 32°C. *° Means within a daily period without a
common superscript differ (P < 0.05).
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Table 1. Identification of estrus in beef cows using increases in mean ruminal temperature
(RuT) of > 0.3°C, > 0.5°C, or > 0.7°C for any 9 h period compared with mean RuT from 12 to
84 h before the 9 h period during the synchronized estrus of Exp. 1%,

Exp. 1 —synchronized estrus RuT increase
>0.3°C >0.5°C >0.7°C
No. of cows 16 16 16

1 to 3 d before onset of estrus®
RuT increase identified estrus in a non
estrous cow, %

24 h before to 24 h after onset of estrus
RuT increase correctly identified estrus, % 94% 88% 75%
RuT increase identified estrus in a non

75% 56% 31%

25% % %
estrous cow’®, % 5% 6% 6%
1 to 3 d after onset of estrus
RuT increase identified estrus in a non 0% 0% 0%
estrous cow, %
4 to 15 d after onset of estrus
RuT increase identified estrus in a non 949%° 949° 3806

estrous cow, %

! Daily maximum ambient temperature (Tmax) ranged from 11 to 34°C; 6 of 24 d during
experiment had Tmax > 32°C.

2 Onset of estrus was determined by HeatWatch.

? Identification of non estrus as estrus cows excluded the 24 h period after cows were identified

as estrus.
25 Means within row without a common superscript differ (P < 0.05).
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Table 2. Identification of estrus in beef cows using increases in mean ruminal temperature
(RuT) of > 0.3°C, > 0.5°C, or > 0.7°C for any 9 h period compared with a mean RuT from 12
to 84 h before the 9 h period during the natural estrus of Exp. 1*.

Exp. 1 — natural (second) estrus RuT increase
>0.3°C >0.5°C >0.7°C
No. of cows 14 14 14
4 to 15 d before onset of estrus?
RuT increase identified estrus in a non 100%°* 100% 5004°
estrous cow, %
1 to 3 d before onset of estrus
RuT increase identified estrus in a non 860" 5004 290

estrous cow, %

24 h before to 24 h after onset of estrus
RuT increase correctly identified estrus, % 100% 100% 93%
RuT increase identified estrus in a non

% 0 oY
estrous cow®, % 1% 43% 36%
1 to 3 d after onset of estrus
RuT increase identified estrus in a non — 2105 Ja%

estrous cow, %
! Daily maximum ambient temperature (Tmax) ranged from 17 to 40°C; 16 of 18 d during
experiment had Tmax > 32°C.
2 Onset of estrus was determined by HeatWatch.
? Identification of non estrus as estrus cows excluded the 24 h period after cows were identified
as estrus.
%5 Means within row without a common superscript differ (P < 0.05).
*¥ Means within row without a common superscript differ (P < 0.10).
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Figure 9 Diurnal variation in ambient temperature (Tamb) and ruminal temperature (RuT) of
beef cows (n = 45) during synchronized estrus in Exp. 2. Solid grey line includes all RuT values;
broken grey line excludes RuT values < 35.3°C (drinking events). Solid black line is hourly
Tamb; broken black lines are hourly maximum and minimum Tamb, respectively. SE for all RuT
for hour x cow averaged 0.13. SE for RuT excluding values < 35.3°C for hour x cow averaged

0.10.
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Figure 10. Mean ruminal temperature (RuT) relative to the onset of estrus (HeatWatch; 0 h) in
beef cows (n = 43) in Exp. 2. Bars represent mean RuT for 9 h after the onset of estrus compared
with 16 to 24 h before and 24 to 32 h after onset of estrus (SE = 0.08). Mean hourly maximum
ambient temperature was 25.01 + 0.20°C. *® Means for periods without a common superscript
differ (P < 0.001).
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Figure 11. Ruminal temperature (RuT) and concentration of progesterone in plasma relative to
onset of synchronized estrus (HeatWatch; Oh) in beef cows (n = 43) in Exp. 2. **° Means
without a common letter differ (P < 0.01). SE for progesterone over days averaged 0.26.
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Figure 12. Effect of time of day and time relative to onset of synchronized estrus (HeatWatch; 0
h) on ruminal temperature (RuT) of beef cows (n = 16) in Exp. 2. Bars represent mean RuT for 9
h after the onset of estrus compared with 16 to 24 h before and 24 to 32 h after onset of estrus
during daily periods of 0100 to 0800 (n = 23; SE = 0.12), 0900 to 1600 (n = 8; SE = 0.21), and
1700 to 0000 h (n = 12; SE = 0.13). Daily maximum ambient temperature (Tmax) ranged from
10 to 38°C and 14 of 36 d during the experiment had Tmax > 32°C. *° Means within a daily
period without a common superscript differ (P < 0.01).
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Table 3. Identification of estrus in beef cows using increases in mean ruminal temperature
(RuT) of > 0.3°C, > 0.5°C, or > 0.7°C for any 9 h period compared with a mean RuT from 12
to 84 h before the 9 h period during the synchronized estrus of Exp. 2*.

Exp. 2 RuT increase
>0.3°C >0.5°C >0.7°C
No. of cows 43 43 43
72 h before to 72 h after onset of estrus
RuT increase correctly identified estrus, % 100% ¢ 98% ? 849"

RuT increase identified estrus in a non

042 0, b 0/4C
estrous cow®, % 93% 42% 16%

! Daily maximum ambient temperature (Tmax) ranged from 10 to 38°C; 14 of 36 d during
experiment had Tmax > 32°C.

2 Onset of estrus was determined by HeatWatch.

% Identification of non estrus as estrous cows excluded the 24 h period after cows were
identified as estrus.

2b.¢ Means within row without a common superscript differ (P < 0.05).
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CHAPTER IV

EFFECT OF AMBIENT TEMPATURE ON RUMINAL

TEMPERATURE OF BEEF COWS

Abstract: Postpartum, lactating, Angus cows (4-7 yr of age) were used to evaluate the effect of
elevated ambient temperature (Tamb) on ruminal temperature (RuT). Cows (n = 12) were
administered RuT transmitting boluses (SmartStock, LLC) and RuT was evaluated during 8 d in
the summer (June and August) and winter (January). Additionally, Rectal temperature (RT),
RuT, and respiration rate (RR) were evaluated in cows (n = 24) during two consecutive days
when daily Tmax was 37 (HOT) or 28°C (WARM) in August. Temperature boluses were
programed to transmit RuT every hour. Ambient temperature was recorded each hour
(www.mesonet.org) and ranged from 2 to 20°C (January) and 12 to 37°C (June and August).
Mean daily RuT for all cows was 38.23 £ 0.17°C. When hourly maximum ambient temperature
(Tmax) was between 34 and 36°C, RuT was greater (P < 0.001) compared with when hourly
Tmax were less than 34°C. Ruminal temperature was correlated with hourly Tmax (r =0.18, P <
0.001) and temperature humidity index (r = 0.17, P < 0.01; THI, Thom, 1959) when data for all
days and hours were evaluated. On the HOT day, RuT, RT and RR were greater (P < 0.05; 40.2
+0.1°C, 40.8 £ 0.1°C, 114 + 3 bpm, respectively) compared with the WARM day (37.5 £ 0.1°C,

38.1+0.1°C, 36 = 3 bpm, respectively). Ruminal temperature was correlated (P < 0.001) with
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RT (r=0.97) and RR (r = 0.95). Elevated Tamb may influence the usefulness of RuT as a

predictor of physiological events in beef cows.

INTRODUCTION

Cows, as obligate homeotherms, have the ability to regulate internal body temperature
over a wide range of environmental conditions. Cows exchange heat with the external
environment through chemical, behavioral, and physiological mechanisms allowing core body
temperature to remain constant. Cows produce heat through metabolism and microbial
fermentation of feed, ensuring optimal temperatures for biological processes. Metabolizable
energy for maintenance accounts for approximately 70% of ME consumed (Ferrell and Jenkins,
1987) and is utilized for sustaining vital body activities. A primary maintenance function is the
regulation of core body temperature (NRC, 1996). The thermoneutral zone (TNZ) of cows is the
range of ambient temperatures (Tamb) in which the heat production of cows is offset by heat loss
to the environment (NRC, 1891). The TNZ of cattle can be shifted by as much as 15°C allowing
cattle to acclimate to gradual changes in ambient (NRC, 1891). Body temperature of cows
fluctuates throughout the day with maximum temperature in the early morning and the nadir in
midday (Bitman et al., 1984; Hahn et al., 1990; Lefcourt and Adams, 1996; Beatty et al., 2006;
Ipema et al., 2008). When Tamb exceeds the TNZ, animals are heat stressed and must utilize

physiological mechanisms to dissipate heat load.

The ability of cows to dissipate heat is limited when Tamb or thermal radiation are
greater than skin temperature, and cattle must utilize evaporative heat loss mechanisms.
Respiration rate is increased in thermally stressed beef (Robertshaw, 1985; Al-Haidary et al.,
2001) and dairy cows (Sanchez et al., 1994). Sweating is increased when cattle are exposed to
elevated Tamb (Berman, 1971; Gebremedhin et al., 2008). The efficiency of heat dissipation is
influenced by humidity, wind velocity, and animal insulation (Gebremedhin et al., 2008). When

cows are unable to dissipate heat, body temperature increases (Mader et al., 2010) with increasing
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Tamb (Berman, 1971; Miller and Alliston, 1974; Abilay et al., 1975; Bitman et al., 1984;

Lefcourt and Adams, 1996).

Temperature boluses (SmartStock, LLC, Pawnee, OK) have been developed for frequent,
non invasive measurement of ruminal temperature (RuT;Cooper-Prado et al., 2011; Rose-Dye et
al., 2011). Ruminal temperature is an indicator of estrus, parturition, and health of beef cows.
Ruminal temperature increases 0.6 to 1.0°C at estrus in beef cows (Bailey et al., 2009; Boehmer
et al., 2010; Cooper-Prado et al., 2011). Ruminal temperature decreased 0.33°C the 2 d prior to
parturition in beef cows (Cooper-Prado et al., 2011). Following pathogenic challenge, RuT of
steers increased from 0.3 to 0.8°C (Rose-Dye et al., 2011). The effect of elevated Tamb on RuT
is not clearly defined. Therefore, the objectives of this experiment were (1) to evaluate the effect
of elevated Tamb on RuT, and (2) to evaluate the relationship between RuT, RR and RT during

thermal stress.

MATERIALS AND METHODS

Animals and Management

Experimental procedures used in this study were approved by the Oklahoma State
University Animal Care and Use Committee. Mature, lactating, Angus cows (4 to 7 yr of age, n
=12) were used to evaluate the effect of Tamb on RuT. Cows were managed in a drylot (0.25 ha)
at the South Range Cow Research Center with ad libitium hay and water. Cows weighed 537 + 7
kg and had a BCS of 4.4 £ 0.1. The effect of daily maximum Tamb (Tmax) of < 32°C or > 32°C

RuT, RT, and RR was evaluated for 24 cows.

Ruminal Temperature, Rectal Temperature, and Respiration Rate

Cows were administered RuT boluses (8.25 cm x 3.17 cm; 114 g) with a balling gun.

Bolus records were transmitted by three receiver/repeater antennas located in the drylot within
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100 m of a base station receiver linked to a PC data recovery system (SmartStock, LLC, Pawnee,
OK). Boluses were programed to transmit bolus ID, RuT, date and time each hour. Each hourly
record also included temperature reading for the previous 11 h. Ruminal temperatures were
recorded during 8 d in January, June, and August. In addition, RuT, RT, and RR were
determined on two sequential days in August. Respiration rate was determined by counting
diaphragm movement of cows for 60 s periods. Rectal temperatures were measured with an
digital thermometer (Agricultural Electronics, Montclair, CA; model # M216) at a depth of 10 to
15 cm. Respiration rates and RT were measured twice per animal by each of two researchers at

1400 h.

Environmental Data

Environmental data were collected (www.mesonet.org) from a weather station 8 km from

the experimental site, on 8 d in January, June, and July. Daily Tmax was 32°C or greater on 4 of
the 7 d in June and August. During the two sequential days in August when RuT, RR and RT
were recorded, daily Tmax was 37°C on the first day (HOT) and Tmax was 28°C on the second
day (WARM). Ambient temperature and relative humidity were recorded every 5 min during the
experimental period and maximum, minimum and mean ambient temperature was calculated for

each hour. Temperature humidity index was calculated (Thom, 1959).

Statistical Analyses

Simple correlations between RuT, RT RR, Tamb, and THI were determined using PROC
CORR (SAS Inst. Inc., Cary, NC). Effects of Tamb and THI on RuT, RT, and RR were
determined with PROC GLM (SAS Inst. Inc.) and means were compared by Student’s t-test.
Ruminal temperature and Tamb were analyzed with PROC GLM and PROC MIXED (SAS Inst.
Inc.) with day as a repeated measure within cow. Goodness of fit statistics were used to

determine variance structure (first order autoregressive, compound symmetry, variance
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component, unstructured, Huynh-Feldt and Toepliz) prior to analysis. Estimates of variance
components for analyses were achieved using the restricted maximum-likelihood method.
Denominator degrees of freedom were determined by the Kenward-Roger procedure. Least
sguares means were compared using the PDIFF option (SAS Inst. Inc.) when effects were
significant. Pairwise comparison of RuT means within Tmax and THI were determined using

SCHEFFE (SAS Inst. Inc.) with a predetermined significance level of 0.05.

RESULTS

Mean daily maximum ambient temperature (Tmax) was 20.0 + 0.4°C in January, 32.9 =
1.0°C in June, and 31.8 + 2.0°C in August with hourly ranges of 2 to 20°C, 20 to 34°C, and 12 to
37°C, respectively. Relative humidity ranged from 50 to 66 % in January, 63 to 83 % in June,
and 55 to 89 % in August. Mean RuT during the experiment was 38.23 £ 0.02°C. Diurnal
variation in RuT when daily Tmax was 20°C or less (Figure 1a) occurred with maximum RuT
(38.55 +.01°C) at 0200 h and the nadir (37.52 + 0.13°C) occurred at 1600 h. Maximum RuT
(38.69 + 0.14°C, Figure 1b) occurred at 0000 h and the nadir (37.24 + 0.14°C) at 1200 h when
daily Tmax was greater than 20°C and less than 32°C. Diurnal variation in RuT occurred with a
maximum (39.19 + 0.16°C) at 1900 and the nadir (37.44+ 0.17°C) at 1200 h when Tmax was >

32°C.

Ruminal temperature was greater (P < 0.001; 39.17 + 0.09°C) when daily maximum
Tamb were 34 to 36°C compared with when maximum daily Tamb were 19 to 21°C (37.98 =
0.08°C), 22 to 24°C (38.01 + 0.06°C), 25 to 27°C (38.15 + 0.05°C), 28 to 30°C (38.17 + 0.06°C),
and 31 to 33°C (38.21 + 0.06°C; Figure 2). Mean RuT was greater (P < 0.001, Figure 3) when
THI was 87 to 89 compared with when THI was less than 87. Ruminal temperature was
correlated with Tamb (r = 0.19, P < 0.001) and THI (r = 0.20, P < 0.001) when data for all hours

and days (n = 1251 observations) during January, June, and August were evaluated.
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Mean hourly maximum temperature during the HOT day was 30.2 + 0.3°C (range: 23 to
37°C) and 24.7 £ 0.1°C (range: 21 to 28°C) during the WARM day. Ruminal temperature was
correlated (n = 40 observations, P < 0.001) with RT (r = 0.95), RR (r = 0.97), Tmax (r = 0.67),
and THI (r = 0.68). On the HOT day (daily Tmax: 37°C), RuT, RT, and RR were greater (P <
0.01, 40.2 £ 0.1°C, 40.8 £ 0.1°C, 114 £ 3 bpm; Table 1) compared with the WARM day (daily

Tmax: 28°C; 37.5 + 0.1°C, 38.1 + 0.1°C, 36 + 3 bpm; respectively).

