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Effects of weather variables on  
thermoregulation of calves during periods  

of extreme heat  

Miles E. Theurer, BS; David E. Anderson, DVM, MS; Brad J. White, DVM, MS; 
Matt D. Miesner, DVM, MS; Robert L. Larson, DVM, PhD

Objective—To determine effects of ambient temperature, relative humidity, wind speed, 
relative barometric pressure, and temperature-humidity index (THI) on nasal submucosal 
and rectal temperatures in cattle during extreme summer conditions.
Animals—20 black crossbred beef heifers (mean body weight, 217.8 kg).
Procedures—Nasal submucosal and rectal temperatures were monitored every 2 hours 
for 24 hours on 3 nonconsecutive days when ambient temperature was forecasted to ex-
ceed 32.2°C. Ambient temperature, relative humidity, wind speed, and relative barometric 
pressure were continuously monitored at a remote weather station located at the research 
facility. The THI was calculated and used in the livestock weather safety index (LWSI). Re-
lationships between nasal submucosal or rectal temperature and weather variables were 
evaluated.
Results—Nasal submucosal and rectal temperatures were related to all weather variables 
monitored. A positive relationship was determined for ambient temperature and THI with 
both nasal submucosal and rectal temperatures. A negative relationship was evident for 
nasal submucosal and rectal temperature with relative humidity, wind speed, and relative 
barometric pressure. Nasal submucosal and rectal temperatures increased with increasing 
severity of LWSI category.
Conclusions and Clinical Relevance—Effects of environmental conditions on thermoreg-
ulation in calves exposed to extreme heat were detected. The positive relationship between 
nasal submucosal temperature and ambient temperature and THI raised concerns about 
the efficacy of intranasal administration of temperature-sensitive modified-live virus vac-
cines during periods of extreme heat. Environmental conditions must be considered when 
rectal temperature is used as a diagnostic tool for identifying morbid cattle. (Am J Vet Res 
2014;75:296–300)
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Economic losses as a result of reduced productivity in 
cattle occur when animals are outside their thermal 

comfort zone. Heat stress has been estimated to cause 
annual losses of $282 million in beef finishing cattle 
because of reduced dry-matter intake, decreased growth 
rate, and increased risk of death.1 In addition, cattle re-
sponses to high ambient temperature and relative humid-
ity can mimic the clinical signs of respiratory disease. Heat 

stress has been associated with increased respiratory rate 
and effort, decreased feed intake, decreased activity, and 
increased body temperature.2,3 The similarity in behavior 
between calves affected by heat stress and cattle with re-
spiratory disease can create challenges for people respon-
sible for monitoring animal health.

The THI, which was established to estimate the se-
verity of risk from heat stress in cattle, is based primari-
ly on ambient temperature and relative humidity.4,5 The 
THI is used in the LWSI to categorize environmental 
conditions: normal (THI, ≤ 74), alert (75 to 78), dan-
ger (79 to 83), and emergency (≥ 84).6,7 The LWSI was 
established by the USDA Agriculture Marketing Ser-
vice to provide recommendations for transportation of 
cattle and swine during extreme summer conditions.7 
Ambient temperature and relative humidity have been 
positively correlated with panting scores in cattle dur-
ing hyperthermal conditions.4

ABBREVIATIONS
LWSI Livestock weather safety index
THI Temperature-humidity index
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Although thermography measurement of nares 
temperature in cattle has been discussed,8–10 no study 
has been conducted to determine the effect of envi-
ronmental temperature on nasal submucosal tempera-
tures. Nares thermography records the temperature of 
the air exiting the nasal passages. These measurements 
are subject to errors associated with the conditions in 
which the thermography images are obtained. Also, 
thermography equipment of sufficient quality to accu-
rately measure these temperatures is expensive.

Current use of temperature-sensitive vaccines ad-
ministered via the intranasal route requires that nasal 
mucosal temperatures do not exceed 39°C.11 To the 
authors’ knowledge, the effect of extreme summer en-
vironmental conditions on nasal submucosal tempera-
ture has not been reported. The objective of the study 
reported here was to determine the effect of ambient 
temperature, relative humidity, wind speed, relative 
barometric pressure, and THI on nasal submucosal 
and rectal temperatures in cattle during extreme sum-
mer heat conditions. This information would be use-
ful for understanding the effects of environment on  
thermoregulation.

