SUMMARY

On a worldwide level, climate change is also becoming an increasing concern in temperate regions.
The direct and indirect risks of climate change will impact cattle productivity, fitness and health adding
more pressure on the sustainability of the livestock sector. Major risks will be the direct impact of the
climate on the animals but also on the indirect risks as reduced feed quality or increased pathogenic
loads will affect animals. Robustness is a key element towards increased farm profitability by improved
cattle health and welfare and is closely linked to increased adaptive capacity to climate disturbances.
Breeding for climate resilience in cattle populations is an important and relevant target for climate
smart agriculture. However, resilience still complex and related traits are difficult to measure under low
costs in routine. Nevertheless, adaptation can be evaluated by describing the production environment
under which individuals were raised, bred and kept over time and which they have become adapted
to. Access and exploration of weather and climate information as proxy for climate change is very
. important to evaluate impacts of warm weather conditions on animal performances and wellbeing. By
modelling the evolution of a trait of interest such as productivity, but also fertility, survival, heaith traits
following a gradient of appropriate climate descriptors, it will be possible to identify the appropriate
thresholds (e.g. for heat tolerance) - therefore allowing to evaluate individuals for their ability to cope
with extreme weather conditions and select them in future in a climate smart animal breeding
programme.

Impacts of heat stress on dairy cattle were mostly evaluated in tropical and subtropical environments
(mainly in USA). In these regions conventional production systems and housing benefiting from
cooling services, are well known. Moreover, nearly all studies focused on evaluating raw or composite
weather indices concerning only temperature and humidity. Under European temperate conditions,
cows are grazing outdoor during spring and summer. Under these conditions solar radiation and wind
speed additionally to temperature and humidity are very important. Currently few studies had focused
on evaluating impacts of heat stress on animal productivity and fertility under temperate conditions.
Indeed, there was no study investigated thermal indices weighted largely on several meteorological
parameters. This study was one of the first that aimed to evaluate the effects of heat stress on
- production and health (somatic cell score related to udder health as indicator) traits using large field
data and several thermal indices. Historical cow performance records were combined with
meteorological data from 14 public weather stations in Luxembourg. Daily thermal indices were used
to evaluate their impacts on dairy cow productive and health traits towards i) the identification of the
population thresholds to heat stress and ii) to quantify the losses on production traits due to heat
waves. Results from this study showed that thresholds under temperate regions were lower compared
with estimates under tropical, subtropical, and Mediterranean climate conditions. These lowest
thresholds could be potentially attributed to a reduced adaptability of Holstein cows to heat stress
under temperate conditions. Losses of production traits yields due to heat stress were confirmed. Even
loss levels were lower than values reported in regions with long, hot summers (e.g., USA). However,
the losses observed in 2003, the particular and extreme heat-stress year in European countries,
approached the values observed in hot regions. Results from this study were published in the Journal
of Dairy Science and the paper has been selected as a highlighted article of the month by the journal
during April 2013 edition (http://top25.sciencedirect.com/subject/veterinary-science-and-veterinary-
medicine/24/journal/journal-of-dairy-science/00220302/archive/46/). Moreover, those results were
attracting for other EU researchers where similar data from other EU countries are currently pooled
and analyzed together toward the evaluation of the interaction between genotype and climate under
different environments.




 KCHEN,
j’?gl\;?@ J. Dairy Sci. 96:1844-1855
S"‘E; 2 http:/idx.doi.org/10.3168/jds.2012-5947

%\P\‘!{ ¥ © American Dairy Science Association®, 2013.