DISCUSSION

Ambient temperature during an Oklahoma summer are variable with prolonged periods
of elevated Tamb. Daily Tmax averaged 20°C in January, 33°C in June, and 32°C in August.
The greatest range and variation in Tamb occurred in August. During the experiment, 4 of 7 d in

June and August had Tamb of 32°C or greater.

Body temperature of cows decreases in early morning and increases throughout the
afternoon (Bitman et al., 1984; Hahn et al., 1990; Lefcourt and Adams, 1996; Beatty et al., 2006;
Ipema et al., 2008). Reticular temperature and rectal temperature of dairy cows was greater in the
afternoon compared with the morning (Bewley et al., 2008a). Maximum RuT occurred at 0000
and decreased to the nadir at 1200 when cows were not thermally stressed in the current
experiments. When daily Tmax increased to > 32°C, a nychthermal pattern occurred with
maximum RuT at 1900 h and nadir at 1200h. Nychthermal pattern of body temperature was
maintained when beef heifers were exposed to thermal stress (Beatty et al., 2006). The different
times of day when RuT was maximal when daily Tmax were < 32°C or > 32°C, may have
resulted from additional heat loads and limited heat dissipation of cows exposed to thermal stress.
Increases in core body temperature of cows usually occurs 2 to 5 h after exposure to elevated
Tamb (Hahn, 1999). Mader et al, (2010) indicated that failure of cows to dissipate heat load

during overnight cooling periods results in greater daytime body temperatures. In contrast to this
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experiment, the magnitude of diurnal variation in body temperature was not affected when heifers

were exposed to elevated Tamb (Al-Haidary et al., 2001).

Ruminal temperature was correlated with Tmax, THI, RT, and RR. Others have
observed that RuT was correlated with rectal temperature (Burns et al., 2002; Prendiville et al.,
2002; Sievers et al., 2004). Respiration rate in cattle is positively related to Tamb (Brown-Brandl
et al., 2005) and THI (Mader et al., 2006). Similarly, body temperature is correlated with Tamb
and THI (Berman, 1971; Prendiville et al., 2002; Scharf et al., 2010). Ruminal temperatures in
this experiment were unaffected by temperature humidity indices less than 86 and increased when
THI was 87 or greater. Temperature humidity index for cattle is a function of Tamb (Thom,
1959). Dikmen et al. (2008) stated that dry bulb temperature was nearly as good a predictor of
RT as THI of lactating Holsteins in a subtropical environment. Scharf et al. (2010) observed a
stronger relationship between body temperature and Tamb than THI, solar radiation, and black

globe temperature.

In the current experiments, RuT, rectal temperature, and respiration rate were increased
when cows were exposed to elevated Tamb. Rectal temperature was greater in beef (Miller and
Alliston, 1974; Pratt and Wettemann, 1986) and dairy cattle (Abilay et al., 1975) exposed to
elevated Tamb. Respiration rate of beef (Robertshaw, 1985; Al-Haidary et al., 2001) and dairy
cows (Sanchez et al., 1994) exposed to thermal stress was greater compared with cows exposed to
thermoneutral conditions. In contrast, RuT was not affected by Tamb when cows were exposed
to thermoneutral conditions (Bailey et al., 2009; Cooper-Prado et al., 2011). Tympanic
temperature mirrors changes in Tamb when cattle are exposed to hot conditions, indicating that

thermoregulatory mechanisms are limited during thermal stress (Mader et al., 2009).

Ruminal temperature was not influenced by ambient temperatures less than 33°C, and

RuT increased when Tamb was 34°C or greater in this experiment. The upper critical limit of the
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thermoneutral zone of cattle is not clearly defined. Rectal temperatures were independent of
black globe temperatures between 9 and 28°C (Berman, 1971). Body temperature of cattle
varied slightly until Tmax exceeded 25.6°C (Lefcourt and Adams, 1996). Hahn et al. (1992)
observed the Tamb threshold for thermal stress in cattle was 25°C. Acclimation of cows to
increased ambient temperature was not evaluated in the current experiments. Robinson et al.
(1986) observed the thermoneutral zone of beef steers was influenced by exposure to previous

Tamb.

When Tmax was <33°C, month and season did not influence RuT in this experiment.
Similarly, RuT in beef cows did not differ in May and December (Bailey et al., 2009). However,
when cattle were exposed to thermal stress, tympanic temperatures of beef cattle were greater in
the summer compared with the winter (Arias et al., 2011). Season (spring, summer, fall, and
winter) influenced reticular and rectal temperature in dairy cows (Bewley et al., 2008a) despite
similar temperatures during the spring, summer, and fall. The effects of elevated Tamb may be
diminished when comparing RuT over long periods. The thermoneutral zone of cattle is dynamic
and can shift by as much as 15°C (NRC, 1891; Robinson et al., 1986), with acclimation rates of
0.1 to 0.4°C of body temperature per day (Hahn et al., 1990). Mader et al. (2010) suggested that
cattle exposed to cooler ambient temperatures at night are able to dissipate the thermal load

generated during daytime exposure to thermal stress.

SUMMARY AND CONCLUSIONS

Ruminal temperature of beef cows is increased when cows are exposed to elevated Tamb.
When exposed to elevated ambient temperature, cows have increased RuT, rectal temperature,
and respiration rate. The efficacy of RuT for the prediction of estrus or other physiological

functions may be limited when cows are exposed to elevated Tamb. Additional studies are
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needed to evaluate the effect of elevated Tamb on use of RuT to predict physiological function of

cattle.
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Figure 1A. Diurnal variation in maximum ambient temperature (Tmax) and ruminal temperature
(RuT) of beef cows (n =8). A. Solid grey line includes all RuT values and solid black line
includes all hourly Tmax when daily Tmax <20°C. SE for RuT when daily Tmax < 20°C, over
hour x cow was 0.20. B. Solid grey line includes RuT values when daily Tmax < 32°C; broken
grey line includes RuT values when daily Tmax > 32 © C. Solid black line includes hourly Tmax
when daily Tmax < 32°C; broken black line includes hourly Tmax when daily Tmax > 32°C. SE
for RuT when daily Tmax < 32°C, over hour x cow was 0.19. SE for RuT when daily Tmax <
32°C, over hour x cow was 0.14.

62



40.5

—RuT ==-Mean RuT //
40.0

39.5

39.0

QD

°C

RuT

38.5

38.0

375

37.0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37
Hourly Tmax, °C

Figure 2. Ruminal temperature (RuT) in beef cows (n = 11) relative to hourly maximum ambient
temperature (Tmax). Broken gray line is mean RuT during the experiment (38.23 + 0.02°C).

b Means without a common letter differ (P < 0.001). SE of RuT over hour averaged 0.22.
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Figure 3. Ruminal temperature (RuT) in beef cows (n = 11) relative to hourly mean temperature
humidity index (THI). Broken gray line is mean RuT during the experiment (38.23 £ 0.02°C).

b Means without a common letter differ (P < 0.001). SE of RuT over hour averaged 0.22.
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Table 1. Effect of WARM (27°C) and HOT (37°C) maximum ambient temperature (Tmax) on
rectal temperature (RT), ruminal temperature (RuT), and respiration rate (RR) of beef cows (n

= 20).

Tmax
ltem WARM (27°C) HOT (37°C)
RT, °C 38.1+0.1° 40.8+0.1°
RuT, °C 37.5+0.1° 40.2+0.1°
RR, bpm 36+3° 114 +3°

%" Means within row without a common superscript differ (P < 0.01).
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CHAPTER V

PREDICTION OF ESTRUS IN BEEF COWS USING RUMINAL TEMPERATURE

Abstract: Postpartum, lactating, Angus cows (4 to 7 yr of age) were used to evaluate changes in
ruminal temperature (RuT) for the prediction of estrus. In Exp. 4, cows (n = 62), were
synchronized with PGF,, at 93 £ 2 d postpartum and RuT was evaluated during June and July. In
Exp. 5, cows (n = 60) were synchronized with PGF,, at 66 + 2 d postpartum and RuT was
evaluated during May. Cows were administered RuT transmitting boluses (SmartStock, LLC),
which were programed to transmit RuT every hour. The onset of estrus was determined by
HeatWatch (CowChips, LLC.) Maximum ambient temperature (Tmax) was recorded each hour
(www.mesonet.org) and ranged from 19 to 35°C in Exp. 4 and 7 to 33°C in Exp. 5. In Exp. 4,
mean RuT was greater (P < 0.001, 39.03 + 0.12°C) during the 9 h after the onset of estrus
compared with 16 to 24 h before (38.28 £ 0.12°C) and 24 to 32 h after (38.41 £ 0.12°C) the onset
of estrus. Time of day tended to influence RuT in the 9 h after the onset of estrus (P = 0.08).
Daily Tmax of 32°C or greater influenced (P < 0.004) RuT in the 9 h after the onset of estrus
compared with when daily Tmax was less than 32°C. Correct identification of estrus was similar
(P > 0.10) when an increase of > 0.3°C (66 %), > 0.5°C (66 %), or > 0.7°C (61%) in RuT during
a 9 h period was used compared with the preceding 12 to 84 h. Identification of a non estrus cow
as estrus was greatest (P < 0.05, 98 %) when a 9 h RuT increase of > 0.3°C from the preceding 12

to 84 h was used compared with increases of > 0.5°C (81 %), and > 0.7°C (73 %). In Exp. 5,
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mean RuT during the 9 h after the onset of estrus was greater (P < 0.001; 38.58 + 0.09°C)
compared with the 16 to 24 h before (37.92 + 0.09°C) and 24 to 32 h after (37.90 + 0.10°C) the
onset of estrus. Ruminal temperature in the 9 h after the onset of estrus tended to be greater (P <
0.10; 38.49 + 0.17°C, 38.86 £ 0.19°C) when onset of estrus occurred at 0900 to 1600 h and 1700
to 0000 h, respectively, compared with when onset occurred at 0100 to 0800 h (38.40 £ 0.12°C).
Mean RuT during the 9 h after the onset of estrus were not different (P = 0.12) when Tmax was
less than 32°C or 32°C or greater. Correct identification of estrus was similar (P > 0.10) when an
increase of > 0.3°C (92 %), > 0.5°C (87 %), and > 0.7°C (79%) in RuT during a 9 h period was
used compared with the preceding 12 to 84 h. Identification of a non estrus cow as estrous was
greatest (P < 0.05, 95 %) when a 9 h RuT increase of > 0.3°C from the preceding 12 to 84 h was
used and an increase of > 0.7°C (40 %) identified the least number of non estrus cows as estrus; a
RuT increase of > 0.5°C identified 75 % of non estrus cows as estrus. Ruminal temperature is

greater at estrus in beef cows and RuT has potential for the prediction of estrus and timing of Al.

INTRODUCTION
Profitability of a cow calf herd can be enhanced through the use of Al and estrous

synchronization. Genetic merit of progeny can be increased by Al and use of genetically superior
bulls. In the U.S., estrous synchronization and Al are only used in 8% of U.S. beef herds (USDA,
2011) and time and labor are the major detractors from the use of these technologies (Thibier and
Wagner, 2002). The most common and effective estrous detection method is twice daily visual
observation, however it is subjective and requires time and labor input (At-Taras and Spahr,
2001). Radiotelemetric estrous detection systems have been developed to identify estrus. The

HeatWatch system is highly effective for identification of estrous cows by recording mounts
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received by an animal (White et al., 2002; Peralta et al., 2005). Estrous detection systems may
utilize changes in physiology at estrus to determine when to Al. Vaginal temperature increases
(0.5 to0 1.0°C) in cows at estrus (Mosher et al., 1990; Kyle et al., 1998; Suthar et al., 2011) and
may be an effective predictor of the LH surge, ovulation (Fisher et al., 2008) and onset of estrus
(Kyle et al., 1998). Use of vaginal temperature to identify the onset of estrus may be limited due
to maintenance of equipment and inflammation of the reproductive tract (Leidl and Stolla, 1976;

Rorie et al., 2002).

Temperature boluses (SmartStock, LLC) allow frequent and non-invasive measurement
of ruminal temperature (RuT, Rose-Dye et al., 2011). Increases in RuT of 0.6 to 1.0°C occur at
estrus in beef cows (Bailey et al., 2009; Cooper-Prado et al., 2011) and a > 0.7°C increase in RuT
can be used to determine estrus (Bailey et al., 2009). The effect of ambient temperature (Tamb)
on RuT is not well defined. Body temperature is greater when cattle are exposed to elevated
ambient temperature (Hahn et al., 1990) and body temperature varies throughout the day
(Lefcourt et al., 1999; Beatty et al., 2006). Usefulness of body temperature for the prediction of
estrus is limited by variation in body temperature and the ability to separate the influence of many
variables that effect body temperature (Kyle et al., 1998; Firk et al., 2002). Our hypotheses are
that RuT is increased at estrus in beef cows throughout the day and RuT can be used to predict
the time of Al. Therefore, the objectives of this study were 1) to evaluate the use of RuT for the
prediction of estrus and, 2) evaluate the effect of elevated Tamb and diurnal variation in RuT on

the efficacy of RuT to predict estrus.
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MATERIALS AND METHODS
Exp. 4

Experimental procedures used in this study were approved by the Oklahoma State
University Animal Care and Use Committee. Postpartum, lactating, Angus cows (4 to 7 yr of
age, n = 62) were used to evaluate changes in RuT during the estrous cycle in June and July.
Cows weighed 536 + 7 kg and had a BCS of 4.4 + 0.1 (Wagner et al., 1988). Cows and calves
were managed in a drylot (0.25 ha) at the South Range Cow Research Center with ad libitium hay
and water. Cows were administered PGF,, (Lutalyse® 25 mg, i.m.; Pfizer, Inc., New York, NY)
at 93 £ 2 d postpartum to synchronize estrus. Cows that did not exhibit estrus after initial
treatment with PGF,, were administered a second treatment of PGF,, at 10 d after the first

treatment.

