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  ABSTRACT 

  Data included 90,242,799 test-day milk records from 
5,402,484 Holstein cows in the first 3 parities and 
9,326,754 animals in the pedigree. Additionally, daily 
temperature-humidity indexes from 202 weather sta-
tions were available. Analyses were done by a random 
regression model in which each parity was treated as a 
separate trait and that accounted for heat stress. The 
fixed effects included herd test-day, age at calving, milk-
ing frequency, and days in milk classes. Random effects 
included additive genetic, permanent environment, and 
herd-year effects, all fit as random regressions. Five 
covariates in the random regressions included linear 
splines with 4 knots at 5, 50, 200, and 305 DIM and 
a function of a temperature-humidity index (THI). 
Mixed model equations were solved by using an itera-
tion on data approach with a preconditioned conjugate 
gradient algorithm. Genetic trends for daily milk yield 
in absence of heat stress (intercept) were 0.140 kg/yr, 
0.172 kg/yr, and 0.168 kg/yr for the first, second, and 
third parity, respectively. Genetic trends for decline of 
milk yield at temperature of 5°C THI over the threshold 
of sensitivity to heat stress were −0.002 kg/yr, −0.035 
kg/yr, and −0.038 kg/yr, for first, second, and third 
parity, respectively. Genetic profiles were created by 
contrasting the 100 most and 100 least heat-tolerant 
bulls for the official proofs. The most heat-tolerant 
bulls transmitted lower production and dairy form but 
higher fertility, productive life, and type, especially ud-
der and locomotion traits. In later parities, the type 
advantages were smaller. Test-day records capture only 
a fraction of information due to heat stress, and the 
real trends for heat stress may be stronger. Studies on 
heat stress for production should include records on 
later parities. 
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  Heat stress in dairy cattle affects production traits 
(Maust et al., 1972; Fuquay, 1981; Bryant et al., 2007) 
and reproduction (Ravagnolo and Misztal, 2002; Jordan, 
2003; Garcia-Ispierto et al., 2007). Economic losses due 
to heat stress in the US dairy industry are estimated to 
be between $897 and $1,500 million per year (St-Pierre 
et al., 2003). Different approaches are used to manage 
heat stress in dairy cattle including cooling, shading, 
and nutrition (Kadzere et al., 2002; West, 2003). 

  Ravagnolo and Misztal (2000) looked at the genetic 
components of heat stress using a model with a regres-
sion on a function of a temperature-humidity index 
(THI). They found substantial genetic variability for 
heat tolerance of production traits. Another study 
by Ravagnolo and Misztal (2002) found the same for 
nonreturn rate. In both studies, the genetic correlation 
between performance in temperate conditions and the 
rate of decline at higher temperatures was negative. 

  Bohmanova et al. (2005) carried out a national ge-
netic evaluation for heat tolerance for milk using data 
from first-parity US Holstein cows. Breeding values were 
calculated for approximately 10 million animals using a 
repeatability test-day model with a random regression 
on THI. Bulls with higher heat tolerance had daughters 
with lower milk yield, higher content of milk solids, 
more robust bodies, better udders, longer productive 
lives, and higher daughter pregnancy rates. 

  Aguilar et al. (2009a) extended the model of Rav-
agnolo and Misztal (2000) to 3 parities treated as 
correlated traits and a random regression model with 
linear splines and 4 knots. They found that the genetic 
variance associated with heat stress for production 
approximately doubles from first to second parity and 
again doubles from second to third parity. Thus, cows 
become more sensitive to heat stress with increasing 
parities. The increasing sensitivity to heat stress can be 
one reason for deterioration on productive life especially 
under challenging conditions. 

  Pszczola et al. (2009) looked at trends of days open 
also using a model that indirectly accounted for heat 
stress. Although trends for days open were slightly 
positive in colder seasons, the rate of decline under 
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hot conditions was negative. This indicated increased 
sensitivity to heat stress over time.

The objectives of this study were to investigate the 
genetic trends for milk yield heat tolerance for each 
of the first 3 parities separately and to create PTA 
profiles for top bulls for heat tolerance. Test-day (TD) 
records of US Holsteins that included the first 3 parities 
between 1993 and 2004 were obtained from the Ani-
mal Improvement Programs Laboratory, ARS, USDA 
(Beltsville, MD). Lactation records were required to 
have only 2 or 3 milkings per day and at least 4 TD, 
with the first TD at <75 DIM, and TD between 5 and 
305 DIM. Calving ages were restricted to 18 to 35 mo 
for parity 1, 28 to 49 mo for parity 2, and 40 to 63 
mo for parity 3. Cows were also required to have the 
first lactation recorded. A 3-generation pedigree file of 
9,326,754 animals was extracted from 5,402,484 cows 
with records. A summary of the data set is presented 
in Table 1.

