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ABSTRACT

The objective of this study was to examine the rela-
tionship between reproductive traits and heat stress.
Nonreturn rate at 45 d (NR45) was analyzed in a fixed-
effect model that included the temperature-humidity
index (THI) from a nearby weather station as a mea-
surement of heat stress. Data consisted of 150,200 first
inseminations at first and later parities of 110,860 Hol-
stein cows from 550 herds in Georgia, Tennessee, and
Florida with weather information from 16 weather sta-
tions. THI on the day of the insemination, 2 d prior, 5
d prior, 5, 10, 20, and 30 d after insemination were
studied as independent variables. The THI on the day
of insemination showed the highest effect on NR45,
followed by 2 d prior, 5 d prior, and 5 d after insemina-
tion, but no relationship was found with THI at 10, 20,
and 30 d after insemination. NR45 showed a decrease
of 0.005 per unit increase in THI on the day of insemina-
tion for THI >68. First and later parities presented
similar thresholds but responded differently to an in-
crease in THI, with NR45 being significantly lower and
more susceptible to increases of THI in cows in their
first parity than in later parities (0.008 vs. 0.005 de-
crease). Threshold for sensitivity to heat stress changed
with the states, with Florida, Georgia, and Tennessee
having thresholds of 70, 70, and 66, respectively. The
decrease in NR45 per unit increase of THI was 0.007,
0.005, and 0.006 for Florida, Georgia, and Tennessee,
respectively. With respect to only the Florida data, the
final fixed-effect model used was NR45 = herd(year) +
month(year) + month(year) + age(parity) + days in milk
+ 100d milk + THI + error. Animals with more than
150 d in milk (DIM) had a 0.16 lower NR45 than ani-
mals with less than 60 DIM at insemination. Lower
milk-producing animals showed 0.08 higher NR45 than
higher-producing animals. A difference of 0.10 in NR45
was observed between THI lower than 70 and THI 84.
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This variation in NR45 caused by THI changes is suffi-
cient to merit further studies to examine genetic compo-
nents of heat tolerance for this trait.
(Key words: heat stress, nonreturn rate, temperature-
humidity index, Holstein)

Abbreviation key: NR = nonreturn rate, THI = tem-
perature-humidity index.

INTRODUCTION

Heat stress is responsible for important economic
losses in the dairy industry. At thermoneutrality, the
cow can maintain homeostasis without excessive use of
energy for thermoregulation; hence, energy is available
for maintaining optimum conditions of health and per-
formance (Yousef, 1985). When heat load increases, the
animal has direct energy to eliminate excessive heat in
order to maintain internal thermal balance. This is not
always sufficient. Consequently, body temperature in-
creases, which in turn affects various body functions.
There have been many studies on the effect of heat
stress on both reproduction and production (see review
by Wolfenson et al., 2000). Significantly lower concep-
tion rates have been observed in cows with above-nor-
mal body temperatures at the time of insemination be-
cause of low fertilization and a high incidence of embry-
onic deaths (Fuquay, 1981). The viability of both the
ova and the spermatozoids is significantly lowered
when body temperatures are higher than normal, which
results in lowered fertility. High temperatures affect
the development of young embryos, which are most vul-
nerable in the first few days of life (Fallon, 1962; Stott
and Williams, 1969). There is also a negative effect on
the incidence of standing estrous and on the intensity
and duration of estrous. In addition, it has been ob-
served that heat stress might prevent or delay ovulation
(Her et al., 1988; Wilson et al., 1998).

Heat stress can be moderated through various man-
agement techniques, such as sprinklers and fans (Arm-
strong, 1994). Such measures appear to be effective in
reducing the effect of heat stress up to a certain degree.
These measures will not eliminate the effect and are
expensive to implement. Much effort has been put into
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finding breeds or crossbreds that are heat tolerant.
Until now, this effort has not been successful in the
dairy industry (McDowell et al., 1996). However, Ra-
vagnolo and Misztal (2000) found sufficient genetic
variability to allow selection for heat tolerance for
milk, fat, and protein production within Holsteins.
They defined a regular production ability, which is the
genetic ability to produce milk in the absence of heat
tolerance, and a heat tolerance genetic effect, which
is the genetic ability to avoid reduction in milk yield
when exposed to heat stress. Because the genetic corre-
lation between heat tolerance and regular production
ability was –0.33, it is possible to select for both traits
simultaneously. This may also be the case for repro-
ductive traits, which seem to be even more susceptible
to heat stress than production traits. Gwazdauskas et
al. (1975) found that the two most important weather
variables determining conception rate were maximum
temperature on the day after insemination and rain-
fall on the day of insemination. However, Ingraham
et al. (1974) found that average temperature humidity
index (THI) 2 d before insemination had a higher rela-
tionship than the same variable on the day of insemi-
nation and on the day after insemination.