The HeatWatch system (CowChips, LLC, Manalapan, NJ) was used to monitor the onset
of estrus. Then onset of estrus can be accurately determined by HeatWatch (Walker et al., 1996;
At-Taras and Spahr, 2001; Floyd et al., 2009). HeatWatch detected 100% of visually observed
estruses and the number of mounts received per cow by the two detection methods were
correlated (Floyd et al., 2009). Pressure sensitive radio transmitters were attached to the tail head
when cows were treated with PGF,,. Patches were monitored daily for proper attachment and
secured with adhesive as needed. The onset of estrus was defined as the first of two mounts (> 2
s) received within a 4 h period (White et al., 2002). The end of estrus was defined as the last
mount received, with a mount occurring 4 h before and no mounts occurring in the following 12 h

period.
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Cows were administered RuT boluses (SmartStock, LLC, Pawnee, OK; 8.25 cm x 3.17
cm; 114 g), 4 to 5 d prior to PGF,, treatment with a balling gun. Bolus records were transmitted
through three receiver/repeater antennas located in the drylot within 100 m of a base station
receiver linked to a PC data recovery system (SmartStock, LLC, Pawnee, OK). Boluses were
programed to transmit bolus ID, RuT, date and time each hour. Hourly records also included
temperature readings for the previous 11 h. Ruminal temperature was recorded from 4 d prior to
the first PGF,, treatment until 4 d after estrus as determined by RuT. Outliers associated with
drinking events (Bewley et al., 2008b; Cooper-Prado et al., 2011) were identified as RuT values
less than 2 x SD (> 35.3°C) from the mean RuT. Ruminal temperatures associated with drinking
events were not excluded from analyses. Estrus was determined as a RuT increase of > 0.7°C for
a 9 h period compared with the mean RuT during 12 to 84 h before the start of the 9 h
identification period (Figure 1). Cows were Al with semen from one of two Angus bulls, by a
single technician, 8 to 16 h after the onset of the first hour in the 9 h identification period in
which average RuT was increased > 0.7°C. The pre-estrus mean RuT included > 12 RuT values
and the 9 h identification period included > 4 RuT values. Cows were also evaluated for RuT
increases of > 0.3°C and > 0.5°C during the experimental period. When inadequate RuT values
were recorded during the 48 to 96 h after PGF,, treatment, the cow was excluded from estrous
detection analyses, but was evaluated for RuT increases when cows were not in estrus. The 24 h
period following the onset of estrus was excluded from the analysis of RuT increases when cows
were non estrus. Two boluses failed to record RuT, and onset of estrus, as determined by
HeatWatch, did not occur in 18 cows in Exp. 4, therefore 20 cows were excluded from analyses.
Insufficient RuT data was recorded in the 72 h before and after estrus in 1 cow and the cow was

excluded from the analysis.
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Ambient temperature and relative humidity were recorded every 5 min from a weather

station (www.mesonet.org) 8 km from the experimental site. Maximum, minimum, and mean

ambient temperatures were calculated for each hour. Daily Tmax ranged from 23 to 35°C in June

and 25 to 39°C in July. Temperature humidity index was calculated (Thom, 1959).

Exp. 5

This experiment was replication of Exp. 4 during cooler environmental temperatures.

Postpartum, lactating, Angus cows (4 to 7 yr of age, n = 60) were used to evaluate RUT associated
with synchronized estrus. Cows weighed 541 + 8 kg and had a BCS of 4.2 + 0.1. Cows were
managed and estrus was synchronized at 66 = 2 d postpartum as described for Exp. 4. Ambient
temperature and relative humidity were recorded for 13 d in May and daily Tmax ranged from 16
to 33°C. Two boluses failed to record RuT and insufficient RuT data were recorded at estrus in 2
cows. Onset of estrus by HeatWatch did not occur in 18 cows, so the cows were excluded from

analyses.

Statistical Analyses

Mean RuT during the 9 h after the onset of estrus (HeatWatch) was compared with 16 to
24 h before and 24 to 32 h after the onset of estrus when onset of estrus occurred at different
times during a day. Selected daily periods (0100 to 0800, 0900 to 1600 and 1700 to 0000) were
based on core body temperature at estrus and RuT at estrus (Bailey et al., 2009; Cooper-Prado et
al., 2011). Periods evaluated the same daily hours for the day before, the day of and the day after
estrus to minimize effects of diurnal variation in RuT (Cooper-Prado et al., 2011). Ruminal

temperature and Tamb were analyzed using PROC MIXED (SAS Inst. Inc., Cary, NC), with day

71


http://www.mesonet.org/

as a repeated measure within cow, and periods were fixed effects. Six variance structures (first
order autoregressive, compound symmetry, variance component, unstructured, Huynh-Feldt, and
Toepliz) were determined by the goodness of fit statistic prior to analysis. Variance components
for analyses were estimated using the restricted maximume-likelihood method. The Kenward-
Roger procedure was used to determine denominator degrees of freedom. Least squares means
were compared using LSD (pdiff option of SAS) when effects were significant. Estrus
identification models and pregnancy rates were evaluated using PROC GLM (SAS Inst. Inc.).
Calculated means for RuT thresholds and pregnancy status were compared using the Student’s t

Test (SAS Inst. Inc.).

RESULTS

Exp. 4

Mean daily Tmax was 31.4 + 0.4°C and ranged from 23 £ 1 to 35 + 1°C. Mean daily
relative humidity was 74 + 1 % and ranged from 36 + 1 % to 96 + 1 %. Mean hourly RuT of
cows was 38.29 £ 0.02°C. Diurnal variation in RuT occurred with the maximum (38.77
0.12°C; Figure 2) at 1900 h and nadir (37.52 £ 0.12°C) at 1200 h. Maximum RuT (39.06
0.10°C) occurred at 1800 h on days when daily Tmax was 32°C or greater and the nadir (37.61 +
0.10°C) occurred at 1200 h. Maximum RuT (38.49 + 0.10°C) occurred at 1900 h and the nadir
(37.41 £ 0.10°C) at 1200 h on days when daily Tmax did not exceed 32°C. Mean RuT was
greater (P < 0.001; 38.63 + 0.02°C) on days when daily Tmax was 32°C or greater compared
with days when daily Tmax was less than 32°C (38.28 £ 0.02°C). Ruminal temperatures < 36.3
(drinking events) comprised 3.4% of data in this experiment and exclusion of these values
reduced the variance and skewedness.
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Figure 3 depicts RuT relative to onset of estrus, as determined by HeatWatch. Ruminal
temperature was greater (P < 0.001, 39.03 + 0.12°C) in the 9 h following the onset of estrus
compared with 16 to 24 h before (38.28 £ 0.12°C) and 24 to 32 h after (38.41 + 0.12°C) onset of

estrus. Mean hourly Tmax was 27.2 + 0.1°C during the 96 h before and after the onset of estrus.

Mean RuT was greater (P = 0.01, 38.59 + 0.16°C) in the 9 h after onset of estrus
compared with 16 to 24 h before (37.99 £ 0.16°C) onset of estrus, and tended to be greater (P =
0.07) than 24 to 32 h after (38.14 + 0.17°C) when onset occurred between 0100 and 0800 h
(Figure 4). Ruminal temperature during the 9 h after the onset of estrus tended to be greater (P =
0.08; 38.80 + 0.34°C) than 16 to 24 h before (37.73 £ 0.44°C) the onset and did not differ (P >
0.10) from 24 to 32 h after (37.97 £ 0.31°C) the onset of estrus, when onset occurred between
0900 and 1600 h. When the onset of estrus occurred between 1700 and 0000 h, mean RuT during
the 9 h after the onset of estrus was greater (P < 0.03; 39.33 £ 0.22°C) compared with 16 to 24 h
before (38.52 + 0.21°C) onset of estrus and (P = 0.06) compared with 24 to 32 h after (38.67 +
0.22°C) onset of estrus. Time of day tended (P = 0.08) to influence mean RuT in the 9 h after the
onset of estrus at 1700 to 0000 h compared with 0100 to 0800 h. Mean RuT at estrus at 0900 to
1600 h was not different (P > 0.35) from mean RuT during the 9 h after the onset of estrus at

0100 to 0800 h or 1700 to 0000 h.

Daily Tmax influenced (P < 0.004, Figure 5) mean RuT during the 9 h after the onset of
estrus when daily Tmax was less than 32°C or 32°C or greater. Ruminal temperature in the 9 h
after the onset of estrus did not differ (P > 0.35; 38.27 = 0.19°C) compared with the 16 to 24 h
before (38.03 + 0.16°C) and 24 to 32 h after (37.93 £ 0.23°C) onset of estrus when onset occurred

on a day when Tmax was less than 32°C. Mean RuT during the 9 h after the onset of estrus was

73



greater (P < 0.001; 39.23 + 0.13°C) compared with 16 to 24 h before (38.40 + 0.15°C) and 24 to
32 h after (38.49 £+ 0.13°C) onset of estrus, when onset occurred on a day when Tmax was 32°C

or greater.

Increases in 9 h mean RuT of > 0.3°C, and > 0.5°C, compared with the mean RuT from
12 to 84 h before the 9 h period, correctly identified 66% of estruses (Table 1); an increase of >
0.7°C occurred in 61% of estrus cows. Correct identification of estrus cows by an increase in 9 h
mean RuT from the preceding 12 to 84 h was not influenced (P > 0.05) by RuT increase
thresholds of > 0.3°C, > 0.5°C and > 0.7°C. A RuT increase of > 0.5°C and > 0.7°C for any 9 h
period, compared with mean from 12 to 84 h before the 9 h period, decreased (P < 0.05; 81%,
73%, respectively) the number of non estrous cows identified as estrus compared with a RuT
increase of > 0.3°C (98%). A 9 h mean increase in RuT of > 0.7°C, compared with the pre estrus
mean, occurred 37.8 + 17.4 h before the onset of estrus as determined by HeatWatch. Fifty eight
cows were bred based on a 0.7°C increase in RuT. Onset of estrus, as determined by HeatWatch,
was not identified in 20 cows, of which estrus was predicted by RuT in 18 cows. Cows Al based
on RuT, without HeatWatch determined onset, resulted in 6 pregnancies. Pregnancy rate of cows
Al based on an increase in mean (9 h) RuT, compared with the mean RuT during the previous 12
to 84 h, averaged 40%. Pregnancy rate of cows was not influenced by Tamb > 32°C on the day
of onset, as predicted by RuT, (P = 0.46; Table 2) or in the 3 d before the onset of estrus (P =

0.58).

Ruminal temperature boluses recorded 19,128 RuT values from 41 cows. Mean daily
recording frequency per cow was 14.1 + 0.2 and ranged from 0 to 24 records per cow per day.

During the experiment, 23% of cow days had 24 records per cow per day. At least 12 records per
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cow per day occurred in 67% of the cow days. Ruminal temperature was not recorded on 18% of

the cow days.

Exp. 5

Mean daily Tmax was 24.8 + 1.4°C and ranged from 16 + 1°C to 33 £ 1°C. Mean hourly
relative humidity was 68 + 1 % with a range of 28 £ 1 % to 98 £ 1 %). Mean hourly RuT during
the experiment was 38.00 + 0.02°C. Diurnal variation in RuT occurred with maximum RuT
(38.19 £ 0.10°C, Figure 6) at 2200 h and the nadir (37.58 + 0.10°C) at 1400 h. Maximum RuT
(38.35 + 0.10°C) occurred at 2200 h on days when daily Tmax were 32°C or greater and the nadir
(37.37 £ 0.10°C) occurred at 1200 h. When daily Tmax was less than 32°C, diurnal variation
occurred with maximum RuT (38.17 £ 0.10°C) at 2200 h and the nadir (37.54 £ 0.10°C) at 1400
h. Ruminal temperatures less than 35.6 comprised 3.2% of data in this experiment and exclusion

of these values reduced the variance and skewedness.

Ruminal temperature during the 9 h after the onset of estrus was greater (P < 0.001, 38.58
+ 0.09°C; Figure 7) compared with 16 to 24 h before (37.92 + 0.09°C) and 24 to 32 h after (37.90
+ 0.09°C) onset of estrus. Mean hourly Tmax was 22 + 1°C during the 96 h before and after the
onset of estrus and ranged from 7 £ 1°C to 33 £ 1°C. Mean RuT was greater in the 9 h after the
onset of estrus (P < 0.003; 38.40 + 0.11°C; Figure 8), when onset occurred between 0100 and
0800 h, compared with the 16 to 24 h before (37.88 £ 0.12°C) and 24 to 32 h after (37.86 +
0.12°C) the onset of estrus. When onset of estrus occurred between 0900 and 1600 h, RuT was
greater during the 9 h after the onset of estrus (P < 0.03; 38.79 + 0.22°C) compared with 16 to 24
h before (37.84 + 0.20°C) and 24 to 32 h after (38.09 + 0.23°C) the onset of estrus. The 9 h mean
RuT after onset of estrus was greater (P < 0.01; 38.86 + 0.19°C) compared with 16 to 24 h before
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(38.04 £ 0.19°C) and 24 to 32 h after (37.88 £ 0.23°C) the onset of estrus when onset occurred
during 1700 to 0000 h. When onset of estrus occurred between 0900 and 1600 h and 1700 to
0000 h, RuT tended to be greater (P < 0.10) in the 9 h after the onset of estrus compared with
when onset occurred between 0100 to 0800 h. There was no difference (P > 0.77) between mean
RuT in the 9 h after the onset of estrus at 1700 to 0000 h compared with when onset occurred at

0900 to 1600 h.

Ruminal temperature in the 9 h after the onset of estrus was not affected (P = 0.12, Figure
9) by daily Tmax on the day of onset. Mean (9 h) RuT was greater (P < 0.001; 38.63 £ 0.09°C)
after estrus compared with 16 to 24 h before (37.93 + 0.09°C) and 24 to 32 h after (37.89 £
0.10°C) onset when Tmax was < 32°C. Ruminal temperature during the 9 h after the onset of
estrus did not differ (P > 0.40; 38.22 + 0.34°C) from the same daily hours the day before (16 to
24 h, 37.80 + 0.34°C) or after (24 to 32 h, 38.10 £ 0.38°C) the onset of estrus when Tmax was >

32°C. During the experiment, 1 of 13 d had daily Tmax > 32°C.

Increases in RuT of > 0.3°C, > 0.5°C,and > 0.7°C for any 9 h period, compared with the
mean RuT from 12 to 84 h before the 9 h period, correctly identified 92%, 87% and 79% of estrus
cows during the 72 h before and after then onset of estrus (Table 3). Correct identification of
estrus cows by RuT did not differ between RuT increase thresholds (P > 0.10; > 0.3°C, > 0.5°C
and > 0.7°C). The number of non estrus cows identified as estrus was influenced (P < 0.05) by
the magnitude of increase in RuT for a 9 h period compared with the preceding 12to 84 h. A9h
mean RuT increase of > 0.3°C, compared with the mean from the preceding 12 to 84 h, identified
the maximum number of non estrus cows as estrous (95 %), with the minimum number of non

estrus cows identified by a> 0.7°C RuT increase (40 %), and a > 0.5°C RuT increase falsely
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identifying 75 % of non estrus cows. An increase of > 0.7°C in RuT compared with the pre estrus
mean commenced at 8.4 + 6.1 h after the onset of estrus as determined by HeatWatch. Onset of
estrus was predicted by RuT in 16 of the 20 cows not identified as estrous by HeatWatch. Three
pregnancies resulted from cows Al based on RuT without a HeatWatch determined onset of
estrus. Pregnancy rate of cows inseminated based on RuT averaged 37%. Daily Tmax of >32°C
on the day of onset of estrus, or in the 3 d before onset of estrus did not influence (P = 0.57;
Table 3) pregnancy rate of cows bred by a RuT increase of > 0.7°C, compared with when daily

Tmax were < 32°C.,

Ruminal temperature boluses recorded 12,358 RuT values for 58 cows. Mean daily RuT
recordings per cow was 19.3 + 0.3 and ranged from 0 to 24 records per cow per day. During the
experiment, 46% of days for cows had 24 records per cow per day and 12 hourly readings per
cow occurred in 88% of cows. Ruminal temperature was not obtained during a 24 h period for a

cow in 3% of evaluated days.

