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ABSTRACT: Thermal stress in hot humid condi-
tions limits cattle production. The objectives for 
this study were to estimate genetic parameters 
for hair characteristics and core body tempera-
ture under low and high temperature humidity 
index (THI) conditions. Hair samples were col-
lected and measured for length and diameter. 
Core body temperature was measured as vaginal 
temperature every 15 min over a 5-d period using 
an iButton temperature measuring device im-
planted in a blank CIDR in 336 heifers from the 
University of Florida multibreed herd (ranging 
from 100% Angus to 100% Brahman). Restricted 
maximum likelihood procedures were used to esti-
mate heritabilities from multiple bivariate animal 
models using the WOMBAT program. Estimates 
of heritability for hair diameter, undercoat length, 
topcoat length, body temperature under low THI 
conditions, and body temperature under high THI 

conditions were 0.50, 0.67, 0.42, 0.32, and 0.26, 
respectively. The genetic parameters estimated 
in this study indicate a large, exploitable genetic 
variance which can be selected upon to improve 
tolerance in cattle. Breed effects for differing com-
positions of Brahman and Angus were also esti-
mated. As Brahman breed composition increased 
by 25% undercoat length, topcoat length, body 
temperature under low THI conditions, and body 
temperature under high THI conditions decreased 
by 1.32 mm, 2.94 mm, 0.11 °C, and 0.14 °C, re-
spectively. Under both low and high THI condi-
tions, cattle with 25% Brahman breed composition 
or greater maintained a significantly lower body 
temperature than the 100% Angus breed group. 
The incorporation of Brahman germplasm is re-
commended for herds that often experience heat 
stress conditions in order to increase resilience to 
heat stress.
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INTRODUCTION

Thermal stress in hot and humid conditions 
limits beef  cattle production. Over 65% of  the 
world’s cattle (beef  and dairy) reside in trop-
ical or subtropical climates known for their hot 

and humid conditions (Burrow, 2012). In the 
United States alone, thermal stress results in a 
loss of  $369 million a year (St-Pierre et al., 2003) 
due to reduced animal performance such as re-
duced feed intake and lower pregnancy rates 
(Amundson et  al., 2006; Sunil Kamar et  al., 
2011; Renaudeau et al., 2012). These economic 
losses are expected to increase as thermal stress 
increases due to climate change (Hahn, 1999; 
Renaudeau et  al., 2012). Thermal tolerance is 
influenced by many factors, including breed 
and hair coat properties (Turner and Schleger, 
1960; Jenkinson et  al., 1975; Gaughan et  al., 
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1999; Olson et  al., 2003; Burrow, 2012; Porto-
Neto et  al., 2014; Barendse, 2017). Differences 
within and between breeds for thermal tolerance 
and hair coat properties exist and are indicative 
of  opportunities for improvement through selec-
tion (Landaeta-Hernández et al., 2011; Hamblen 
et  al., 2018). Thermotolerance is a quantitative 
trait controlled by many genes and under envir-
onmental influence (Porto-Neto et  al., 2014). It 
is also a difficult and expensive trait to measure. 
On the other hand, coat properties are easier to 
measure and have a direct effect on the ability of 
an animal to tolerate hot and humid conditions. 
The objectives of  this study were to estimate the 
heritability of  hair characteristics and core body 
temperature. These estimates will give an indica-
tion of  the possible improvement of  these traits 
through selection.

MATERIALS AND METHODS

Population and Phenotype Data

The University of Florida Institutional Care 
and Use Committee approved the research protocol 
used in this study (Approval no. 201203578).

This study utilized 336 heifers from the 
multibreed herd of  the University of  Florida over 
2 yr, 2017 and 2018. The UF multibreed herd has 
been in existence since 1988 (Elzo and Wakeman, 
1998; Elzo et al., 2016, 2017). Its mating program 
is diallel, where sires from 6 breed groups (3 to 5 
per breed group) are mated to cows belonging to 
each of  these same 6 breed groups (35 to 50 cows 
per breed group). Mating is done by artificial in-
semination (AI; up to 2 AI per cow) followed by 
natural service for 60 d (single-sire mating within 
sire breed groups). For mating purposes, animals in 
the multibreed herd are assigned to 6 breed groups 
based on breed composition: 100% Angus = 100% 
to 80% Angus; 75% Angus = 79% to 60% Angus; 
Brangus  =  62.5% Angus; 50% Angus  =  59% to 
40% Angus; 25% Angus  =  39% to 20% Angus; 
and 100% Brahman: 19% to 0% Angus. Angus, 
Brahman, and Brangus sires are chosen from out-
side sources to be as representative as possible of 
their respective national populations. Sires from 
the 75% Angus, 50% Angus, and 25% Angus are 
chosen primarily from within the multibreed herd 
for availability reasons, and from outside herds 
when available. Heifers used in this study were pro-
geny of  sires and dams from the current national 
purebred populations (Angus, Brahman, Brangus) 

and Angus–Brahman crossbred animals from the 
multibreed herd.