Weather data were taken from 202 public weather 
stations. Hourly THI (NOAA, 1976) was calculated as 
proposed by Ravagnolo et al. (2000):

 
THI t rh t rh

t

( , ) ( . ) ( . . )

( . ),

= × + − − ×
× × −

1 8 32 0 55 0 0055

1 8 26 
 

where t is temperature in degrees Celsius, and rh is 
relative humidity as a percentage. Herds were matched 
to the closest weather station, and TD records were as-
signed to the average daily THI of the third day before 
the TD. This 3-d lag was suggested in previous studies 
by Bohmanova et al. (2008).

A function of THI [φ(THI)] was created as follows:
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where the value of the THIThreshold was set to 72 as 
proposed by Ravagnolo et al. (2000). This threshold 
corresponds to conditions equivalent to 22°C at 100% 
humidity.

The following multiple-trait random regression model 
(Aguilar et al., 2009) was used for the genetic evalua-
tion:
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where yijklt is the lth test day of cow j, and tth par-
ity in kth herd-year at the ith combination of fixed 
effects within the t trait. Fixed effects included herd 
test-day effect within parity with 2,603,783 (2,153,285; 
1,749,619) levels for first (second; third) parity; the 
DIM class effect within season (124 levels, 4 seasons 
defined from December to February, March to May, 
June to August, and September to November, and 31 
classes for DIM starting from 5 up to 305 DIM with 
classes defined every 10 d); the calving age class effect 
within parity with 8 (11; 12) levels for first (second; 
third) parity; and the milking frequency class effect (2 
or 3 milkings per day). Random effects (levels) included 
a, additive genetic (9,326,754), p, permanent environ-
ment (5,402,484), and h, herd-year (264,045) and were 
fitted as random regression. Covariates included linear 
splines (α) with 4 knots at 5, 50, 200, and 305 DIM and 
the function of THI (heat-stress effect). Finally, eijklt is 
the random residual effect. The first 3 lactations were 
used as separate traits.

The (co)variance structure was
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Table 1. Summary of the data used in the genetic evaluation 

Item

Lactation

1 2 3

Test-day records (n) 49,351,124 26,856,302 14,035,373
Cows (n) 5,402,484 2,932,915 1,537,959
Herd-test days (n) 2,603,783 2,153,285 1,749,619
Milk yield (kg) 29.5 34.6 36.2
Milk SD (kg) 7.3 9.9 10.7
Animals in pedigree (n) 9,326,754



where Go, Po, and Ho were 15 × 15 (co)variance ma-
trices for additive genetic, permanent, and herd-year 
effects, respectively, A was an additive relationship 
matrix, I was an identity matrix, and Ro was a 3 × 3 
diagonal matrix of residual variance corresponding to 
each trait (parity). Genetic parameters used were from 
Aguilar et al. (2009).

Solutions for mixed model equations were obtained 
iteratively using the preconditioned conjugate gradient 
algorithm implemented in BLUP90IOD (Tsuruta et 
al., 2001), modified for a block diagonal preconditioner 
due to traits and random correlated effects to improve 
the convergence rate (Aguilar et al., 2010). The conver-
gence criterion (C) was based on the relative adjusted 
right-hand side and the iterations were stopped when 
C <10−12.

Genetic trends were calculated for daily milk yield in 
absence of heat stress, herein called the regular effect, 
and for the daily heat stress effect on milk yield at 

5°C over the threshold (Figures 1 and 2, respectively). 
Genetic trends for the regular effect were 0.140 kg/yr, 
0.172 kg/yr, and 0.168 kg/yr for first, second, and third 
parity, respectively. The genetic trend for heat-stress 
effect in first lactation was almost null (−0.002 kg/yr); 
however, in later lactations these trends were negative, 
−0.035 kg/yr for second parity, and −0.038 kg/yr for 
third parity. The absence of the trend for heat stress 
in the first parity could be because of a smaller sensi-
tivity to heat stress in first-parity cows due to lower 
production and the compensatory effect of selection 
for nonproduction traits such as type, productive life, 
and daughter pregnancy rate. In later lactations, the 
sensitivity to heat stress increases and cannot be fully 
compensated.

Assuming a 100 d/yr heat stress at 5°C over the 
threshold, the trend on a lactation basis would be −0.2 
kg for the first parity, −3.5 kg for the second parity, 
and −3.8 kg for the third parity. These numbers cor-
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Figure 1. Genetic trends of daily milk yield for each lactation.

Figure 2. Genetic trends of daily heat stress effect at 5°C over the threshold for each lactation.



respond to a reduction in milk at 5°C relative to milk 
at no heat stress. Higher and longer levels of heat stress 
would reduce milk further.