Materials and Methods

Animals—Twenty black crossbred beef heifers 
with a mean ± SD body weight of 217.8 ± 12.1 kg were 
selected for the study. All calves were approximately 6 
months old. Calves were owned by Kansas State Uni-
versity, and all procedures were approved by an institu-
tional animal care and use committee. 

Calves were housed in a single pen (12.2 X 24.4 m) 
throughout the study. Calves were fed a starter ration 
that included 2.3 kg of corn/d with trace minerals and 
0.9 kg of alfalfa/d. In addition, calves had ad libitum 
access to brome hay, a salt block, and water. A south-
facing, open-faced tin shed was available as a source 
of shade throughout the study. Cattle were humanely 
handled during each portion of the study and observed 
twice daily throughout the study to monitor health status.

Measurements were obtained during 3 noncon-
secutive intensive 24-hour monitoring periods (mea-
surements obtained for a total of 72 hours). Monitoring 
periods were selected on the basis of weather forecasts 
that the ambient temperature would exceed 32.2°C. An 
intensive monitoring period began at 8 AM, and nasal 
submucosal and rectal temperatures were recorded ev-
ery 2 hours for 24 hours. Calves were moved through 
a chute, and rectal temperatures were measured with 
a rapid equilibration probea to allow for minimal han-
dling during the measurement period. Commercially 
available, inexpensive, and easily applied biothermal 
sensorsb were implanted in the left and right nasal 
submucosa approximately 100 mm caudal to the alar 
cartilages. The biothermal sensors were radiofrequency 
transponders activated by an electronic recording de-
vice and had an accuracy of ± 0.1°C. A remote weather 
stationc was placed at the research facility where the 
calves were housed to enable monitoring of local am-
bient temperature, relative humidity, wind speed, and 
relative barometric pressure throughout the study. The 
weather station was set to record variables for the same 
time periods during which calves were moving through 

the chute. Results for the aforementioned variables 
were used to calculate THI for each time point by use of 
the following equation12,13:

THI = (0.81 X ambient temperature) +  
(relative humidity X [ambient temperature – 14.4]) + 46.4

Statistical analysis—Data were imported into a com-
mercial statistical software packaged for analysis. The mean 
value for the left and right nasal submucosal temperature 
was calculated at each time point and used for statistical 
analysis. Values for weather variables were rounded to the 
nearest whole number prior to analysis. A multivariate 
model was created to evaluate the potential relationships 
for nasal submucosal or rectal temperature with all envi-
ronmental weather variables (ambient temperature, rela-
tive humidity, wind speed, relative barometric pressure, 
and THI). Individual generalized mixed models were used 
to evaluate potential relationships between nasal sub-
mucosal and rectal temperatures on the basis of ambient 
temperature, relative humidity, wind speed, relative baro-
metric pressure, and THI. All analyses included a random 
effect for each calf because of repeated measures on the 
calves and a random effect for each day (24-hour period of 
sample collection) temperatures were recorded. The time 
of day observations were obtained (2-hour intervals) was 
included as a fixed effect in models whereby the interac-
tion between time and the effect of interest was evaluated 
or as a random effect in models constructed to evaluate 
the overall estimates of the amount of time spent in ther-
mal zones. For all comparisons, values of P < 0.05 were 
considered significant. Correlation analysis between rectal 
temperature and nasal submucosal temperature was per-
formed; this analysis included random effects for repeated 
measures on calves, study day, and time of day.

The THI was used in the LWSI for categorizing 
recommendations of transportation of cattle during ex-
treme summer conditions.7 Nasal submucosal and rec-
tal temperatures were evaluated for each LWSI category 
with generalized mixed models that included a random 
effort for repeated measures on calves and a random 
effect for each day of the study. Student t tests were 
used to evaluate differences in nasal submucosal and 
rectal temperatures for each LWSI category. For all mul-
tiple comparisons, values of P < 0.01 were considered  
significant.