Many different traits are being used to evaluate re-
productive performance. In this study, the focus will be
on nonreturn rate (NR), because it is currently used in
several countries as a measure of reproductive ability
(De Jong, 1997; Hyppänen and Juga, 1997). In this
trait, success or failure is recorded at a given time after
insemination. If there is no record of further insemina-
tions for the same cow in the same lactation within a
certain time limit, success in conception is assumed.
Because a cow can return to service because of failure
of conception or embryonic death at different stages,
NR might be influenced not only by heat stress on the
day of the service but also by heat stress on previous
days and on some days after insemination (Stott and
Williams, 1969; Her et al., 1988; Wilson et al., 1998).

Heat stress can be measured many ways. In a previ-
ous study, THI was used to analyze the effect of heat
stress on production traits (Ravagnolo et al., 2000). The
index was constructed using maximum temperature
and minimum humidity from an assigned nearby
weather station. This model allows national genetic
evaluations for heat stress without recording new infor-
mation because previously available weather station
data can be used. The objective of this paper was 1) to
establish on which day heat stress has the greatest
impact on NR 45 (NR45) with the use of THI proposed
by Ravagnolo et al. (2000); 2) to establish the relation-
ship between THI and NR45; and 3) to develop a fixed-
effect model to study the genetics of heat stress for
NR45.
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MATERIALS AND METHODS

Data

Reproductive data consisted of 150,200 first insemi-
nations for first and later parities of 110,860 Holstein
cows from 550 herds in Georgia, Tennessee, and Florida
from 1995 to 1999. Nonreturn rate at 45 d was calcu-
lated only for first inseminations, with a value of 1
assigned to cows that did not return to insemination
(i.e., assumed pregnant) and 0 for cows that were insem-
inated a second time within 45 d. Cows had to be be-
tween 24 and 83 mo of age and between the first and
fourth lactation. Only cows between 30 and 200 DIM
were included.

This data set was augmented with THI on the day
of the insemination, 2 d prior, 5 d prior, 5, 10, 20, and 30
d after insemination. The THI came from the weather
station closest to the herd in Georgia, Tennessee, and
Florida. To assign a weather station to each herd, dis-
tances between each herd and each weather station
were calculated using latitude and longitude assigned
to each herd and weather station through their zip code,
where the distance (in miles) between location 1 and 2 is

dist(1,2) = 3963*(acos(sin(lat1)*sin(lat2) +
cos(lat1)*cos(lat2)cos(lon2−lon1)) (21).

The weather station with less distance to each herd
was assigned, and this resulted in 16 different weather
stations assigned to the 550 herds. From the hourly
data from each weather station, maximum daily tem-
perature and minimum daily humidity were extracted,
with which THI was calculated

THI(t,h) = 9/5 t +32 − 11/2(1-h)(9/5t-26) (NOAA,
1976),

where t is the maximum daily temperature in °C, and
h is the minimum daily relative humidity (Ravagnolo
et al., 2000). Tables 1 and 2 show the distribution of
the dataset and a summary of the basic statistics.

Statistical Analysis

Twenty age classes were defined by every 3-mo inter-
val, starting at 24 mo of age. Days in milk classes were
defined as one class for every 30 d (the first class start-
ing at DIM 30), resulting in five classes (the last class
included data from 150 to 200 DIM). Milk production
classes were defined by total production in the first 3
mo and resulted in five classes. Data with THI <50 and
>84 were eliminated, and classes that included THI
every two units were constructed.
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Table 1. Data distribution per state and basic statistics.