Although the trends for heat-stress effect appear 
small, they are underestimated. Freitas et al. (2006) 
found that the use of only test-day records over time 
captured a small fraction of the response due to heat 
stress compared with daily records. Thus, the real de-
cline due to heat stress may be as large as the gain dur-
ing temperate periods. Bohmanova et al. (2008) investi-
gated whether the differences in bull rankings from US 
regional genetic evaluations in the Southeast and the 
Northeast were caused by heat stress. Although some 
of the differences were accounted for by the effect of 
heat stress in the model, most of those differences were 
not accounted for because of limitations of the model 

and the data. Although the decline in milk under high 
temperatures may be compensated for by an increase 
of overall production, the decline might be economi-
cally more important if it involves traits correlated with 
milk. Findings by Pszczola et al. (2009) show that the 
trend of the heat stress component of days open is also 
negative. Thus, they are an indication that the selection 
against heat tolerance occurs for a variety of economi-
cally important traits. Also, the economic effect of heat 
stress may be larger than that measured by milk yield 
only; for example, because of reduced fertility (Jordan, 
2003) and increased mortality (Ely and Smith, 2004; 
Stull et al., 2008).

Official proofs from the February 2005 US Holstein 
genetic evaluation were used to calculate profiles of PTA 
and type performance index (TPI) (Table 2). For each 
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Table 2. Difference between PTA and type performance index (TPI) from February 2005 US official evaluation 
for the 100 most heat-tolerant and 100 least heat-tolerant sires in separate lactations 

Item

Difference between most heat-
tolerant and least heat-tolerant

First1 Second Third

Milk (kg)2 −705 −827 −710
Fat (kg)2 −10 −16 −13
Protein (kg)2 −14 −18 −15
Fat (%)2 0.14 0.12 0.11
Protein (%)2 0.07 0.06 0.05
Type3 0.49 0.16 0.23
Udder composite3 1.18 0.71 0.54
Feet and leg composite3 0.51 0.08 0.02
Body composite3 0.18 0.15 0.50
Dairy composite3 −0.94 −1.14 −0.53
Stature3 0.14 0.14 0.49
Strength3 0.36 0.30 0.63
Body depth3 −0.02 −0.05 0.30
Dairy form3 −1.54 −1.78 −1.24
Rump angle3 −0.56 −0.28 0.01
Thurl width3 0.20 0.18 0.50
Leg side view3 −0.49 −0.31 0.09
Rear leg rear view3 0.01 −0.48 −0.31
Foot angle3 0.62 0.20 0.15
Feet and leg score3 0.63 0.21 0.06
Fore udder attachment3 1.20 0.73 0.56
Rear udder height3 0.75 0.14 0.18
Rear udder width3 0.35 −0.14 −0.01
Udder cleft3 1.14 0.65 0.48
Udder depth3 2.02 1.58 1.16
Front teat placement3 0.66 0.31 0.20
Teat length3 −0.33 −0.28 −0.13
TPI2 −23 −183 −163
Net merit2 −67 −173 −170
Fluid merit2 −124 −225 −216
Cheese merit2 −35 −145 −145
Productive life2 1.48 1.20 0.64
SCS2 −0.13 −0.12 −0.08
Daughter pregnancy rate2 1.64 1.94 1.45
Daughter calving ease2 −0.11 −0.44 −0.17

1Lactation.
2Source: Animal Improvement Programs Laboratory, ARS, USDA (Beltsville, MD).
3Source: Holstein Association, USA Inc. (Brattleboro, VT).



parity, based on the breeding value of the heat-stress 
effect, the 100 most heat-tolerant and 100 least heat-
tolerant bulls with at least 50 daughters were grouped, 
and the averages of the official proofs were calculated. 
The differences in the first parity were similar to those 
reported by Bohmanova et al. (2005) and indicate that 
the most heat-tolerant sires transmit lower production 
and dairy form but higher fertility, productive life, and 
type, especially udder and locomotion traits. In later 
parities, the advantages for type are reduced.

The differences are similar between parities for most 
of the traits. In particular, differences increase for stat-
ure and strength and decrease for productive life. High 
stature and strength may indicate a more robust cow 
that is more able to handle the heat stress especially 
that larger cows have more surface area and can dis-
sipate more heat. Lower advantage for productive life, 
especially for the third parity, may indicate that this 
trait reflects primarily survival in the first 2 parities 
but less in the third one.

In conclusion, studies on genetics of heat stress should 
include records of later parities because these are more 
susceptible to heat stress and therefore more informa-
tive than records in the first parity. Lack of records from 
later parities may be the reason for inconclusive results 
in the study by Bohmanova et al. (2008). In addition, 
Holsteins are selected against heat tolerance, and there-
fore their profitability in areas under heat stress may 
deteriorate over time. A more detailed account of the 
effect of heat stress on overall profitability may require 
multi-trait models in which the information on culling 
is included.
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