Results

All calves remained healthy throughout the 
study, and the ambient temperature exceeded 32.2°C 
for each of the 24-hour intensive monitoring periods. 
Sunrise was at approximately 6 AM, and sunset was at 
approximately 7 PM. Overnight low temperature was 
25.5°, 21.4°, and 20.7°C, respectively, for the three 
24-hour intensive monitoring periods. Mean envi-
ronmental conditions by time of day were summa-
rized (Table 1). Ambient temperature was lowest in 
the early morning (6 AM; mean, 22.6°C) and highest 
in the late afternoon (4 PM; mean, 36.8°C). Relative 
humidity was highest in the early morning (6 AM; 
mean, 80.0%) and lowest in the late afternoon (4 PM; 
mean, 39.7%). Wind speed was lowest in the early 
morning (8 AM; mean, 1.4 m/s) and highest in the late 
afternoon (4 PM; mean, 3.8 m/s). Relative baromet-
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ric pressure was highest in the midmorning (10 AM; 
mean, 739.06 mm Hg) and lowest in the late after-
noon (6 PM; mean, 736.85 mm Hg). The THI was 
lowest in the early morning (6 AM; mean, 70.96) and 
highest in the late afternoon (4 PM; mean, 84.69). 

During the 72 hours of monitoring, the calves were 
exposed to environmental conditions in several LWSI 
categories. The percentage of time the calves spent in 
each LWSI category was as follows: normal, 27.8%; 
alert, 13.9%; danger, 25.0%; and emergency, 33.3%.

Figure 1—Mean ± SE rectal temperature (white triangles) and nasal submucosal temperature (black squares) in 20 black crossbred 
beef heifers as a function of ambient temperature (A), relative humidity (B), wind speed (C), and relative barometric pressure (D) during 
extreme summer weather conditions. The line of best fit and equation for that line were determined for nasal submucosa temperature 
(bottom equation in each panel) and rectal temperature (top equation in each panel). Data were obtained during 3 nonconsecutive 24-
hour periods when ambient temperature was forecasted to exceed 32.2°C. The model used for analysis included effects for repeated 
measures on individual calves, repeated measures on study day, and time of day. All weather variables monitored had significant (P < 
0.01) effects on rectal temperature and nasal submucosal temperature.

       Relative    Nasal 
Time of Ambient Relative Wind barometric pressure  Rectal submucosal
day temperature (°C) humidity (%) speed (m/s) (mm Hg) THI temperature (°C) temperature (°C)   

8 AM 28.9 ± 3.7 66.7 ± 11.9 1.4 ± 0.4 738.97 ± 0.94 79.1 ± 3.5 39.10 ± 0.47 36.3 ± 1.3
10 AM 34.2 ± 3.3 53.0 ± 12.2 1.8 ± 0.1 739.06 ± 0.94 84.2 ± 1.8 39.58 ± 0.58 37.9 ± 0.6
Noon 35.5 ± 3.9 47.3 ± 11.2 1.8 ± 0.8 738.72 ± 1.05 84.7 ± 2.7 39.64 ± 0.63 37.5 ± 0.6
2 PM 36.7 ± 4.1 41.7 ± 8.3 2.4 ± 0.6 738.12 ± 1.04 85.1 ± 3.4 39.70 ± 0.70 37.0 ± 0.6
4 PM 36.8 ± 4.1 39.7 ± 10.2 3.8 ± 3.0 737.53 ± 1.05 84.7 ± 2.8 40.05 ± 0.70 36.6 ± 0.8
6 PM 35.9 ± 3.8 41.3 ± 9.5 3.3 ± 1.5 736.85 ± 0.95 84.0 ± 2.8 39.90 ± 0.57 35.3 ± 0.8
8 PM 32.4 ± 2.9 52.0 ± 9.3 2.1 ± 1.0 737.28 ± 1.54 81.8 ± 2.3 39.71 ± 0.51 34.7 ± 0.9
10 PM 27.4 ± 3.6 61.7 ± 12.3 3.2 ± 1.3 738.12 ± 2.02 76.2 ± 3.3 39.25 ± 0.54 34.7 ± 1.6
Midnight 25.8 ± 3.3 68.7 ± 11.9 2.1 ± 1.0 738.04 ± 1.19 74.7 ± 3.4 38.99 ± 0.47 34.5 ± 1.3
2 AM 24.8 ± 2.3 72.3 ± 11.0 1.6 ± 0.3 738.38 ± 2.00 73.8 ± 2.2 38.86 ± 0.49 34.4 ± 1.7
4 AM 23.6 ± 2.7 76.3 ± 13.1 1.6 ± 0.7 738.89 ± 2.91 72.3 ± 2.8 38.73 ± 0.43 34.1 ± 2.7
6 AM 22.6 ± 2.1 80.0 ± 11.4 2.7 ± 2.2 739.06 ± 2.24 71.0 ± 2.3 38.56 ± 0.38 33.9 ± 3.2

The model used for analysis included effects for repeated measures on individual calves for rectal temperature and nasal submucosal tem-
perature and repeated measures on study day. Time of day had a significant (P < 0.01) effect on all variables evaluated.