Heifers were managed the same across both 
years. Heifer calves were kept with their dams on 
bahiagrass pastures with free access to mineral sup-
plement (Lakeland Animal Nutrition, Lakeland, 
FL) at the  University of Florida Beef Research 
Unit until weaning at 6 to 8 mo of age. Postweaning, 
heifers continued to be maintained on bahiagrass 
pastures at the Beef Research Unit and were sup-
plemented with bermudagrass hay and cottonseed 
meal during the winter months.

 Hair samples were collected from the shoulder, 
4  inches down from spine and halfway along hori-
zontal axis of each animal, when heifers were in the 
chute for controlled internal drug release (CIDR) in-
sertion. Hair samples were spread on a white paper and 
photographed (Fig. 1). A ruler was always included in 
the picture to serve as a scale by which pixels could be 
converted into millimeters. Hair samples were meas-
ured for length and diameter using ImageJ software 
(Schindelin et al., 2012). Hairs with extremely short 
or long lengths were not considered for measurement. 
Five long and 5 short hairs for each individual were 
selected for measurement to evaluate the length of the 
topcoat and undercoat, respectively. All 10 hairs were 

Figure 1. Hair samples photographed alongside a ruler, as viewed 
during ImageJ analysis, with a short and long hair highlighted, repre-
senting the undercoat and topcoat, respectively.
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measured for diameter. The averages of the 5 short 
and long hairs were used in the statistical analysis.

Core body temperature was measured as vaginal 
temperature on 89 heifers during summer of 2017 
from July 17 to July 21, 205 heifers during summer 
2018 from June 6 to June 10, and 42 heifers during 
summer 2018 from August 22 to August 26. Body 
temperature was recorded at 15-min intervals for 5 d 
using an iButton data logger (iButton type DS1922L, 
temperature range −40 to 85 °C, accuracy of 11-bit 
for ±0.0625  °C resolution, Maxim Integrated, San 
Jose, CA) (Dikmen et al., 2014) inserted into a blank 
CIDR device and then into the vagina of each animal. 
Each iButton was calibrated before the study started 
and pre-programmed to record body temperature 
at 15-min intervals on a 24-h cycle. Ambient envir-
onmental conditions were monitored using HOBO 
data loggers which continuously record temperature, 
humidity dew-point temperature with HOBO-U23 
data logger (Onset Computer Corp., Bourne, MA), 
and black globe temperature by using HOBO-U22 
data logger. The temperature humidity index (THI) 
was calculated as: THI = (1.8 × T + 32) − [(0.55 − 
0.0055 × RH) × (1.8 × T − 26)], where T = air tem-
perature (°C) and RH = relative humidity (%) (NRC, 
1971). This equation has been shown to be a good 
indicator of heat stress (Dikmen and Hansen, 2009). 
Only body temperatures from the 3 continuous days 
when cattle were on pasture undisturbed were ana-
lyzed. Body temperatures on days 1 and 5 when the 
CIDRs were inserted and removed were excluded 
from analysis due to human interaction. Based on the 
thresholds defined by the livestock weather hazard 
guide (LWSI, 1970) and the THI level encountered 
during our experiment, THI conditions between 68 
and 70 were considered low THI while THI between 
84 and 86 were considered high THI. Body temper-
atures at low and high THI for each individual were 
calculated by averaging all the body temperature 
measurements collected during the time that the THI 
windows occurred. This was accomplished for each 
heifer by averaging the body temperature from all 
15-min windows when the heifer was exposed to a 
particular THI interval (low or high).

Statistical Analyses

Statistical analyses were performed using SAS 
9.4 (SAS Inst. Inc., Cary, NC). The MEANS pro-
cedure was used to produce descriptive statistics for 
hair characteristics and body temperature data.

The GLM procedure of SAS was used to ana-
lyze the effect of breed group on each individual 
trait. The model for each trait included year of 

birth, temperature collection group, and breed 
group as fixed effects. Breed-group least squares 
means were separated using LSMEANS with the 
PDIFF option.