DISCUSSION

Body temperature of cows increases at estrus. Ruminal temperature increased during the
9 h after the onset of estrus compared with the 16 to 24 h before and 24 to 32 h after the onset in
these experiments. The magnitude of increase in RuT in these experiments was similar to
increases observed by Bailey et al. (2009) and Cooper-Prado et al. (2011) during the 8 h after the
onset set of estrus, compared with the same daily hours the day before and day after onset of
estrus in beef cows. Ruminal temperature increased > 0.7°C for 9 h approximately 7 h after the
onset of estrus (Boehmer and Wetteman, 2012). Rectal temperature increased 1.3°C on the day
of onset of estrus (Piccione et al., 2003) and vaginal temperature increases 0.44 to 1.0°C in
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estrous cows (Mosher et al., 1990; Kyle et al., 1998; Fisher et al., 2008). Increased vaginal
temperature at estrus and the LH surge were positively correlated (Rajamahendran et al., 1989)
and the interval between the vaginal temperature increase and LH surge was less variable than
relationships during estradiol and progesterone (Clapper et al., 1990). Vaginal temperature
increased at the onset of estrus and remained elevated for 6.5 to 11 h (Mosher et al., 1990;
Redden et al., 1993; Kyle et al., 1998). Ruminal temperature during the 9 h after the onset of
estrus in Exp. 4 tended to be influenced by time of day. Increasing RuT throughout the day is
probably due to additional heat load from greater ambient temperatures in Exp. 4, and the effect
was not observed in Exp. 5 when Tamb were less. Increased mean RuT during the 9 h after the
onset of estrus, compared with the same daily hours the day before and the day after the onset of
estrus occurred during all daily periods except when estrus was initiated during 0900 to 1600 h in
Exp. 4. This difference may be related to exposure of cows to elevated ambient temperatures in
this experiment. These results indicate that increases in RuT associated with estrus occur
throughout the day; however, additional study is needed to determine the influence of diurnal

variation and Tamb on RuT.

Diurnal variation in RuT occurred with the nadir at 1200 and 1400 h and maximal RuT
occurring at 1800 and 2200 h in Exp. 4 and 5, respectively. A nychthermal pattern in body
temperature of beef cows has been documented with temperature decreasing in early morning and
increasing throughout the afternoon (Bitman et al., 1984; Hahn et al., 1990; Beatty et al., 2006).
Increased in core body temperature of cows usually occurs 2 to 5 h after exposure to elevated
Tamb (Hahn, 1999). Differences in Tamb between Exp. 4 and 2 probably contributed to the

greater maximum RuT in Exp. 4. Nychthermal pattern of body temperature was maintained when
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beef heifers were exposed to thermal stress (Beatty et al., 2006). Elevated Tamb increased mean
body temperature of beef heifers, but in contrast to these experiments, the magnitude of variation
between maximal and minimal body temperature was not affected (Al-Haidary et al., 2001).
Daily change in vaginal temperature of dairy cows averaged 0.48°C when Tamb ranged from 0 to
20°C (Fisher et al., 2008). The greater magnitude in diurnal variation in RuT in the current

experiments is probably due to greater Tamb.

Body temperature is influenced by feed and water consumption, endocrine secretions,
immunological responses and environmental conditions. Ruminal temperature is greater in beef
steers following an immune challenge (Rose-Dye et al., 2011). No immunizations were given in
the current experiment and no cows were treated for illness. Consumption of water decreases
RuT (Bewley et al., 2008b; Boehmer et al., 2009). Water consumption is decreased at estrus
(Lukas et al., 2008) and RuT is increased in fasting cows (Dale et al., 1954) . Compared with a
high fiber diet, consumption of a low fiber diet increased rectal temperatures (Arieli et al., 2004).
The consumption of feed and water may contribute to variation in RuT and require further

investigation.

Body temperature of cows may be influenced by plasma concentrations of estradiol and
progesterone (Wrenn et al., 1958). Maximum concentrations of estradiol during the estrous
cycle occur at estrus (Wettemann et al., 1972) and concentrations of progesterone are minimal at
estrus (Swanson et al., 1972; Wettemann et al., 1972; Hendricks, 1976). Estradiol (Mosher et al.,
1990) concentrations at estrus are positively related to increases in body temperature. A

relationship between increased body temperature and progesterone has not been established.

79



Ruminal temperature (Cooper-Prado et al., 2011), vaginal temperature (Kyle et al.,
1998), and rectal temperature (Piccione et al., 2003) were not influenced by Tamb not associated
with heat stress. In contrast to the current experiments during which daily Tamb regularly
exceeded 32°C, previous experiments were mostly conducted under thermoneutral conditions.
The increase in RuT during the 9 h after the onset of estrus was greatest when daily Tmax was >
32°C in Exp. 4. The magnitude of the increase in RuT may be greater when cows are exposed to
elevated Tamb. Daily Tmax was > 32°C on 16 of 29 d during Exp. 4. Increases in RuT at estrus
on days when maximal temperatures were cooler may have been reduced by an elevation in RuT
during the days before and after the onset. Only 1 d during Exp. 5 had a daily Tmax of > 32°C.
A minimal sample size, or a greater heat dissipation response, may have contributed to the lessor
RuT at estrus when onset occurred on a hot day in Exp. 5. Greater daytime body temperatures

occur in beef cows that fail to dissipate heat load during overnight cooling (Mader et al., 2010).

Physiological predictors of estrous may be more effective than behavioral indicators.
Standing estrus, as determined by visual observation is positively correlated with increased
vaginal temperature at estrus (Rajamahendran et al., 1989). Vaginal temperature predicted
estrous in cows that displayed reduced or no mounting behavior and pregnancy occurred after Al
based on increases in VT (Kyle et al., 1998). In the current experiments, some estrous cows that
were identified by increased RuT, but not HeatWatch, became pregnant after Al. Body
temperature at estrus may be influenced less by environmental, social, and management factors

compared with animal behavior.

Models and algorithms for the identification and prediction of estrus based on increased

body temperature have been developed for vaginal temperature (Redden et al., 1993; Kyle et al.,
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1998; Fisher et al., 2008) and RuT (Bailey et al., 2009; Cooper-Prado et al., 2011) . Efficacy of
temperature based estrous detection models are affected by the frequency of temperature data,
periods used to determine increases in body temperature, and Tamb. Kyle et al., (1998)
suggested that greater pre-estrus baselines and greater identification periods (> 4 h) may reduce
the number of cows incorrectly identified as estrus without negatively affecting correct
identification. Increases in vaginal temperature of > 0.3°C (Redden et al., 1993) and > 0.4°C
(Kyle et al., 1998) correctly identified 81% and 88% of estruses, respectively. A RuT increase of
> 0.7°C correctly identified 100% of estruses in one experiment and 42% of estruses in another
(Bailey et al., 2009). Sinusoidal translation of vaginal temperature data eliminated the effect of
diurnal variation (Fisher et al., 2008). Algorithms for analysis of vaginal temperature detected
81% of estrous cows, and estrus occurred within 12 h of the LH surge, allowing sufficient time

for Al (Fisher et al., 2008)

8SUMMARY AND CONCLUSIONS

Ruminal temperature of beef cows is increased at the onset of estrus and these increases
can be used to identify the onset of estrus. The efficacy of RuT for the prediction of estrus may
be limited by diurnal variation in RuT and elevated Tamb. Ruminal temperature boluses allow
for frequent, real time collection of data, are non invasive, and require minimal labor. Further
studies on the influence of elevated ambient temperature, and diurnal variation in ruminal

temperature, are needed to develop the application of RuT as an estrous detection system.
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Time relative to onset of estrus, h

Figure 1. Prediction of estrus by ruminal temperature (RuT) was determined by an increase in
mean RuT for any 9 h period (grey box) of 0.3°C, 0.5°C, or 0.7°C compared with the mean RuT
that occurred 12 to 84 h prior to the 9 h identification period (black box). The 72 h mean RuT
period and 9 h identification period included a minimum of 12 and 4 RuT values, respectively.
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Figure 2. Diurnal variation in ambient temperature (Tamb) and ruminal temperature (RuT) of
beef cows (n = 60) in Exp. 4. Solid grey line includes all RuT values, broken grey line excludes
RuT values when daily maximum ambient temperature (Tmax) < 32°C (heat stress), dotted grey
line excludes RuT values when daily Tmax > 32°C (no heat stress). Solid black line is hourly
mean Tamb, broken black lines are maximum and minimum Tamb, respectively. SE for all RuT
over hour x cow averaged 0.12. SE for RuT when daily Tmax < 32°C, over hour x cow averaged
0.10. SE for RuT when daily Tmax > 32°C, over hour*cow averaged 0.10.
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Figure 3. Mean ruminal temperature (RuT) relative to the onset of synchronized estrus (0 h) in
beef cows (n = 42) in Exp. 4. ! Onset of estrus was determined by HeatWatch. Bars represent
mean RuT for 9 h after the onset of estrus compared with 16 to 24 h before and 24 to 32 h after
onset of estrus. Mean hourly maximum ambient temperature was 27.2 + 0.1°C. *® Means
without a common superscript differ (P < 0.001).
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Figure 4. Effect of time of day and time relative to onset of synchronized estrus® (0 h) on ruminal
temperature (RuT) of beef cows in Exp. 4. Bars represent mean RuT for 9 h after the onset of
estrus compared with 16 to 24 h before and 24 to 32 h after onset of estrus during daily periods of
0100 to 0800h (n = 12; SE = 0.24), 0900 to 1600 h (n = 8; SE = 0.42), and 1700 to 0000 h (n =
22; SE = 0.27), respectively. Daily maximum ambient temperature (Tmax) ranged from 23 to
35°C; 16 of 29 d during the experiment had Tmax > 32°C. Onset of estrus was determined by
HeatWatch. ®® Means within period without a common superscript differ (P < 0.05).
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Figure 5. Effect of time relative to onset of estrus (0 h) and daily maximum ambient temperatures
(Tmax) of < 32°C or > 32°C on ruminal temperature (RuT) in beef cows (n = 41) in Exp. 4.
Onset of estrus determined by HeatWatch. *® Means within period without a common
superscript differ (P < 0.001). ¥ Means at estrus across period without a common superscript
differ (P < 0.004).
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Table 1. Prediction of estrus in beef cows using increases in mean ruminal temperature (RuT)
of>0.3°C, > 0.5°C, or > 0.7°C for any 9 h period compared with a mean RuT from 12 to 84 h
before the 9 h period in Exp. 4.

RuT increase

>0.3°C >0.5°C >0.7°C
No. of cows 41 41 41
-72 h before to 72 h after onset of estrus®
RuT increase correctly identified estrus, % 66% 66% 61%
RuT increase identified estrus in a non
98%* 81%" 73%°

estrous cow®, %

! Daily maximum ambient temperature (Tmax) ranged from 23 to 35°C; 16 of 29 d during
experiment had Tmax > 32°C

2 Onset of estrus was determined by HeatWatch.

* Identification of non estrus as estrus cows excluded the 24 h period after cows were identified
as estrus.

%5 Means within row without a common superscript differ (P < 0.05).
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Table 2. Pregnancy rate of cows Al following estrous prediction by a ruminal temperature
(RuT) increase of > 0.7°C for any 9 h period compared with the mean RuT that occurred 12 to
84 h prior to the 9 h identification period on days with maximum ambient temperature (Tmax) <
32°C or > 32°C.

Daily Tmax
<32°C >32°C P-value

Exp. 4°

No. of cows 17 41

Pregnant, % 47% 37% 0.46
Exp. 5°

No. of cows 44 6

Pregnant, % 46% 3% 057

' Cows were Al 8 to 16 h after onset of estrus as determined by RuT.
2 Daily Tmax ranged from 23 to 35°C; 16 of 29 d during experiment had Tmax > 32°C.
* Daily Tmax ranged from 16 to 33°C; 1 of 13 d during experiment had Tmax > 32°C.
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Figure 6. Diurnal variation in ambient temperature (Tamb) and ruminal temperature (RuT) of
beef cows (n = 58) in Exp. 5. Solid grey line includes all RuT values, broken grey line excludes
RuT values when daily maximum ambient temperature (Tmax) < 32°C (heat stress), dotted grey
line excludes RuT values when daily Tmax > 32°C (no heat stress). Solid black line is hourly
mean Tamb, broken black lines are maximum and minimum Tamb, respectively. SE for all RuT
over hour x cow averaged 0.10. SE for RuT when daily Tmax < 32°C, over hour x cow averaged
0.09. SE for RuT when daily Tmax > 32°C, over hour x cow averaged 0.09.
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Figure 7. Mean ruminal temperature (RuT) relative to the onset of synchronized estrus (0 h) in
beef cows (n = 38) in Exp. 5. Onset of estrus was determined by HeatWatch. Bars represent
mean RuT for 9 h after the onset of estrus compared with 16 to 24 h before and 24 to 32 h after
onset of estrus. Mean hourly maximum ambient temperature was 22 + 1°C. *° Means without a
common superscript differ (P < 0.001).
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Figure 8. Effect of time of day and time relative to onset of synchronized estrus® (0 h) on ruminal
temperature (RuT) of beef cows in Exp. 5. Bars represent mean RuT for 9 h after the onset of
estrus compared with 16 to 24 h before and 24 to 32 h after onset of estrus during daily periods of
0100 to 0800 h (n = 19; SE = 0.24), 0900 to 1600 h (n = 12; SE = 0.42), and 1700 to 0000 h (n =
7; SE = 0.0.26), respectively. Daily maximum ambient temperature (Tmax) ranged from 16 to
33°C; 1 of 13 d during the experiment had Tmax > 32°C. Onset of estrus was determined by
HeatWatch. ®® Means within period without a common superscript differ (P < 0.05).
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Figure 9. Effect of time relative to onset of estrus (0 h) and daily maximum ambient temperatures
(Tmax) of < 32°C or > 32°C on ruminal temperature (RuT) in beef cows (n = 38) in Exp. 5.
Onset of estrus determined by HeatWatch. *° Means within period without a common
superscript differ (P < 0.001).
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Table 3. Prediction of estrus in beef cows using increases in mean ruminal temperature (RuT)
of>0.3°C, > 0.5°C, or > 0.7°C for any 9 h period compared with a mean RuT from 12 to 84 h
before the 9 h period in Exp. 5.

RuT increase

>0.3°C >0.5°C >0.7°C
No. of cows 40 40 40
-72 h before to 72 h after onset of estrus®
RuT increase correctly identified estrus, % 92% 87% 79%
RuT increase identified estrus in a non
95%* 75%° 40%°

estrous cow”, %

! Daily maximum ambient temperature (Tmax) ranged from 16 to 33°C; 1 of 13 d during
experiment had Tmax > 32°C.

2 Onset of estrus was determined by HeatWatch.

* Identification of non estrus as estrus cows excluded the 24 h period after cows were identified
as estrus.

2b.¢ Means within row without a common superscript differ (P < 0.05).
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Table 3. Pregnancy rate of cows Al following estrous prediction by a ruminal temperature
(RuT) increase of > 0.7°C for any 9 h period compared with the mean RuT that occurred 12 to
84 h prior to the 9 h identification period on days with maximum ambient temperature (Tmax) <
32°C or > 32°C.