Characteristics Total Georgia Florida Tennessee

Observations 150,201 54,463 57,195 38,543
Herds 550 196 94 260
Cows 11,0860 39,217 43,382 28,261
First lactation 58,455 21,287 22,865 14,303
Second lactation 45,716 16,954 16,988 11,770
Third lactation 29,876 10,578 11,335 7963
Fourth lactation 16,154 5640 6007 4507
THI1 avg. 68.17 66.87 71.36 65.25
THI sd. 8.78 8.56 7.76 8.91
NR452 avg. 0.58 0.61 0.51 0.64
NR45 sd. 0.49 0.49 0.50 0.48

1THI = Temperature-humidity index.
2NR45 = Nonreturn rate at 45 d after insemination.

The objective of model 1 was to determine at which
day heat stress has a greater influence on NR45. The
fixed-effect model was defined as

yijklmnopq = hi (yrj) + mk (yrj) + al (pm) + dimn +
mo + THIp + eijklmnopq,

where yijklmnopq is the nonreturn rate 45 (0 and 1) in
herd i, year j, month k, class l, parity class m, DIM
class n, milk production class o, and THI class p; hi is
effect of herd i (i = 1,..,550) nested within year yrj (j =
1995–1999); mk is effect of month k (k = 1,12) nested
within year, al is the effect of age l (l = 1,20) nested
within parity; pm is the effect of parity m (m = 1–4);
dimn is effect of DIM class n (n = 1,5); mo is effect of
milk production class o (o = 1–5); THIp is effect of THI
class (p = 1–18) alternatively at d 0, −5, −2, +5, +10, +20,
and +30 after insemination; and eijklmnopq is residual.

Table 2. Distribution, mean and standard deviation of nonreturn
rate at 45 d (NR45) for temperature-humidity index (THI) classes.

NR45

THI Observations Mean Std. dev.

50 1866 0.670 0.470
52 4173 0.658 0.475
54 5407 0.648 0.478
56 6128 0.650 0.478
58 7358 0.639 0.480
60 8264 0.652 0.476
62 9354 0.622 0.485
64 9767 0.628 0.483
66 10,356 0.615 0.487
68 11,387 0.609 0.488
70 11,646 0.592 0.491
72 11,684 0.578 0.494
74 11,606 0.546 0.498
76 9766 0.532 0.499
78 10,194 0.515 0.500
80 8876 0.485 0.500
82 7941 0.441 0.496
84 4428 0.414 0.493
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Other fixed effects fitted by several authors are AI
Center and/or insemination technician (Boichard et al.,
1997; Miglior et al., 1997). Because of a lack of informa-
tion, these effects were not included in our model. Once
the day with the highest effect of THI on NR45 was
determined, the same model was used to analyze differ-
ences in the response of NR45 to THI in different states
and for different lactations. Five datasets were used:
1) information from Georgia; 2) from Tennessee; 3) from
Florida; 4) first lactation for all states together; and 5)
second, third, and fourth lactation for all states to-
gether. All analyses were conducted with the GLM pro-
cedure of SAS (1996).

RESULTS AND DISCUSSION

Table 3 shows the results for model 1 with the com-
plete data set. The THI at the day of the service, 2 d
prior, and 30 d after service had a higher sum of squares
and consequently a higher R2 than the other days ana-
lyzed. Figure 1 shows the relationship between least

Figure 1. Effect of temperature-humidity index (THI) on nonre-
turn rate at 45 d (NR45) for THI measured −2, 0 and 30 d relatively
to conception.
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Table 3. Results from the analysis of variance for temperature-humidity index (THI) at different days
relative to conception obtained from the complete dataset.

5 d 2 d Day of 5 d 10 d 20 d 30 d
prior prior service after after after after

Total 23,217 23,217 23,217 23,217 23,217 23,217 23,217
Model 3110 3116 31,250 3111 3109 3111 3112
Error 20,106 20,101 20,092 20,106 20,107 20,106 20,104
THI SS III 6.4 11.9 20.5 6.6 5.3 6.5 8.3
R2 0.134 0.134 0.135 0.134 0.134 0.134 0.134

squares means of NR45 for THI on the day of insemina-
tion, 2 d before and 30 d after insemination, and NR45.
Although THI at 30 d after insemination has one of the
largest sum of squares in the study, it did not show any
clear relationship between NR45 and increasing THI.
For THI 2 d before and on the day of the service, there is
a clear relationship between increasing THI and NR45.
The relationship is somewhat linear until around THI,
68 at which point NR45 starts decreasing. Of these two
days, THI on the day of the service shows a more linear
relationship to changes in NR45 than THI 2 d before
insemination. This seems to suggest that, for our data-
set at least, THI has a greater effect on NR45 through
lowering conception at the moment of insemination
than on embryonic deaths. Results from a study by
Ingraham et al. (1974) indicated that the highest corre-
lated variable to conception rate was average THI 2 d
before breeding, followed by the day after breeding, the
day before conception, and the least correlated was the
day of breeding. However, THI on the day of breeding
showed a greater slope than the day after and the day
before insemination, second only to the slope of average
THI 2 d before insemination. The authors observed the
discrepancies in results and cautioned against desig-
nating one measure as the most important weather