To estimate the linear and quadratic effect of 
percent Brahman genetics and Brahman–Angus 
heterosis effects as a function of heterozygosity, the 
breed groups were recoded as 0, 1, 1.5, 2, 3, and 4, 
indicating 0%, 25%, 37.25%, 50%, 75%, and 100% 
Brahman genetics, respectively. Heterozygosity was 
calculated as (Sire Angus fraction * Dam Brahman 
fraction + Sire Brahman fraction * Dam Angus frac-
tion). The model included year of birth, tempera-
ture collection group as fixed effects and the linear 
and quadratic breed composition as covariates. If  
heterosis or quadratic breed effects were not signifi-
cant, they were removed from the final model.

Restricted maximum likelihood procedures 
were used to estimate heritability from 4 bivariate 
animal models using the WOMBAT software 
(Meyer, 2007). Undercoat and topcoat, under-
coat and diameter, topcoat and diameter, and core 
body temperature under low and high THI con-
ditions were analyzed as pairwise traits. In matrix 
notation the basic model for each of the 4 animal 
models was:

� y = Xβ + Zu + e

where y is a vector of the observations for the 2 
traits; X is an incidence matrix relating obser-
vations of fixed effects; β is a vector of the fixed 
effects for each trait; Z is an incidence matrix re-
lating observations to random animal effects; u is 
a vector of the multiple trait random effects; and 
e is a vector of the random residual errors for all 
measured traits and animals. Contemporary group 
was fitted as the only fixed effect in all 4 animal 
models. Contemporary groups were defined based 
on age, breed group (based on breed composition), 
and temperature measurement group for a total of 
34 unique contemporary groups. A  4-generation 
pedigree file with 1,091 individuals containing the 
identification of the animal, sire, and dam was used 
to define relationships among animals in the data 
set. The pedigree included 334 animals with records 
for both hair characteristics and vaginal tempera-
ture, and 797 animals without records (parents, 
grandparents, etc.). Two animals missing 1 or more 
phenotypes were excluded from analysis. There 
were 143 sires and 385 dams, of which 54 sires and 
225 dams had progeny with records in the data. The 
remaining sires and dams were grandparents and 
great-grandparents of the progeny with records. 
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None of the sires or dams had phenotypic data in 
the data set.

RESULTS AND DISCUSSION

Hair Characteristics

Descriptive statistics for the hair measurements 
are provided in Table 1. Overall, there was a large 
variation in diameter and both the topcoat and 
undercoat length. The topcoat length had a slightly 
greater variation than undercoat length. This level 
of variation in both hair length phenotypes is indi-
cative of opportunities for selective improvement.

The least squares means of the hair character-
istics by breed composition are shown in Table 2. 
No significant differences between breed groups 
were found for the diameter measurements. Across 
both hair length measurements, the breed group 
with the greatest Brahman percentage had the 
shortest length. The percentage of Brahman breed 
composition was found to have a significant linear 
effect (P < 0.05) for both topcoat and undercoat. 
The group with the highest Brahman percentage 
had significantly shorter hair for both the under-
coat and topcoat than all the other breed groups, 
including the 75% Brahman percentage group.

There was no significant heterosis effect on 
diameter or topcoat length, but there was for 
undercoat length. As Brahman breed compos-
ition increased by 25%, undercoat and topcoat 
length decreased by 1.16  ± 0.59  mm and 2.94  ± 
0.19  mm, respectively. These results support pre-
vious findings that indicine cattle have shorter, 
slicker hair coats than taurine cattle (Olson et al., 
2003; Landaeta-Hernández et al., 2011; Barendse, 
2017). Across all measurements and breed groups, 
hair length tended to decrease as indicine influence 
increased. However, the Brangus breed group had 
the most variation in hair length, even compared 
to the 2 purebred groups. This is similar to results 
reported by Porto-Neto et al. (2018) which found 
that crosses of indicine and taurine cattle have been 
shown to have a wide range of intermediate coat 
types as a result of the multifactorial genetic basis 
of hair length.