Daily Tmax
<32°C >32°C P-value

Exp. 4°

Cows, no. 17 41

Pregnant, % 47% 37% 0.46
Exp. 5°

Cows, no. 44 6

Pregnant, % 46% 3% 057

' Cows were Al 8 to 16 h after onset of estrus as determined by RuT.
2 Daily Tmax ranged from 23 to 35°C; 16 of 29 d during experiment had Tmax > 32°C.
* Daily Tmax ranged from 16 to 33°C; 1 of 13 d during experiment had Tmax > 32°C.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

Changes in ruminal temperature (RuT) associated with estrus were evaluated in mature,
postpartum, Angus cows. Cows were administered boluses programmed to transmit RuT each
hour and estrous cycles were synchronized. The onset of estrus was determined using
HeatWatch. Estrus was identified as an increase in RuT of 0.7°C during 9 h compared with a
mean RuT 12 to 84 h before the 9 h period. Ruminal temperature was greater (P < 0.02) in the 9
h after the onset of synchronized estrus compared with 16 to 24 h before and 24 to 32 h after the
onset. During the subsequent, natural estrus RuT was greater (P < 0.04) compared with the same
hours the day before and day after onset of estrus. An increase in RuT of > 0.7°C occurred 5 h
before to 12 h after the onset of estrus. Ruminal temperature increased > 0.7°C at estrus in > 75
% of cows, compared with the preceding 12 to 84 h and 50 % or fewer non estrus cows were

identified as estrus.

The effect of ambient temperature on RuT of beef cows was evaluated in mature, Angus
cows. Cows were administered boluses programmed to transmit RuT each hour. Ambient
temperature was recorded every 5 min and maximum (Tmax), mean, and minimum temperature
was calculated each hour. Temperature humidity index (THI) was calculated each hour. Mean
daily Tmax was 20 £ 1°C in January (hourly range: 2 to 20°C), 33 £ 1°C in June (hourly range:

20 to 34°C), and 32 + 2°C in August (hourly range: 12 to 37°C). Ruminal temperature was
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greater (P < 0.001) when daily Tmax ranged from 34 to 36°C compared with when daily Tmax
was 33°C or less. When maximum daily THI was 87 to 89, RuT was greater (P < 0.001)
compared with when THI was 86 or less. Ruminal temperature, rectal temperature, and
respiration rate were greater during a day when hourly Tmax was 37°C (HOT) compared with the
next sequential day when hourly Tmax was 28°C (WARM). Ruminal temperature was positively

correlated with rectal temperature, respiration rate, Tmax, and THI.

Postpartum, lactating, Angus cows were used to evaluate changes in RuT for the
prediction of estrus in beef cows. Estrous cycles of cows were synchronized and cows were
administered boluses programmed to transmit RuT each hour. Estrus was predicted using an
increase in RuT of 0.7°C or greater for 9 h compared with a pre estrus mean RuT during the
preceding 12 to 84 h. The onset of estrus was also detected by HeatWatch. Ambient temperature
was recorded every hour. Ruminal temperature was greater (P < 0.001) during the 9 h after the
onset of estrus compared with 16 to 24 h before and 24 to 23 h after the onset of estrus. Mean 9 h
RuT was increased (P < 0.05) after estrus compared with the same daily hours the day before and
day after onset of estrus when onset occurred in the morning and daily Tmax averaged 31.4°C.
Increased RuT (P < 0.05; 9 h) compared with the same daily hours the day before and day after
estrus, occurred during all daily periods when mean daily Tmax was 24.8°C. Daily Tmax
affected the RuT increase during the 9 h after the onset of estrus compared with the 16 to 24 h
before and 24 to 32 h after the onset of estrus. When daily Tmax was 32°C or greater, RuT
during the 9 h after onset was greater (P < 0.001) compared with when daily Tmax was less than
32°C. Anincrease in RuT of 0.7°C or greater for 9 h, compared with a pre estrus mean occurring
from 12 to 84 before the 9 h period, correctly predicted 61% and 79% of estrous cows.
Identification of a non estrous cow as estrus by a RuT increase of 0.7°C or greater, compared

with the preceding 12 to 84 h, occurred in 73% and 40% of cows. Pregnancy rate of cows Al
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based on RuT increases of 0.7°C or greater, compared with the preceding 12 to 84 h, was 40% or

greater and was not influenced by daily Tmax.

In conclusion, RuT increases in beef cows at estrus. The use of radiotelemetric boluses
for measuring RuT is non invasive, requires minimal labor and time, and allows for the frequent,
real time collection of data from cows in their natural environment. The efficacy of RuT for the
identification and prediction of estrus and timing of Al may be influenced by diurnal variation in
RuT and Tamb. Ruminal temperature is positively related to rectal temperature and respiration
rate in beef cows. Timing of Al was predicted by RuT and resulted in pregnancy. This study
indicates that use of RuT has potential for estrous detection in cattle. Estrous detection systems
can enhance the effectiveness of Al. Opportunities exist within the cow calf segment of the beef
industry to enhance genetic merit of progeny and profitability of a cowherd by Al cows to

genetically superior bulls.

97



REFERENCES

Abilay, T. A., H. D. Johnson, and M. Madan. 1975. Influence of environmental heat on peripheral
plasma progesterone and cortisol during the bovine estrous cycle. J. Dairy Sci. 58; 1836-
1840.

Aboul-Ela, M. B., D. C. MacDonald, and J. H. Topps. 1983. Relationships between intravaginal
electrical resistance, cervicovaginal mucus characteristics and blood progesterone and
LH. Anim. Reprod. Sci. 5: 259-273.

Al-Haidary, A., D. E. Spiers, G. E. Rottinghaus, G. B. Garner, and M. R. Ellersieck. 2001.
Thermoregulatory ability of beef heifers following intake of endophyte-infected tall
fescue during controlled heat challenge. J. Anim. Sci. 79: 1780-1788.

Alexander, T. J., P. L. Senger, J. L. Rosenberger, and D. R. Hagen. 1984. The influence of the
stage of the estrous cycle and novel cows upon mounting activity of dairy cattle. J. Anim.
Sci. 59: 1430-1439.

Alliston, C. W., T. B. Patterson, and L. C. Ulberg. 1958. Crystallization patterns of cervical
mucus as related to estrus in beef cattle. J. Anim. Sci. 17: 322-325.

Alnimer, M., G. De Rosa, F. Grasso, F. Napolitano, and A. Bordi. 2002. Effect of climate on the
response to three oestrous synchronisation techniques in lactating dairy cows. Anim.
Reprod. Sci. 71: 157-168.

Alvarez, M. B., L. Hahn, and H. D. Johnson. 1970. Cutaneous moisture loss in the bovine during
heat exposure and catecholamine infusion. J. Anim. Sci. 30: 95-101.

AlZahal, O., H. AlZahal, M. A. Steele, M. Van Schaik, I. Kyriazakis, T. F. Duffield, and B. W.
McBride. 2011. The use of a radiotelemetric ruminal bolus to detect body temperature
changes in lactating dairy cattle. J. Dairy Sci. 94: 3568-3574.

AlZahal, O., E. Kebreab, J. France, M. Froetschel, and B. W. McBride. 2008. Ruminal
temperature may aid in the detection of subacute ruminal acidosis. J. Dairy Sci. 91: 202-
207.

Anderson, L. L., D. E. Ray, and R. M. Melampy. 1962. Synchronization of estrus and conception
in the beef heifer. J. Anim. Sci. 21: 449-453.

Andersson, B., C. C. Gale, B. Hokfelt, and B. Larsson. 1965. Acute and cronic effects of preoptic
lesions. Acta Physiol. Scand. 61: 45-60.

Andrianakis, P., D. W. Walker, M. M. Ralph, and G. D. Thorburn. 1989. Effects of hyperthermia
on fetal and maternal plasma prostaglandin concentrations and uterine activity in sheep.
Prostaglandins 38: 541-555.

Aoki, M., K. Kimura, and O. Suzuki. 2005. Predicting time of parturition from changing vaginal
temperature measured by data-logging apparatus in beef cows with twin fetuses. Anim.
Reprod. Sci. 86: 1-12.

Araki, C., R. Nakamura, and L. Kam. 1987. Diurnal temperature sensitivity of dairy cattle in a
naturally cycling environment. J Therm Biol 12: 23 - 26.

Arias, R. A., T. L. Mader, and A. M. Parkhurst. 2011. Effects of diet type and metabolizable
energy intake on tympanic temperature of steers fed during summer and winter seasons.
J. Anim. Sci. 89: 1574-1580.

Avrieli, A., A. Rubinstein, U. Moallem, Y. Aharoni, and |. Halachmi. 2004. The effect of fiber
characteristics on thermoregulatory responses and feeding behavior of heat stressed cows.
J. Therm. Biol. 29: 749-751.

98



Aschoff, J. 1983. Circadian control of body temperature. J. Therm. Biol. 8: 143-148.

At-Taras, E. E., and S. L. Spahr. 2001. Detection and characterization of estrus in dairy cattle
with an electronic heatmount detector and an electronic activity tag. J. Dairy Sci. 84: 792-
798.

Attebery, J. T., and H. D. Johnson. 1969. Effects of environmental temperature, controlled
feeding and fasting on rumen motility. J. Anim. Sci. 29: 734-737.

Bailey, C. B., R. Hironaka, and S. B. Slen. 1962. Effects of the temperature of the environment
and the drinking water on the body temperature and water consumption of sheep. Can. J.
Anim. Sci.. 42: 1-8.

Bailey, C. L., M. J. Prado-Cooper, E. C. Wright, and R. P. Wetteman. 2009. Relationship of
rumen temperature with estrus in beef cows. J. Anim. Sci. 87(E-Suppl. 2): 550.

Baker, A. A. 1965. Comparison of heat mount detectors and classical methods for detecting heat
in beef cattle. Aust. Vet. J. 41: 360-361.

Banet, M., and S. Brandt. 1990. Diazepam inhibits stimulating effect of cooling preoptic area on
antibody production. Am. J. Physiol. Regul. Integr. Comp. Physiol. 258: R393-R397.

Beatty, D. T., A. Barnes, E. Taylor, and S. K. Maloney. 2008. Do changes in feed intake or
ambient temperature cause changes in cattle rumen temperature relative to core
temperature? J. Therm. Biol. 33: 12-19.

Beatty, D. T., A. Barnes, E. Taylor, D. Pethick, M. McCarthy, and S. K. Maloney. 2006.
Physiological responses of Bos taurus and Bos indicus cattle to prolonged, continuous
heat and humidity. J. Anim. Sci. 84; 972-985.

Berman, A. 1971. Thermoregulation in intensively lactating cows in near-natural conditions. J.
Physiol. 215: 477-489.

Bewley, J. M., M. E. Einstein, M. W. Grott, and M. M. Schutz. 2008a. Comparison of reticular
and rectal core body temperatures in lactating dairy cows. J. Dairy Sci. 91: 4661-4672.

Bewley, J. M., M. W. Grott, M. E. Einstein, and M. M. Schutz. 2008b. Impact of intake water
temperatures on reticular temperatures of lactating dairy cows. J. Dairy Sci. 91: 3880-
3887.

Bianca, W. 1970. Animal response to meterological stress as a function of age. Prog Biometeorol
4:119-123.

Bitman, J., H. Tao, and R. M. Akers. 1984. Triiodothyronine and thyroxine during gestation in
dairy cattle selected for high and low milk production. J. Dairy Sci. 67: 2614-2619.

Bobowiec, R., T. Studzinski, and A. Babiarz. 1990. Thermoregulatory effects and electrical
conductivity in vagina of cow during oestrous cycle. Arch Exp Veterinarmed 44: 573-
579.

Boehmer, B. H., C. L. Bailey, E. C. Wright, and R. P. Wettemann. 2009. Effects of temperature
of consumed water on rumen temperature of beef cows.
http://www.ansi.okstate.edu/research/research-reports-
1/2009/2009%20Boehmer%20Research%20Report.pdf. Accessed March 12, 2010.

Boehmer, B. H., T. A. Pye, and R. P. Wettemann. 2010. Rumen temperature during the estrous
cycle of beef cows. J. Anim. Sci. 88(E-Suppl. 2): 394.

Boehmer, B. H., T. A. Pye, and R. P. Wettemann. 2011a. Effect of ambient temperature on
ruminal temperature in beef cows. J. Anim. Sci. 89(E-Suppl. 2): 142.

Boehmer, B. H., T. A. Pye, and R. P. Wettemann. 2011b. The use of ruminal temperature for the
prediction of estrus in beef cows. J. Anim. Sci. 89(E-Suppl. 1): 253.

Boehmer, B. H., and R. P. Wetteman. 2012. Prediction of estrus in beef cows using ruminal
temperature. J. Anim. Sci. 90 (E-Suppl. 1): 236.

Bratincsak, A., and M. Palkovits. 2004. Activation of brain areas in rat following warm and cold
ambient exposure. Neuroscience 127: 385-397.

99


http://www.ansi.okstate.edu/research/research-reports-1/2009/2009%20Boehmer%20Research%20Report.pdf
http://www.ansi.okstate.edu/research/research-reports-1/2009/2009%20Boehmer%20Research%20Report.pdf

Bridges, P. J., M. A. Brusie, and J. E. Fortune. 2005. Elevated temperature (heat stress) in vitro
reduces androstenedione and estradiol and increases progesterone secretion by follicular
cells from bovine dominant follicles. Domest. Anim. Endocrinol. 29: 508-522.

Britt, J. H., R. G. Scott, J. D. Armstrong, and M. D. Whitacre. 1986. Determinants of estrous
behavior in lactating Holstein cows. J. Dairy Sci. 69: 2195-2202.

Brown-Brandl, T. M., R. A. Eigenberg, G. L. Hahn, J. A. Nienaber, T. L. Mader, D. E. Spiers,
and A. M. Parkhurst. 2005. Analyses of thermoregulatory responses of feeder cattle
exposed to simulated heat waves. Int. J. Biometeorol. 49: 285-296.

Burfeind, O., D. M. Veira, W. Heuwieser, M. A. G. von Keyserlingk, and D. M. Weary. 2010.
Short communication: Repeatability of measures of rectal temperature in dairy cows. J.
Dairy Sci. 93: 624-627.

Burns, P. D., W. R. Wailes, and P. B. Baker. 2002. Changes in reticular and rectal temperature
during the periestrous period in cows. J. Anim. Sci. 80(E-Suppl. 2): 128.

Cavalieri, J., V. Eagles, M. Ryan, and K. L. Macmillan. 2003a. Comparison of four methods for
detection of oestrus in dairy cows with resynchronised oestrous cycles. Aust. Vet. J. 81:
422-425.

Cavalieri, J., L. R. Flinker, G. A. Anderson, and K. L. Macmillan. 2003b. Characteristics of
oestrus measured using visual observation and radiotelemetry. Anim. Reprod. Sci. 76: 1-
12.

Chenault, J. R., W. W. Thatcher, P. S. Kalra, R. M. Abrams, and C. J. Wilcox. 1975. Transitory
changes in plasma progestins, estradiol, and luteinizing hormone approaching ovulation
in the bovine. J. Dairy Sci. 58: 709-717.

Christison, G. I., and H. D. Johnson. 1972. Cortisol turnover in heat-stressed cows. J. Anim. Sci.
35: 1005-1010.