Table 1—Mean ± SD rectal temperature and nasal submucosal temperature by time of day in 20 black crossbred beef heifers exposed 
to extreme environmental conditions in summer.
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A single multivariate model for comparing nasal 
submucosal or rectal temperature with all of the weather 
variables did not converge; therefore, results were report-
ed for models created to evaluate relationships between 
nasal submucosal or rectal temperatures and individual 
weather variables. Nasal submucosal and rectal tempera-
tures were significantly (P < 0.01) associated with ambient 
temperature, relative humidity, wind speed, relative baro-
metric pressure, and time of day (Figure 1; Table 1). Nasal 
submucosal and rectal temperatures were significantly (P 
< 0.01) associated with THI (Figure 2). Rectal and nasal 
submucosal temperatures increased with increasing sever-
ity of LWSI category. Analysis revealed that there was a 
correlation (r2 = 0.77) between nasal submucosal and rec-
tal temperatures. Nasal submucosal temperature exceeded 
39°C in 5 calves during the monitoring period.

Discussion

In the study reported here, nasal submucosal and 
rectal temperatures in beef heifers were correlated with 
weather variables during periods of extreme heat. This 

may be of importance when evaluating the response of 
cattle to intranasal administration of temperature-sen-
sitive vaccines. Temperature-sensitive vaccines are in-
activated at temperatures > 39°C.11 In the present study, 
calves exposed to extremely high ambient temperatures 
occasionally had nasal submucosal temperatures above 
this threshold. Nasal submucosal and rectal temperatures 
were strongly correlated. Nasal submucosal and rectal 
temperature measurements are not subject to human error 
and may provide a more accurate reflection of tempera-
tures to which the nasal mucosa is subjected, compared 
with the accuracy for temperatures measured with nasal 
thermography.

Rectal temperatures are a common component of 
health monitoring protocols.14 However, information 
on the evaluation of the environmental effects on rec-
tal temperatures during conditions of extreme heat or 
a high THI is lacking. Diurnal variation in rectal tem-
perature of cattle has been described.15,16 In one of those 
studies,15 the lowest rectal temperatures were recorded 
during the morning hours, and the highest rectal tem-
peratures were recorded during the late afternoon and 
early evening hours. The diurnal variation was attrib-
uted to changes in the environmental conditions those 
calves were exposed to throughout the day.15

In the present study, associations were detected be-
tween nasal submucosal and rectal temperatures and all 
weather variables monitored; however, changes in na-
sal submucosal and rectal temperatures were more dra-
matic with increases in ambient temperature and THI. 
Nasal submucosal temperature increased more rapidly 
than did rectal temperature with increases in ambient 
temperature and THI, but there was marked variation. 
However, the overall pattern was a positive relationship 
(increases in nasal submucosal and rectal temperatures 
with increases in ambient temperature and THI). The 
rectal temperatures in the present study were recorded 
during summer environmental conditions, which lim-
ited interpretation of the data during these summer 
conditions. These results may prove useful in future 
studies on extreme heat in the Midwest, which is the 
location for most beef feedlots.17,18

Surprisingly, a slight negative relationship was found 
for nasal submucosal and rectal temperatures with relative 
humidity. As relative humidity increases, respiration rates 
increase in an attempt to dissipate body heat.4,19 However, 
the calves in our study were exposed to weather condi-
tions that resulted in an inverse relationship between 
ambient temperature and relative humidity because the 
highest relative humidity was detected during the night 
and the lowest relative humidity was detected during the 
day. We did not have enough data points to compare ani-
mal responses to different amounts of relative humidity 
at similar ambient temperatures to separate the effects of 
relative humidity and ambient temperature. The relation-
ship between nasal submucosal temperature and relative 
humidity was unclear because of the variation in nasal 
submucosal temperature, which resulted in no pattern 
that was clearly evident. 