Core Body Temperature

Vaginal temperature allows for a robust and con-
tinuous monitoring of core body temperature and 
is not as invasive as implanted transmitters or sen-
sitive to factors such as water and feed intake, as 
is the case with rumen boluses. The use of vaginal 
temperature loggers to monitor body temperature 
was validated by Vickers et al. (2010) where the rela-
tionship between vaginal and rectal temperature was 
found to be r = 0.81 in healthy cows not at peak lac-
tation. Descriptive statistics for the temperature traits 
are provided in Table 1. Both temperature measure-
ments had similar coefficient of variation ranging 
from 0.83 to 1.05, with the temperature under high 
THI showing greater variation. A smaller coefficient 
of variation for the body temperature measurements 
was expected due to tight thermoregulation in homeo-
therms, which aims at maintaining body temperature 

Table 2.  Least squares means and standard errors of hair lengths by breed composition

Breed group n Diameter, mm Undercoat, mm Topcoat, mm

100% Angus 0% Brahman 54 0.22 ± 0.01 8.82 ± 0.37a 17.17 ± 0.68a

75% Angus 25% Brahman 50 0.22 ± 0.01 8.54 ± 0.39a 14.79 ± 0.72b

Brangus 60 0.23 ± 0.01 8.67 ± 0.36a 15.82 ± 0.66a,b

50% Angus 50% Brahman 49 0.22 ± 0.01 6.88 ± 0.38b 13.14 ± 0.70b

25% Angus 75% Brahman 33 0.25 ± 0.02 5.97 ± 0.46b 10.82 ± 0.84c

0% Angus 100% Brahman 89 0.23 ± 0.01 4.88 ± 0.25c 8.57 ± 0.47d

I1 329 0.21 ± 0.01 9.92 ± 0.33 19.28 ± 0.63

b1
1 329 0.02 ± 0.01 −1.16 ± 0.59S −2.94 ± 0.19S

b2
1 329 −0.004 ± 0.003 −0.61 ± 0.14S −0.51 ± 0.15S

a–dLeast squares means within column that do not have a common superscript differ, P < 0.05.
1Intercept (I), linear (b1), and quadratic (b2) effect of percent Brahman genetics.
SLinear or quadratic effect significant at P < 0.05.

Table 1.  Basic statistics for hair characteristics and 
core body temperature under low and high THI 
conditions

Trait n Mean SD CV (%)

Diameter, mm 332 0.22 0.11 50.00

Undercoat, mm 329 7.49 3.03 40.45

Topcoat, mm 329 14.57 6.42 44.06

Temp at low THI, °C 336 38.57 0.32 0.83

Temp at high THI, °C 336 39.72 0.42 1.05

D
ow

nloaded from
 https://academ

ic.oup.com
/jas/article-abstract/97/8/3246/5520432 by U

niversity of Florida,  raluca@
ufl.edu on 18 August 2019



3250 Sarlo Davila et al.

within a narrow range necessary for optimal cellular 
and molecular function (Nakamura and Morrison, 
2008). Moreover, small differences in body tempera-
ture are likely biologically relevant as a rise of 1 °C or 
less in body temperature has been shown to reduce 
cattle performance (Kadzere et al., 2002).

The least squares means for core body tempera-
ture across the 6 breed groups under low and high 
THI are shown in Table 3. Under high THI con-
ditions, the breed group with the highest Brahman 
breed percentage maintained the lowest core body 
temperature (38.85  ± 0.04). Under both low and 
high THI conditions, the breed group with the 
highest Angus percentage maintained a signifi-
cantly higher core body temperature than all other 
breed groups, including the breed group with the 
second highest Angus percentage. These results 
indicate that even a small percentage of Brahman 
breed composition may allow a heifer to maintain 
a lower core body temperature under heat stress 
conditions. Least square means for core body tem-
perature under both low and high THI conditions 
decreased from 100% Angus (38.79 ± 0.05 °C and 
39.34  ± 0.06  °C, respectively) to 100% Brahman 
(38.58 ± 0.04 °C and 38.85 ± 0.04 °C, respectively) 
as indicated by a significant linear effect (P < 0.05). 
Under high THI conditions, the 100% Angus heifers 
had a 0.44 °C and 0.49 °C higher core body tem-
perature compared to the 75% and 100% Brahman 
heifers, respectively. It is important to point out 
that under a high THI, the pure-bred Brahman 
group had the lowest body temperature and was 
statistically different than all the other breed groups 
except for the 75% Brahman breed group. This is in 
agreement with results presented by Dikmen et al. 
(2018) where a minimum of 75% Brahman genetics 
was required to increase the ability to regulate body 
temperature under severe heat stress.