Ciccioli, N. H., R. P. Wettemann, L. J. Spicer, C. A. Lents, F. J. White, and D. H. Keisler. 2003.
Influence of body condition at calving and postpartum nutrition on endocrine function
and reproductive performance of primiparous beef cows. J. Anim. Sci. 81: 3107-3120.

Clapper, J. A., J. S. Ottobre, A. C. Ottobre, and D. L. Zartman. 1990. Estrual rise in body
temperature in the bovine 1. Temporal relationships with serum patterns of reproductive
hormones. Anim. Reprod. Sci. 23: 89-98.

Conrad, J. M. 1985. Feeding of farm animals in hot and cold environments. In: M. K. Yousef
(ed.) Stress Physiology in Livestock. No. I. Basic Principles. p 205-226. CRC Press, Boca
Raton, FL.

Cooper-Prado, M. J., N. M. Long, E. C. Wright, C. L. Goad, and R. P. Wettemann. 2011.
Relationship of ruminal temperature with parturition and estrus of beef cows. J. Anim.
Sci. 89: 1020-1027.

Cushman, R. A., M. F. Allan, R. M. Thallman, and L. V. Cundiff. 2007. Characterization of
biological types of cattle (Cycle VII): Influence of postpartum interval and estrous cycle
length on fertility. Journal of animal science 85: 2156-2162.

Dale, H. E., R. E. Stewart, and S. Brody. 1954. Rumen temperature. |. Temperature gradients
during feeding and fasting. Cornell Vet 44: 368-374.

Davidge, S. T., J. L. Wiebold, P. L. Senger, and J. K. Hillers. 1987. Influence of varying levels of
blood progesterone upon estrous behavior in cattle. J. Anim. Sci. 64: 126-132.

Davis, M. S., T. L. Mader, S. M. Holt, and A. M. Parkhurst. 2003. Strategies to reduce feedlot
cattle heat stress: Effects on tympanic temperature. J. Anim. Sci. 81: 649-661.

De Moraes, G. V., H. R. Vera-Avila, A. W. Lewis, J. W. Koch, D. A. Neuendorff, D. M.
Hallford, J. J. Reeves, and R. D. Randel. 1998. Influence of hypo- or hyperthyroidism on
ovarian function in Brahman cows. J. Anim. Sci. 76: 871-879.

De Silva, A. W. M. V., G. W. Anderson, F. C. Gwazdauskas, M. L. McGilliard, and J. A.
Lineweaver. 1981. Interrelationships with estrous behavior and conception in dairy cattle.
J. Dairy Sci. 64: 2409-2418.

100



Dikmen, S., E. Alava, E. Pontes, J. M. Fear, B. Y. Dikmen, T. A. Olson, and P. J. Hansen. 2008.
Differences in Thermoregulatory Ability Between Slick-Haired and Wild-Type Lactating
Holstein Cows in Response to Acute Heat Stress. Journal of dairy science 91: 3395-3402.

Dobson, H. 1978. Plasma gonadotrophins and oestradiol during oestrus in the cow. J. Reprod.
Fertil. 52: 51-53.

Dohi, H., A. Yamada, S. Tsuda, T. Sumikawa, and S. Entsu. 1993. Technical note: a pressure-
sensitive sensor for measuring the characteristics of standing mounts of cattle. J. Anim.
Sci. 71: 369-372.

Dransfield, M. B., R. L. Nebel, R. E. Pearson, and L. D. Warnick. 1998. Timing of insemination
for dairy cows identified in estrus by a radiotelemetric estrus detection system. J. Dairy
Sci. 81: 1874-1882.

Dunlap, S. E., T. E. Kiser, N. M. Cox, F. N. Thompson, G. B. Rampacek, L. L. Benyshek, and R.
R. Kraeling. 1981. Cortisol and luteinizing hormone after adrenocorticotropic hormone
administration to postpartum beef cows. J. Anim. Sci. 52: 587-593.

Echternkamp, S. E., and W. Hansel. 1973. Concurrent changes in bovine plasma hormone levels
prior to and during the first postpartum estrous cycle. J. Anim. Sci. 37: 1362-1370.

Elving, L., M. C. Pieterse, and A. M. Vernooy. 1983. A prospective study of the usefulness of an
intravaginal electric resistance meter for estrus detection in cattle. Tijdschr Diergeneeskd
108: 85-89.

Erb, R. E., R. D. Randel, and C. J. Callahan. 1971. Female sex steroid changes during the
reproductive cycle. J. Anim. Sci. 32: 80-106.

Ferrell, C. L., and T. G. Jenkins. 1987. Influence of biological type on energy requirements. In:
Grazing Livestock Nutrition Conference, Stillwater, OK. p 1-7.

Firk, R., E. Stamer, W. Junge, and J. Krieter. 2002. Automation of oestrus detection in dairy
cows: a review. Livest. Prod. Sci. 75: 219-232.

Fisher, A. D., R. Morton, J. M. Dempsey, J. M. Henshall, and J. R. Hill. 2008. Evaluation of a
new approach for the estimation of the time of the LH surge in dairy cows using vaginal
temperature and electrodeless conductivity measurements. Theriogenology 70: 1065-
1074.

Flint, A. P. F., E. L. Sheldrick, T. J. McCann, and D. S. C. Jones. 1990. Luteal oxytocin:
characteristics and control of synchronous episodes of oxytocin and PGF,, secretion at
luteolysis in ruminants. Domest. Anim. Endocrinol. 7: 111-124.

Floyd, L. N., C. A. Lents, F. J. White, and R. P. Wettemann. 2009. Effect of number of cows in
estrus and confinement area on estrous behavior of beef cows. J. Anim. Sci. 87: 1998-
2004.

Foote, R. H. 1975. Estrus detection and estrus detection aids. J. Dairy Sci. 58: 248-256.

Freetly, H. C., J. A. Nienaber, and T. Brown-Brandl. 2006. Changes in heat production by mature
cows after changes in feeding level. J. Anim. Sci. 84: 1429-1438.

Friggens, N. C., and R. Labouriau. 2010. Probability of pregnancy as affected by oestrus number
and days to first oestrus in dairy cows of three breeds and parities. Anim. Reprod. Sci.
118: 155-162.

Galina, C. S., A. Calderdn, and M. McCloskey. 1982. Detection of signs of estrus in the Charolais
cow and its Brahman cross under continuous observation. Theriogenology 17: 485-498.

Gartland, P., J. Schiavo, C. E. Hall, R. H. Foote, and N. R. Scott. 1976. Detection of estrus in
dairy cows by electrical measurements of vaginal mucus and by milk progesterone. J.
Dairy Sci. 59: 982-985.

Gaughan, J. B., S. Bonner, I. Loxton, T. L. Mader, A. Lisle, and R. Lawrence. 2010. Effect of
shade on body temperature and performance of feedlot steers. J. Anim. Sci. 88: 4056-
4067.

101



Gebremedhin, K. G., S. T. Willard, J. D. Arthington, T. M. Brown-Brandl, P. E. Hillman, C. N.
Lee, and R. J. Collier. 2008. Sweating rates of dairy cows and beef heifers in hot
conditions Trans ASAE 51: 2167-2178.

Gengler, W. R., F. A. Martz, H. D. Johnson, G. F. Krause, and L. Hahn. 1970. Effect of
temperature on food and water intake and rumen fermentation. J. Dairy Sci. 53: 434-437.

Ginther, O. J., M. C. Wiltbank, P. M. Fricke, J. R. Gibbons, and K. Kot. 1996. Selection of the
dominant follicle in cattle. Biol Reprod 55: 1187 - 1194.

Gupta, K. A., and G. N. Purohit. 2001. Use of vaginal electrical resistance (VER) to predict estrus
and ovarian activity, its relationship with plasma progesterone and its use for
insemination in buffaloes. Theriogenology 56: 235-245.

Gwazdauskas, F. C. 1985. Effects of climate on reproduction in cattle. J. Dairy Sci. 68: 1568-
1578.

Gwazdauskas, F. C., J. A. Lineweaver, and M. L. McGilliard. 1983. Environmental and
management factors affecting estrous activity in dairy cattle. J. Dairy Sci. 66: 1510-1514.

Gwazdauskas, F. C., W. W. Thatcher, and C. J. Wilcox. 1972. Adrenocorticotropin alteration of
bovine peripheral plasma concentrations of cortisol, corticosterone, and progesterone. J.
Dairy Sci. 55: 1165-1169.

Gwazdauskas, F. C., W. W. Thatcher, and C. J. Wilcox. 1973. Physiological, environmental, and
hormonal factors at insemination which may affect conception. J. Dairy Sci. 56: 873-877.

Hahn, G. L. 1999. Dynamic responses of cattle to thermal heat loads. J. Anim. Sci. 77 (E-Suppl.
2): 10-20.

Hahn, G. L., Y. R. Chen, J. A. Nienaber, R. A. Eigenberg, and A. M. Parkhurst. 1992,
Characterizing animal stress through fractal analysis of thermoregulatory responses. J.
Therm. Biol. 17: 115-120.

Hahn, G. L., R. A. Eigenberg, J. A. Nienaber, and E. T. Littledike. 1990. Measuring physiological
responses of animals to environmental stressors using a microcomputer-based portable
datalogger. J. Anim. Sci. 68: 2658 - 2665.

Hall, J. G., C. Branton, and E. J. Stone. 1959. Estrus, estrous cycles, ovulation time, time of
service, and fertility of dairy cattle in Louisiana. J. Dairy Sci. 42: 1086-1094.

Hansel, W., L. E. Donaldson, W. C. Wagner, and M. A. Brunner. 1966. A comparison of estrous
cycle synchronization methods in beef cattle under feedlot conditions. J. Anim. Sci. 25:
497-503.

Hansel, W., P. V. Malven, and D. L. Black. 1961. Estrous cycle regulation in the bovine. J. Anim.
Sci. 20: 621-625.

Helmer, S. D., and J. H. Britt. 1985. Mounting behavior as affected by stage of estrous cycle in
Holstein heifers. J. Dairy Sci. 68: 1290-1296.

Hendricks, D. M. 1976. Estrogen concentrations in bovine and porcine tissues. J Toxicol Environ
Health 1: 617-639.

Hillman, P. E., C. N. Lee, A. D. Kennedy, K. G. Gebremedhin, and S. T. Willard. 20009.
Continuous measurements of vaginal temperature of female cattle using a data logger
encased in a plastic anchor. Appl Eng Agric 25: 291-296.

Hurnik, J. F., and G. J. King. 1987. Estrous behavior in confined beef cows. J. Anim. Sci. 65:
431-438.

Hurnik, J. F., G. J. King, and H. A. Robertson. 1975. Estrous and related behavior in pospartum
Holstein cows. Appl. Anim. Ethol. 2: 55-68.

Ipema, A. H., D. Goense, P. H. Hogewerf, H. W. J. Houwers, and H. van Roest. 2008. Pilot study
to monitor body temperature of dairy cows with a rumen bolus. Comput. Electron. Agric.
64: 49-52.

Ireland, J. J., R. L. Fogwell, W. D. Oxender, K. Ames, and J. L. Cowley. 1984. Production of
estradiol by each ovary during the estrous cycle of cows. J. Anim. Sci. 59: 764-771.

102



Kendrick, K. M., C. De la Riva, M. Hinton, and B. A. Baldwin. 1989. Microdialysis measurement
of monoamine and amino acid release from the medial preoptic region of the sheep in
response to heat exposure. Brain Res. Bull. 22: 541-544.

Kiddy, C. A. 1977. Variation in physical activity as an indication of estrus in dairy cows. J. Dairy
Sci. 60: 235-243.

Kirch, B. H., G. E. Aiken, and D. E. Spiers. 2008. Temperature influences upon vascular
dynamics in cattle measured by Doppler ultrasonography. J. Therm. Biol. 33: 375-379.

Kitwood, S. E., C. J. C. Phillips, and M. Weise. 1993. Use of a vaginal mucus impedance meter
to detect estrus in the cow. Theriogenology 40: 559-569.

Kotrba, R., I. Knizkova, P. Kunc, and L. Bartos. 2007. Comparison between the coat temperature
of the eland and dairy cattle by infrared thermography. J. Therm. Biol. 32: 355-359.

Kyle, B. L., A. D. Kennedy, and J. A. Small. 1998. Measurement of vaginal temperature by
radiotelemetry for the prediction of estrus in beef cows. Theriogenology 49: 1437 - 1449.

Landaeta-Hernandez, A. J., R. Palomares-Naveda, G. Soto-Castillo, A. Atencio, C. C. Chase, Jr.,
and P. J. Chenoweth. 2004. Social and breed effects on the expression of a PGF,, induced
oestrus in beef cows. Reprod. Domest. Anim. 39: 315-320.

Lauderdale, J. W. 1974. Distribution and Biological Effects of Prostaglandins. J. Anim. Sci. 38:
22-30.

Lauderdale, J. W. 2009. ASAS Centennial Paper: Contributions in the Journal of Animal Science
to the development of protocols for breeding management of cattle through
synchronization of estrus and ovulation. J. Anim. Sci. 87: 801-812.

Lefcourt, A., J. Huntington, R. Akers, D. Wood, and J. Bitman. 1999. Circadian and ultradian
rhythms of body temperature and peripheral concentrations of insulin and nitrogen in
lactating dairy cows. Domest. Anim. Endocrinol. 16: 41 - 55.

Lefcourt, A. M., and W. R. Adams. 1996. Radiotelemetry measurement of body temperatures of
feedlot steers during summer. J. Anim. Sci. 74: 2633-2640.

Leidl, W., and R. Stolla. 1976. Measurment of electric resistance of the vaginal mucus as an aid
for heat detection. Theriogenology 6: 237-249.

Lemon, M., J. Pelletier, J. Saumande, and J. P. Signoret. 1975. Peripheral plasma concentrations
of progesterone, oestradiol-17f and luteinizing hormone around oestrus in the cow. J.
Reprod. Fertil. 42: 137-140.

Lents, C. A, F. J. White, N. H. Ciccioli, R. P. Wettemann, L. J. Spicer, and D. L. Lalman. 2008.
Effects of body condition score at parturition and postpartum protein supplementation on
estrous behavior and size of the dominant follicle in beef cows. J. Anim. Sci. 86: 2549-
2556.

Liu, X., and S. L. Spahr. 1993. Automated electronic activity measurement for detection of estrus
in dairy cattle. J. Dairy Sci. 76: 2906-2912.

Louis, T. M., H. D. Hafs, and B. E. Seguin. 1973. Progesterone, LH, estrus and ovulation after
prostaglandin F 2 in heifers. Proc Soc Exp Biol Med 143: 152-155.

Legvendahl, P., and M. G. G. Chagunda. 2010. On the use of physical activity monitoring for
estrus detection in dairy cows. J. Dairy Sci. 93: 249-259.

Lukas, J. M., J. K. Reneau, and J. G. Linn. 2008. Water intake and dry matter intake changes as a
feeding management tool and indicator of health and estrus status in dairy cows. J. Dairy
Sci. 91: 3385-3394.

Madan, M. L., and H. D. Johnson. 1973. Environmental heat effects on bovine luteinizing
hormone. J. Dairy Sci. 56: 1420-1423.