Nasal submucosal and rectal temperatures de-
creased with increases in wind speed, as expected. 
Wind may help cattle dissipate heat and allow them to 
thermoregulate more efficiently through evaporation.20

Figure 2—Mean ± SE rectal temperature (white triangles) and 
nasal submucosal temperature (black squares) in 20 black cross-
bred beef heifers as a function of THI (A) and mean ± SE rectal 
temperature and nasal submucosal temperature by LWSI category 
(B).  In panel A, the THI had a significant (P < 0.01) effect on rectal 
temperature and nasal submucosal temperature. In panel B, the 
THI was used in the LWSI to categorize environmental conditions 
as follows: normal (THI, ≤ 74 [black bars]), alert (THI, 75 to 78 [gray 
bars]), danger (THI, 79 to 83 [white bars]), and emergency (THI, ≥ 
84 [vertical-striped bars]).6,7 a–dWithin a temperature variable, LWSI 
categories with different letters differ significantly (P < 0.01). No-
tice that the scale on the y-axis differs between the panels.
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It has been suggested that the THI is the best, sim-
plest, and most practical method used to predict risk of 
heat stress in cattle. The positive relationship for nasal 
submucosal and rectal temperature with THI was expect-
ed. Variation in the nasal submucosal temperature with 
changes in THI was not as great as the variation in the 
nasal submucosal temperature with changes in ambient 
temperature. Both nasal submucosal and rectal tempera-
tures plateaued at a THI ≥ 86. This plateau may be the tol-
erance limit for nasal submucosal and rectal temperatures 
in healthy cattle during periods of extreme heat. It could 
be speculated that cattle would succumb to heat stress at 
a THI above this threshold, but such studies might endan-
ger the well-being of cattle and have not been performed 
to the authors’ knowledge. 

The calves remained healthy throughout the pres-
ent study. The heifers were monitored continuously, 
and none of them developed clinical signs of illness 
throughout the study. The physiologic capability of 
morbid animals to thermoregulate during periods of 
extreme heat conditions remains unclear. Heat stress 
environmental indices have been established that in-
corporate both solar radiation and wind speed.21 In-
tensity of solar radiation was not monitored during the 
present study, but all calves were housed in a single pen 
with full exposure to sunlight, although an open-faced 
tin shed did provide shade.

A diurnal pattern in nasal submucosal and rectal tem-
peratures was detected, but the changes were less marked 
than in other studies.15,16 The minimal diurnal fluctuation 
in the present study may have been related to the environ-
mental conditions to which the calves were exposed. It is 
important to consider the time of day when rectal tem-
perature is measured and used as a diagnostic tool, given 
that a change in rectal temperature of 1°C may result in a 
different diagnosis or treatment. 

Limitations of the study included that all monitoring 
periods were during extreme summer heat and that the 
weather variables monitored were neither independent 
of each other nor controlled. We attempted to develop a 
multivariate model with all of the weather variables in-
cluded, but it was not possible to create a final model with 
these data because of convergence issues. Data were col-
lected during three 24-hour periods; however, these pe-
riods did not provide sufficient variation among weather 
and outcome variables to enable us to evaluate them in a 
single model. A larger data set with increased variation in 
environmental variables may enable researchers to gener-
ate a multivariate model and provide more insights into 
the true relationships between weather conditions and 
homeostasis in cattle. Additional studies need to be per-
formed to determine the clinical implications of extreme 
summer conditions on monitoring, health, productivity, 
and management strategies of beef calves.

In the present study, weather conditions impacted 
thermoregulation in cattle. Overall, calves were efficient 
at responding to various extremes of ambient tempera-
ture and relative humidity. The positive relationship 
between nasal submucosal temperature and ambient 
temperature and THI raises concerns about the efficacy 
of intranasal administration of temperature-sensitive 
modified-live virus vaccines to cattle during periods of ex-
treme heat. Environmental conditions and the THI need 

to be considered when rectal temperature is used as a di-
agnostic tool to identify morbid animals because weather 
variables are associated with rectal temperature.

a. Pavia Rectal Temp, Pavia Sales Group Inc, Plymouth, Minn.
b. Biothermal LifeChip with Bio-thermo technology for llamas and 

alpacas, Destron Technologies, Round Rock, Tex.
c. WS-2812, La Crosse Technology, La Crosse, Wis.
d. JMP, version 9, SAS Institute Inc, Cary, NC.
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