There was no significant heterosis effect on body 
temperature under low or high THI. Body tempera-
ture decreased by 0.14 ± 0.02 °C and 0.11 ± 0.02 °C 
under high and low THI conditions, respectively, 
as Brahman breed composition increased by 25%. 
Differences in heat tolerance among breeds and es-
pecially between tropically adapted indicine cattle 
and nonadapted taurine cattle have been reported 
in multiple studies (Gaughan et al., 1999; Brown-
Brandl et  al., 2006; Chan et  al., 2010; Gaughan 
et al., 2010; Dikmen et al., 2018). Both Gaughan 
et al. (1999) and Dikmen et al. (2018) also evalu-
ated internal body temperature of cattle under 
heat stress. Gaughan et  al. (1999) reported that 
purebred Brahmans had rectal temperatures 1.3 °C 
lower than the purebred Herefords in the study. The 
more extreme difference reported by Gaughan et al. 
(1999) may be a result of more extreme heat stress. 
Gaughan et  al. (1999) maintained steers in a cli-
matically controlled room with a THI of 95.6 ± 4.7 
while this study utilized naturally occurring heat 
stress during the Florida summer with high THI 
conditions between 84 and 86 THI. Dikmen et al. 
(2018) utilized naturally occurring heat stress and 
reported that in a crossbred Brahman–Angus popu-
lation, cattle with ½ or greater Brahman influence 
had significantly lower vaginal temperatures than 
cattle with ¼ or less Brahman influence. Dikmen 
et  al. (2018) also observed that the differences in 
vaginal temperature among the breed groups was 
only evident during high heat stress. In the present 
study, although the 100% Angus breed group had 
significantly higher body temperature than the 
other breed groups, none of the other breed groups 
were significantly different from each other for core 
body temperature under low THI. The decrease 
in body temperature as Brahman breed compos-
ition increased was also greater under high THI 

Table 3.  Least squares means and standard errors of core body temperature by breed composition

Breed group n Temp at low THI, °C Temp at high THI, °C

100% Angus 0% Brahman 54 38.79 ± 0.05a 39.34 ± 0.06a

75% Angus 25% Brahman 50 38.52 ± 0.06b 39.09 ± 0.06b

Brangus 60 38.51 ± 0.05b 39.04 ± 0.06b

50% Angus 50% Brahman 49 38.54 ± 0.05b 39.02 ± 0.06b

25% Angus 75% Brahman 33 38.47 ± 0.06b 38.90 ± 0.06b,c

0% Angus 100% Brahman 89 38.58 ± 0.04b 38.85 ± 0.04c

I1 334 38.94 ± 0.03 39.43 ± 0.04

b1
1 334 −0.11 ± 0.02S −0.14 ± 0.02S

b2
1 334 0.02 ± 0.01 0.03 ± 0.01 

a–cLeast squares means within column that do not have a common superscript differ, P < 0.05.
1Intercept (I), linear (b1), and quadratic (b2) effect of percent Brahman genetics.
SLinear or quadratic effect significant at P < 0.05.
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conditions than low THI conditions, indicating 
that differences in thermoregulative abilities may 
only be evident under high heat stress conditions.

Heritabilities

Heritability estimates for hair characteristics 
and body temperatures under low and high THI 
conditions are provided in Table 4. Heritability was 
estimated to be 0.50 for diameter, 0.67 for under-
coat, and 0.42 for topcoat. While heritability for 
hair length or diameter have not been previously 
estimated in cattle, heritability for coat score has 
been estimated to be 0.63 (Turner and Schleger, 
1960). Jenkinson et  al. (1975) estimated the her-
itability of  hair follicle length to range from 0.38 
to 0.69, with heritability estimates higher in the 
more intensely managed research herd used com-
pared to the commercial herd used. The similarity 
in the heritability estimates for the 3 different hair 
measurements reflects the similarity of  the pheno-
types. The heritability for body temperature under 
low THI conditions (0.32) was slightly higher 
than that of  body temperature under high (0.26) 
THI conditions. These heritability estimates are 
similar to those reported for rectal temperature in 
a Brahman × Angus crossbred population (0.19; 
Riley et al., 2012) and dairy cattle (0.17; Dikmen 
et al., 2012). Both studies utilized cattle located in 
Florida. The heritabilities estimated in this study 
may be slightly higher than those in Dikmen et al. 
(2012) and Riley et al. (2012) due to the use of  va-
ginal temperature rather than rectal temperature 
and the use of  heifers rather than cows. The values 
of  heritability estimated in this study indicate a 
large, exploitable genetic variance which can be 
used in selection programs to improve heat toler-
ance in cattle.

IMPLICATIONS

The genetic parameters estimated in this study 
indicate that hair characteristics are highly heritable 

and core body temperature under various THI con-
ditions is moderately heritable. These values of 
heritability indicate a large, exploitable genetic vari-
ance in body hair length and core body tempera-
ture which can be selected upon to improve heat 
tolerance in cattle. As Brahman breed influence 
increased both hair length and body temperature 
decreased, indicating that cattle producers can im-
prove thermotolerance by incorporating Brahman 
germplasm into their herds.
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