Mader, T. L., M. S. Davis, and T. Brown-Brandl. 2006. Environmental factors influencing heat
stress in feedlot cattle. J. Anim. Sci. 84: 712-719.

Mader, T. L., J. B. Gaughan, L. J. Johnson, and G. L. Hahn. 2010. Tympanic temperature in
confined beef cattle exposed to excessive heat load. Int. J. Biometeorol. 54: 629-635.

103



Mader, T. L., J. B. Gaughan, and B. A. Young. 1999. Feedlot diet roughage level for hereford
cattle exposed to excessive heat load. Prof. Anim. Sci. 15: 53-62.

Mader, T. L., and W. M. Kreikemeier. 2006. Effects of growth-promoting agents and season on
blood metabolites and body temperature in heifers. J. Anim. Sci. 84: 1030-1037.
Mathew, S. R., W. P. McCaugher, A. D. Kennedy, N. J. Lewis, and G. H. Crow. 1999. Electronic

monitoring of mounting behavior in beef cattle on pasture. Can.Vet. J. 40: 796-798.

Meena, R. S., G. N. Purohit, and S. S. Sharma. 2003. Efficiency of vaginal electrical resistance
measurements for oestrous detection and insemination in Rathi cows. Anim. Sci. 76: 433-
437.

Miller, H. L., and C. W. Alliston. 1974. Bovine plasma progesterone levels at programmed
circadian temperatures of 17 to 21 degrees C and 21 to 34 degrees C. Life Sci 14: 705-
710.

Montanholi, Y. R., B. W. McBride, D. Lu, S. P. Miller, K. C. Swanson, R. Palme, and F. S.
Schenkel. 2010. Assessing feed efficiency in beef steers through feeding behavior,
infrared thermography and glucocorticoids. Animal 4: 692-701.

Morrison, S. F., K. Nakamura, and C. J. Madden. 2008. Central control of thermogenesis in
mammals. Exp. Physiol. 93: 773-797.

Morrow, D. A. 1971. Effects of periparturient disease on postpartum reproduction in dairy cattle.
J. Anim. Sci. 32: 17-21.

Mosher, M. D., J. S. Ottobre, G. K. Haibel, and D. L. Zartman. 1990. Estrual rise in body
temperature in the bovine Il. The temporal relationship with ovulation. Anim. Reprod.
Sci. 23: 99-107.

Mundia, C. M., and S. Yamamoto. 1997. Day night variation of thermoregulatory responses of
heifers exposed to high environmental temperatures. J Agric Sci 129: 199-204.

Nakamura, K., and S. F. Morrison. 2008. A thermosensory pathway that controls body
temperature. Nat. Neurosci. 11: 62-71.

Nakamura, K., and S. F. Morrison. 2010. A thermosensory pathway mediating heat-defense
responses. Proc. Natl. Acad. Sci. U.S.A. 107: 8848-8853.

Nebel, R. L., J. M. DeJarnette, and E. Harty. 2011. Effect of insemination timing on conseption
rates of dairy cows having high activity as identified by the Select Detect activity
monitor. J. Anim. Sci. 89 (E-Suppl. 1): 349.

NRC. 1891. Effect of environment on nutrient requirements of domestic animals. National
Academy Press, Washington, D.C.

NRC. 1996. Nutrient requirements of beef cattle. 7" rev. ed. National Academy Press,
Wachington, DC.

Peralta, O. A., R. E. Pearson, and R. L. Nebel. 2005. Comparison of three estrus detection
systems during summer in a large commercial dairy herd. Anim. Reprod. Sci. 87: 59-72.

Pereira, A. M. F., J. A. A. Almeida, E. A. L. Titto, and F. J. Baccari. 2008. Effect of thermal
stress on physiological parameters, feed intake and plasma thyroid hormones
concentration in Alentejana, Mertolenga, Frisian and Limousine cattle breeds. Int. J.
Biometeorol. 52: 199-208.

Piccione, G., G. Caola, and R. Refinetti. 2003. Daily and estrous rhythmicity of body temperature
in domestic cattle. BMC Physiol. 3: 7.

Pollock, W. E., and J. F. Hurnick. 1979. Effect of two confinement systems on estrous and
diestrous behavior in dairy cows. Can. J. Anim. Sci. 44: 915-923.

Pratt, B. R., and R. P. Wettemann. 1986. The effect of environmental temperature on
concentrations of thyroxine and triiodothyronine after thyrotropin releasing hormone in
steers. J. Anim. Sci. 62: 1346-1352.

Prendiville, D. J., J. Lowe, B. Earley, C. Spahr, and P. J. Kettlewell. 2002. Radiotelemetry
systems for measuring body temperature. ARF Annual Meeting. p 54, Tullamore, Ireland.

104



Purwanto, B. P., Y. Abo, R. Sakamoto, F. Furumoto, and S. Yamamoto. 1990. Diurnal patterns of
heat production and heart rate under thermoneutral conditions in Holstein Friesian cows
differing in milk production. J Agric Sci 114: 139-142.

Rajamahendran, R., J. Robinson, S. Desbottes, and J. S. Walton. 1989. Temporal relationships
among estrus, body temperature, milk yield, progesterone and luteinizing hormone levels,
and ovulation in dairy cows. Theriogenology 31: 1173-1182.

Ranasinghe, R. M. S. B. K., K. Koike, K. Yamada, and T. Nakao. 2010. Silent ovulation, based
on walking activity and milk progesterone concentrations, in Holstein cows housed in a
free-stall barn. Theriogenology 73: 942-949.

Redden, K. D., A. D. Kennedy, J. R. Ingalls, and T. L. Gilson. 1993. Detection of estrus by
radiotelemetric monitoring of vaginal and ear skin temperature and pedometer
measurements of activity. J. Dairy Sci. 76: 713-721.

Robertshaw, D. 1985. Heat loss of cattle. In: M. K. Yousef (ed.) Stress Physiology in Livestock
No. I. Basic Principles. p 55-66. CRC Press, Boca Raton, FL.

Robinson, J. B., D. R. Ames, and G. A. Milliken. 1986. Heat production of cattle acclimated to
cold, thermoneutrality and heat when exposed to thermoneutrality and heat stress. J.
Anim. Sci. 62: 1434-1440.

Rorie, R. W., T. R. Bilby, and T. D. Lester. 2002. Application of electronic estrus detection
technologies to reproductive management of cattle. Theriogenology 57: 137-148.
Rose-Dye, T. K., L. O. Burciaga-Robles, C. R. Krehbiel, D. L. Step, R. W. Fulton, A. W. Confer,

and C. J. Richards. 2011. Rumen temperature change monitored with remote rumen
temperature boluses after challenges with bovine viral diarrhea virus and Mannheimia
haemolytica. J. Anim. Sci. 89: 1193-1200.

Roth, Z., R. Meidan, R. Braw-Tal, and D. Wolfenson. 2000. Immediate and delayed effects of
heat stress on follicular development and its association with plasma FSH and inhibin
concentration in cows. J. Reprod. Fertil. 120: 83-90.

Sanchez, W. K., M. A. McGuire, and D. K. Beede. 1994. Macromineral nutrition by heat stress
interactions in dairy cattle: Review and original research. J. Dairy Sci. 77: 2051-2079.

Scharf, B., M. J. Leonard, R. L. Weaber, T. L. Mader, G. L. Hahn, and D. E. Spiers. 2010.
Determinants of bovine thermal response to heat and solar radiation exposures in a field
environment. Int. J. Biometeorol. 55: 469-480.

Schon, P. C., W. Kanitz, G. Manteuffel, A. Tuchscherer, K. Hamel, and B. Puppe. 2007. Altered
vocalization rate during the estrous cycle in dairy cattle. J. Dairy Sci. 90: 202-206.

Scipioni, R. L., and R. H. Foote. 1999. Short communication: An electronic probe versus milk
progesterone as aids for reproductive management of small dairy herds. J. Dairy Sci. 82:
1742-1745.

Senger, P. L. 1994. The estrus detection problem: new concepts, technologies, and possibilities. J.
Dairy Sci. 77: 2745-2753.

Shehab-El-Deen, M. A. M. M., D. Maes, A. Van Soom, S. Y. A. Saleh, J. L. M. R. Leroy, and M.
S. Fadel. 2010. Biochemical changes in the follicular fluid of the dominant follicle of
high producing dairy cows exposed to heat stress early post-partum. Anim. Reprod. Sci.
117: 189-200.

Shiraki, K., N. Konda, and S. Sagawa. 1986. Esophageal and tympanic temperature responses to
core blood temperature changes during hyperthermia. J Appl Physiol 61: 98-102.

Sievers, A. K., N. B. Kristensen, H.-J. Laue, and S. Wolffram. 2004. Development of an
intraruminal device for data sampling and transmission. J. Anim. Feed Sci. 13(Suppl. 1):
207-210.

Silvia, W. J., and M. L. Taylor. 1989. Relationship between uterine secretion of prostaglandin F,,
induced by oxytocin and endogenous concentrations of estradiol and progesterone at
three stages of the bovine estrous cycle. J. Anim. Sci. 67: 2347-2353.

105



St-Pierre, N. R., B. Cobanov, and G. Schnitkey. 2003. Economic losses from heat stress by US
livestock industries. J. Dairy Sci. 86 (E-Suppl.): E52-E77.

Stevenson, J. S., M. W. Smith, J. R. Jaeger, L. R. Corah, and D. G. LeFever. 1996. Detection of
estrus by visual observation and radiotelemetry in peripubertal, estrus-synchronized beef
heifers. J. Anim. Sci. 74: 729-735.

Stewart, M., J. R. Webster, G. A. Verkerk, A. L. Schaefer, J. J. Colyn, and K. J. Stafford. 2007.
Non-invasive measurement of stress in dairy cows using infrared thermography. Physiol.
Behav. 92: 520-525.

Suthar, V. S., O. Burfeind, S. Bonk, A. J. Dhami, and W. Heuwieser. 2012. Endogenous and
exogenous progesterone influence body temperature in dairy cows. Journal of dairy
science 95: 2381-2389.

Suthar, V. S., O. Burfeind, J. S. Patel, A. J. Dhami, and W. Heuwieser. 2011. Body temperature
around induced estrus in dairy cows. J. Dairy Sci. 94: 2368-2373.

Swanson, L. V., H. D. Hafs, and D. A. Morrow. 1972. Ovarian characteristics and serum LH,
prolactin, progesterone and glucocorticoid from first estrus to breeding size in Holstein
heifers. J. Anim. Sci. 34: 284-293.

Thibier, M., and H. G. Wagner. 2002. World statistics for artificial insemination in cattle. Livest.
Prod. Sci. 74: 203-212.

Thom, E. C. 1959. The Discomfort Index. Weatherwise 12: 57-61.

Torres-Junior, J. R. d. S., M. d. F. A. Pires, W. F. d. S4, A. d. M. Ferreira, J. H. M. Viana, L. S.
A. Camargo, A. A. Ramos, I. M. Folhadella, J. Polisseni, C. d. Freitas, C. A. Clemente,
M. F. de Sa Filho, F. F. Paula-Lopes, and P. S. Baruselli. 2008. Effect of maternal heat-
stress on follicular growth and oocyte competence in Bos indicus cattle. Theriogenology
69: 155-166.

Trimberger, G. W., and W. Hansel. 1955. Conception rate and ovarian function following estrus
control by progesterone injections in dairy cattle. J. Anim. Sci. 14: 224-232.

USDA. 2009. Dairy 2007, Part IV: Reference of dairy cattle health and managment practices in
the United States, 2007. In: USDA:APHIS:VS (ed.), Fort Collins, CO.

USDA. 2011. Small-scale U.S. Cow-calf operations. In: USDA:APHIS:VS (ed.), Fort Collins,
Co.

Vailes, L. D., and J. H. Britt. 1990. Influence of footing surface on mounting and other sexual
behaviors of estrual Holstein cows. J. Anim. Sci. 68: 2333-2339.

Vailes, L. D., S. P. Washburn, and J. H. Britt. 1992. Effects of various steroid milieus or
physiological states on sexual behavior of Holstein cows. J. Anim. Sci. 70: 2094-2103.

Vickers, L. A., O. Burfeind, M. A. von Keyserlingk, D. M. Veira, D. M. Weary, and W.
Heuwieser. 2010. Technical note: Comparison of rectal and vaginal temperatures in
lactating dairy cows. J. Dairy Sci. 93: 5246-5251.

Vizcarra, J. A., R. P. Wettemann, T. D. Braden, A. M. Turzillo, and T. M. Nett. 1997. Effect of
gonadotropin-releasing hormone (GnRH) pulse frequency on serum and pituitary
concentrations of luteinizing hormone and follicle-stimulating hormone, GnRH receptors,
and messenger ribonucleic acid for gonadotropin subunits in cows. Endocrinology 138:
594-601.

Wagner, J. J., K. S. Lusby, J. W. Oltjen, J. Rakestraw, R. P. Wettemann, and L. E. Walters. 1988.
Carcass composition in mature Hereford cows: Estimation and effect on daily
metabolizable energy requirement during winter. J. Anim. Sci. 66: 603-612.

Walker, W. L., R. L. Nebel, and M. L. McGilliard. 1996. Time of ovulation relative to mounting
activity in dairy cattle. J. Dairy Sci. 79: 1555-1561.

Wettemann, R. P., H. D. Hafs, L. A. Edgerton, and L. V. Swanson. 1972. Estradiol and
progesterone in blood serum during the bovine estrous cycle. J. Anim. Sci. 34: 1020-
1024.

106



White, F. J., R. P. Wettemann, M. L. Looper, T. M. Prado, and G. L. Morgan. 2002. Seasonal
effects on estrous behavior and time of ovulation in nonlactating beef cows. J. Anim. Sci.
80: 3053-3059.

Wilson, S. J., R. S. Marion, J. N. Spain, D. E. Spiers, D. H. Keisler, and M. C. Lucy. 1998.
Effects of controlled heat stress on ovarian function of dairy cattle. 1. Lactating cows. J.
Dairy Sci. 81: 2124-2131.

Wolfenson, D., B. J. Lew, W. W. Thatcher, Y. Graber, and R. Meidan. 1997. Seasonal and acute
heat stress effects on steroid production by dominant follicles in cows. Anim. Reprod.
Sci. 47: 9-19.

Wolfenson, D., W. W. Thatcher, L. Badinga, J. D. Savio, R. Meidan, B. J. Lew, R. Braw-Tal, and
A. Berman. 1995. Effect of heat stress on follicular development during the estrous cycle
in lactating dairy cattle. Biol. Reprod. 52: 1106-1113.

Wrenn, T., J. Bitman, and J. Sykes. 1958. Body temperature variations in dairy cattle during the
estrous cycle and pregnancy. J. Dairy Sci. 41: 1071 - 1076.

Xu, Z. Z., D. J. McKnight, R. Vishwanath, C. J. Pitt, and L. J. Burton. 1998. Estrus detection
using radiotelemetry or visual observation and tail painting for dairy cows on pasture. J.
Dairy Sci. 81: 2890-2896.

Yoshioka, H., M. Ito, and Y. Tanimoto. 2010. Effectiveness of a real-time radiotelemetric
pedometer for estrus detection and insemination in Japanese Black cows. J. Reprod. Dev.
56: 351-355.

Yousef, M. K. 1985. Stress physiology in livestock. CRC Press, Boca Raton, Fla.