Figure 2. Effect of temperature-humidity index (THI) on nonre-
turn rate at 45 d (NR45) in Florida, Georgia, and Tennessee.
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index, because such measures can change depending
on geographical region.

There is not sufficient information contained in NR45
to conclude anything about the effect of heat stress on
estrus, because by definition, all observations used are
from cows that have been inseminated, that is, have
shown estrus.

NR45 seems to be rather stable until THI 68, at which
point there is a loss of 0.005 of NR45 per unit increase
of THI on the day of the insemination. Because this
THI better explained the loss of NR45, for all further
analysis THI on the day of the insemination was used.

Least squares means of THI for NR45 on the day of
insemination for the three states is shown in Figure 2.
NR45 is significantly lower in Florida than in Georgia
and Tennessee. For Georgia and Florida, NR45 starts
to decrease because of increasing THI at a threshold of
THI around 70, whereas for Tennessee, the threshold
is around THI 66. In addition, the three states show
different responses to increases of THI after the thresh-
old with a loss of NR45 of 0.006, 0.005, and 0.007 for
Tennessee, Georgia, and Florida, respectively, with FL
showing the highest influence and the most linear rela-
tionship.

Figure 3. Effect of temperature-humidity index (THI) on nonre-
turn rate at 45 d (NR45) for first and later lactations.
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Table 4. Results from the analysis of variance of the dataset with
observations from Florida only.

df Type III SS1 P > F

Herd(year) 295 923.90 0.0001
Month(year) 55 331.10 0.0001
Age-lactation 35 12.04 0.0171
DIM 4 77.32 0.0001
Milk 4 27.17 0.0001
THI2 17 12.22 0.0001

1SS = Sums of squares.
2THI = Temperature-humidity index.

Inseminated first-lactation cows responded differ-
ently to increases of THI, as is shown by Figure 3.
First-lactation cows had lower NR45 than cows in later
lactations, which was expected because the second preg-
nancy is the most critical one because of the energy
requirement of the lactation combined with the energy
requirements of continuing growth. The threshold for
both groups of data was similar, but first-lactation cows
are more sensitive to each unit increase of THI than
later-lactation cows. The decrease in NR45 caused by
each unit increase of THI after 70 was 0.008 for first-
lactation cows and 0.005 for second-, third-, and fourth-
lactation cows. The higher sensitivity to heat stress in
first-lactation cows agrees with findings that animals
already subjected to stress are more sensitive to heat
stress. For example, high-yielding cows are much more
sensitive to increases in temperature and humidity
than lower-producing cows (Bianca, 1965). Despite the
different response of first-lactation cows and later-lac-
tation cows to increases in THI, we decided to analyze
the Florida data with all parities included in order to
simplify the analysis and to not diminish the size of
the data set for the genetic analyses.

Table 4 shows the sum of squares of the model for the
Florida dataset. As can be observed, all effects included

Figure 4. Effect of DIM on nonreturn rate at 45 d (NR45).
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Figure 5. Effect of milk yield on nonreturn rate at 45 d (NR45).

were highly significant. The effect of DIM and of milk
production on NR45 are shown in Figures 4 and 5. The
effect of DIM is larger than the effect of milk production
in the first 3 mo of lactation, with a difference of 0.15
between the lowest and highest DIM and a difference
of 0.08 between the highest and lowest milk production.
For this data set we can observe from Figure 2 that
there is a difference of almost 0.1 between absence of
heat stress (THI < 70) and exposure to high heat stress
(THI = 84). This variation might be sufficient to capture
genetic variability of heat tolerance using THI from
nearby weather stations.

CONCLUSIONS

It is possible to, at least partially, account for the
effect of heat stress on NR45 with the use of THI con-
structed from public weather station data. THI on the
day of insemination seems to be the most informative
variable to quantify heat stress of the seven different
variables studied.
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