Yousef, M. K., and H. D. Johnson. 1966. Calorigenesis of dairy cattle as influenced by thyroxine
and environmental temperature. J. Anim. Sci. 25: 150-156.

Yousef, M. K., H. H. Kiblee, and H. D. Johnson. 1967. Thyroid activity and heat production in
cattle following sudden ambient temperature changes. J. Anim. Sci. 26: 142-148.

107



VITA
Brit Horrocks Boehmer
Candidate for the Degree of
Master of Science

Thesis: USE OF RUMINAL TEMPERATURE FOR IDENTIFICATION AND PREDICTION
OF ESTRUS IN BEEF COWS

Major Field: Animal Science

Biographical:
Education:
Completed the requirements for the Master of Science in Animal Science at Oklahoma
State University, Stillwater, Oklahoma in July, 2012.

Completed the requirements for the Bachelor of Science in Animal Science at
Michigan State University, East Lansing, Michigan in 2005.

Graduated Williamston High School, Williamston, Michigan in June, 2000

Experience:
Employment:
Accurate Environmental Labs, LLC; Stillwater, OK  Nov. 2006 — May 2009
- Semi-Volatile Organics Analyst

Reproduction Enterprises, Inc.; Stillwater, OK June 2005 — June 2006
- Shipping Manager, Product Sales, Reproduction Technician, Herd
management
Hy-View Farms; Williamston, Ml Jan. 1995 — June 2005
- Owner, Manager
Teaching:

ANSCI 4803 — Growth and Performance:
Assisted in development and administration of class lecture, exam materials
and research projects
ANSCI 4863 — Capstone in Animal Agriculture:
Assisted in student evaluation and presentation of class materials
ANSCI 3653 — Applied Animal Nutrition:
Assisted in administration and presentation of lab materials and exercises
OSU Academic Quadrathalon:
Developed and administered reproduction practicum

Professional Memberships:
American Registry of Professional Animal Scientists
American Society of Animal Sciences
American Angus Association
National Cattleman’s Beef Association
American Association for the Advancement of Animal Science



Name: Brit Horrocks Boehmer Date of Degree: July, 2012
Institution: Oklahoma State University Location: Stillwater, Oklahoma

Title of Study: USE OF RUMINAL TEMPERATURE FOR IDENTIFICATION AND
PREDICTION OF ESTRUS IN BEEF COWS

Pages in Study: 107 Candidate for the Degree of Master of Science
Major Field: Animal Science

Scope and Method of Study: Postpartum, Angus cows were used to evaluate changes in ruminal
temperature (RuT) for the identification and prediction of estrus. Cows were
administered RuT transmitting boluses and synchronized with PGF,,. Ruminal
temperature and ambient temperature were recorded hourly. The onset of estrus was
determined by HeatWatch. Estrus was determined as a RuT increase of > 0.7°C fora 9 h
period compared with the mean RuT during the 12 to 84 h before the start of the 9 h
period. Cows predicted as estrous based on RuT were Al to Angus bulls, 8 to 16 h after
the first hour of the 9 h period in which RuT increased > 0.7°C. Ruminal temperature
was evaluated during the 16 to 24 before and 24 to 32 h after the onset of estrus. The
effect of ambient temperature (Tamb) on RuT was evaluated in postpartum, Angus cows.
Cows were exposed to Tamb ranging from 12 to 37°C. Relationships among RuT,
maximal Tamb (Tmax) and temperature humidity index (THI) were evaluated during 8 d
in January, June, and August. Relationships between rectal temperature (RT), respiration
rate (RR), Tmax, THI, and RuT were evaluated on two sequential days in August when
Tmax was 37°C (HOT) and 28°C (WARM).

Findings and Conclusions: Ruminal temperature was greater during the 9 h after the onset of
estrus compared with the 16 to 24 h before and 24 to 32 h after the onset of estrus.
Increased RuT at estrus occurred when onset of estrus was at 0100 to 0800, 0900 to 1600,
1700 to 0000 h. Time of day influenced RuT in the 9 h after the onset of estrus. Daily
Tmax of > 32°C increased the magnitude of diurnal variation in RuT and influenced RuT
at estrus compared with when ambient temperature was < 32°C. Correct identification of
estrous cows by a RuT increase of > 0.7°C occurred in 61% to 93% of cows. Non estrous
cows were identified as estrus by a RuT increase of > 0.7°C in 16 to 73 % of cows.
Pregnancy rate of cows Al based on RuT was 40% or greater and was not influenced by
daily Tmax. When cows were exposed to Tmax > 34°C or THI > 87, RuT was increased
compared with Tmax < 34°C or THI < 87, respectively. Ruminal temperature, RT, and
RR were greater on the HOT day compared with the WARM day. Ruminal temperature
was positively correlated with RT, RR, Tmax, and THI. These results indicate that the
use of RuT has potential for estrous detection in cattle. Estrous detections systems that
utilize changes in physiology are less subjective than visual observation of estrous
behavior, require less time, and labor expense. A RuT based estrous detection system
may increase the use of Al in the cow-calf industry. Insemination of cows to genetically
superior bulls provides producers the opportunity to decrease the calving interval,
increase the number and weight of calves, and enhance the profitability of a cowherd.

ADVISER’S APPROVAL: Dr. Robert P. Wettemann




	RUMINAL TEMPERATURE FOR IDENTIFICATION AND PREDICTION OF ESTRUS IN BEEF COWS
	RUMINAL TEMPERATURE FOR IDENTIFICATION AND PREDICTION OF ESTRUS IN BEEF COWS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER I
	INTRODUCTION

	CHAPTER II
	REVIEW OF LITERATURE
	ESTRUS IN COWS
	Endocrine Regulation of Estrus
	Detection of Estrus
	Estrous Behavior
	Factors Influencing Estrous Behavior
	Management Factors Effecting Estrous Behavior
	Environmental and Diurnal Factors Effecting Estrous Behavior

	BODY TEMPERATURE IN COWS
	Heat Production
	Sensory Input
	Thermoneutral Zone
	Diurnal Factors Effecting Body Temperature
	Endocrine Responses to Elevated Ambient Temperature
	Behavioral Response to Elevated Ambient Temperature
	External and Sub-Dermal Measures of Body Temperature
	Internal Measures of Body Temperature
	Factors Effecting Ruminal Temperature
	Body Temperature at Estrus

	Summary


	CHAPTER III
	IDENTIFICATION OF ESTRUS IN BEEF COWS WITH RUMINAL TEMPERATURE
	Abstract: Postpartum, Angus cows (4 to 7 yr of age) were used to evaluate changes in ruminal temperature (RuT) associated with estrus.  In Exp. 1, estrus of cows (n = 20) was synchronized with PGF2α at 79 ± 1 d postpartum and RuT was evaluated during ...
	Introduction
	MATERIALS AND METHODS
	Animals and Management
	Exp. 1
	Exp. 2
	Statistical Analyses

	Results
	Exp. 1
	Exp. 2

	Discussion
	Summary and conclusions
	Figure 1.  Identification of estrus by ruminal temperature (RuT) was determined by an increase in mean RuT for any 9 h period (grey box) of ≥ 0.3, ≥ 0.5, or ≥ 0.7 C compared with the mean RuT that occurred 12 to 84 h prior to the 9 h identification pe...
	Figure 2.  Diurnal variation in ambient temperature (Tamb) and ruminal temperature (RuT) of beef cows (n = 19) during the synchronized estrus in Exp. 1.  Solid grey line includes all RuT values; broken grey line excludes RuT values < 35.3 C (drinking ...
	Figure 3.  Diurnal variation in ambient temperature (Tamb) and ruminal temperature (RuT) of beef cows (n = 19) during the subsequent natural estrus in Exp. 1.  Solid grey line includes all RuT values; broken grey line excludes RuT values < 35.3 C (dri...
	Figure 4.  Mean ruminal temperature (RuT) relative to the onset of synchronized estrus (HeatWatch; 0 h) in beef cows (n = 16) in Exp. 1.  Bars represent mean RuT for 9 h after the onset of estrus compared with 16 to 24 h before and 24 to 32 h after  o...
	Figure 5.  Mean ruminal temperature (RuT) relative to the onset of subsequent natural estrus (HeatWatch; 0 h) in beef cows (n = 14) in Exp. 1.  Bars represent mean RuT for 9 h after the onset of estrus  compared with 16 to 24 h before  and 24 to 32 h ...
	Figure 6.  Ruminal temperature (RuT) and concentration of progesterone in plasma relative to onset of synchronized estrus (HeatWatch; 0h) in beef cows (n = 18) in Exp. 1.  a, b, c, d Means without a common letter differ (P < 0.02).  SE for progesteron...
	Figure 7.  Effect of time of day and time relative to onset of synchronized estrus (HeatWatch; 0 h) on ruminal temperature (RuT) of beef cows in Exp. 1.  Bars represent mean RuT for 9 h after the onset of estrus compared with 16 to 24 h before and 24 ...
	Figure 8.  Effect of time of day and time relative to onset of natural estrus (HeatWatch; 0 h) on ruminal temperature (RuT) of beef cows in Exp. 1.  Bars represent mean RuT for 9 h after the onset of estrus compared with 16 to 24 h before and 24 to 32...
	Figure 9   Diurnal variation in ambient temperature (Tamb) and ruminal temperature (RuT) of beef cows (n = 45) during synchronized estrus in Exp. 2.  Solid grey line includes all RuT values; broken grey line excludes RuT values < 35.3 C (drinking even...
	Figure 10.  Mean ruminal temperature (RuT) relative to the onset of estrus (HeatWatch; 0 h) in beef cows (n = 43) in Exp. 2.  Bars represent mean RuT for 9 h after the onset of estrus compared with 16 to 24 h before and 24 to 32 h after onset of estru...
	Figure 11.  Ruminal temperature (RuT) and concentration of progesterone in plasma relative to onset of synchronized estrus (HeatWatch; 0h) in beef cows (n = 43) in Exp. 2.   a, b, c Means without a common letter differ (P < 0.01).  SE for progesterone...
	Figure 12.  Effect of time of day and time relative to onset of synchronized estrus (HeatWatch; 0 h) on ruminal temperature (RuT) of beef cows (n = 16) in Exp. 2.  Bars represent mean RuT for 9 h after the onset of estrus compared with 16 to 24 h befo...



	CHAPTER IV
	EFFECT OF AMBIENT TEMPATURE ON RUMINAL
	Abstract: Postpartum, lactating, Angus cows (4-7 yr of age) were used to evaluate the effect of elevated ambient temperature (Tamb) on ruminal temperature (RuT).  Cows (n = 12) were administered RuT transmitting boluses (SmartStock, LLC) and RuT was e...
	Introduction
	Materials and methods
	Animals and Management
	Ruminal Temperature, Rectal Temperature, and Respiration Rate
	Environmental Data
	Statistical Analyses

	Results
	Discussion
	Summary and conclusions
	Figure 1A.  Diurnal variation in maximum ambient temperature (Tmax) and ruminal temperature (RuT) of beef cows (n = 8).  A. Solid grey line includes all RuT values and solid black line includes all hourly Tmax when daily Tmax ≤ 20 C.  SE for RuT when ...
	Figure 2.  Ruminal temperature (RuT) in beef cows (n = 11) relative to hourly maximum ambient temperature (Tmax).  Broken gray line is mean RuT during the experiment (38.23 ± 0.02 C).       a, b Means without a common letter differ (P < 0.001).  SE of...
	Figure 3.  Ruminal temperature (RuT) in beef cows (n = 11) relative to hourly mean temperature humidity index (THI).  Broken gray line is mean RuT during the experiment (38.23 ± 0.02 C).      a, b Means without a common letter differ (P < 0.001).  SE ...



	CHAPTER V
	PREDICTION OF ESTRUS IN BEEF COWS USING RUMINAL TEMPERATURE
	Abstract: Postpartum, lactating, Angus cows (4 to 7 yr of age) were used to evaluate changes in ruminal temperature (RuT) for the prediction of estrus.  In Exp. 4, cows (n = 62), were synchronized with PGF2α at 93 ± 2 d postpartum and RuT was evaluate...
	Introduction
	Materials and methods
	Exp. 4
	Exp. 5
	Statistical Analyses

	Results
	Exp. 4
	Exp. 5

	Discussion
	8Summary and conclusions
	Figure 1.  Prediction of estrus by ruminal temperature (RuT) was determined by an increase in mean RuT for any 9 h period (grey box) of 0.3 C, 0.5 C, or 0.7 C compared with the mean RuT that occurred 12 to 84 h prior to the 9 h identification period (...
	Figure 2.  Diurnal variation in ambient temperature (Tamb) and ruminal temperature (RuT) of beef cows (n = 60) in Exp. 4.  Solid grey line includes all RuT values, broken grey line excludes RuT values when daily maximum ambient temperature (Tmax) < 32...
	Figure 3.  Mean ruminal temperature (RuT) relative to the onset of synchronized estrus (0 h) in beef cows (n = 42) in Exp. 4.  1 Onset of estrus was determined by HeatWatch.  Bars represent mean RuT for 9 h after the onset of estrus compared with 16 t...
	Figure 4.  Effect of time of day and time relative to onset of synchronized estrus1 (0 h) on ruminal temperature (RuT) of beef cows in Exp. 4.  Bars represent mean RuT for 9 h after the onset of estrus compared with 16 to 24 h before and 24 to 32 h af...
	Figure 5.  Effect of time relative to onset of estrus (0 h) and daily maximum ambient temperatures (Tmax) of < 32 C or ≥ 32 C on ruminal temperature (RuT) in beef cows (n = 41) in Exp. 4.  Onset of estrus determined by HeatWatch.  a, b Means within pe...
	Figure 6.  Diurnal variation in ambient temperature (Tamb) and ruminal temperature (RuT) of beef cows (n = 58) in Exp. 5.  Solid grey line includes all RuT values, broken grey line excludes RuT values when daily maximum ambient temperature (Tmax) < 32...
	Figure 7.  Mean ruminal temperature (RuT) relative to the onset of synchronized estrus (0 h) in beef cows (n = 38) in Exp. 5.  Onset of estrus was determined by HeatWatch.  Bars represent mean RuT for 9 h after the onset of estrus compared with 16 to ...
	Figure 8.  Effect of time of day and time relative to onset of synchronized estrus1 (0 h) on ruminal temperature (RuT) of beef cows in Exp. 5.  Bars represent mean RuT for 9 h after the onset of estrus compared with 16 to 24 h before and 24 to 32 h af...
	Figure 9.  Effect of time relative to onset of estrus (0 h) and daily maximum ambient temperatures (Tmax) of < 32 C or ≥ 32 C on ruminal temperature (RuT) in beef cows (n = 38) in Exp. 5.  Onset of estrus determined by HeatWatch.  a, b Means within pe...



	CHAPTER VI
	SUMMARY AND CONCLUSIONS

	References
	VITA
	Scope and Method of Study: Postpartum, Angus cows were used to evaluate changes in ruminal temperature (RuT) for the identification and prediction of estrus.  Cows were administered RuT transmitting boluses and synchronized with PGF2α. Ruminal tempera...
	Findings and Conclusions:  Ruminal temperature was greater during the 9 h after the onset of estrus compared with the 16 to 24 h before and 24 to 32 h after the onset of estrus. Increased RuT at estrus occurred when onset of estrus was at 0100 to 0800...