A 4

Evaluation of heat stress effects on production traits and somatic
cell score of Holsteins in a temperate environment

H. Hammami,*+' J. Bormann,f N. M’hamdi,§ H. H. Montaldo,# and N. Gengler*

*Animal Science Unit, Gembloux Agro-Bio Tech, University of Liége, B-5030 Gembloux, Belgium

TNational Fund for Scientific Research, B-1000 Brussels, Belgium

FAdministration of Agricultural Technical Setvices, L-1019 Luxembourg, Luxembourg
§Animal Science Department, High Institute of Agronomy of Chott-Mariem, TN-4042 Sousse, Tunisia
#Departamento de Genética y Bioestadistica, Facultad de Medicina Veterinaria y Zootecnia, Universidad Nacional Auténoma de México,

Ciudad Universitaria, D.F. 04510, Mexico

ABSTRACT

This study was aimed to evaluate the degree of ther-
mal stress exhibited by Holsteins under a continental
temperate climate. Milk, fat, protein, and somatic cell
count test-day records collected between 2000 and 2011
from 23,963 cows in 604 herds were combined with
meteorological data from 14 public weather stations in
Luxembourg. Daily values of 6 different thermal indices
(TT) weighted in term of temperature, relative humid-
ity, solar radiation, and wind speed were calculated by
averaging hourly TT over 24 h. Heat stress thresholds
were first identified by a broken-line regression model.
Regression models were thereafter applied to quantify
milk production losses due to heat stress. The tipping
points at which milk and protein yields declined were
effectively identified. For fat yield, no valid threshold
was identified for any of the studied TI. Daily fat yields
tended to decrease steadily with increasing values of
TI. Daily somatic cell score patterns were marked by
increased values at both lowest and highest TI ranges,
with a more pronounced reaction to cold stress for
apparent temperature indices. Thresholds differed be-
tween T1 and traits. For production traits, they ranged
from 62 (TT,) to 80 (TI,) for temperature-humidity in-
dices (THI) and from 16 (TI;) to 20 (TTg) for apparent
temperature indices. Corresponding somatic cell score
thresholds were higher and ranged from 66 (T1;) to 82
(TI;) and from 20 (TI) to 23 (TI), respectively. The
largest milk decline per unit of mild, moderate, and
extreme heat stress levels of 0.164, 0.356, and 0.955 kg,
respectively, was observed when using the conventional
THI (TT;). The highest yearly milk, fat, and protein
losses of 54, 5.7, and 4.2 kg, respectively, were detected
by TI,, the THI index that is adjusted for wind speed
and solar radiation. The latter index could be consid-

Received July 16, 2012.
Accepted November 11, 2012.
!Corresponding author: hedi.hammami@ulg.ac.be

ered as the best indicator of heat stress to be used for
forecast and herd management in a first step in temper-
ate regions under anticipated climate changes.

Key words: thermal index, heat stress, temperate
climate, dairy cattle

INTRODUCTION

Climate change is expected to have an impact on
animal production throughout the world (IPCC, 2007).
Climate extremes are more likely, exposing previously
temperate regions to sustained hot periods. Under
temperature, relative humidity (RH), solar radiation
(RAD), and wind speed (WS) that exceed their ther-
mal comfort zone, dairy cows suffer from heat stress.
Heat stress reduces milk production, reproductive per-
formance, and profit (St-Pierre et al., 2003; Bohmanova
et al., 2007; Boonkum et al., 2011).

Temperature-humidity index (THI), which uses dry
bulb temperature (Tg,) and wet bulb temperature, was
initially developed by Thom (1959) as a heat index for
human comfort but it remained the most common heat
stress indicator used until now for different animal spe-
cies. Various THI more adapted to cattle comfort were
later developed (Bianca, 1962; Berry et al., 1964; NRC,
1971). Most of those indices were evaluated as potential
predictors of heat stress and milk yield losses of dairy
cattle using large data sets in humid and hot tropical
environments (Bohmanova et al., 2007; Dikmen and

Hansen, 2009). The THI is still the most widespread

indicator of heat stress; however, it has its limitations
because it is (1) an empirical representation, (2) as-
sumes that all animals react similarly to environmental
stressors, and (3) does not account for other environ-
mental effects (e.g., WS and RAD) and cow-specific
effects (e.g., age and breed). Recently, technological
advances have facilitated the collection of large and
precise additional environmental parameters (e.g.,
RAD, WS, and duration of exposure) and physiological
parameters (e.g., respiration rate, rectal and core body
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temperature, and sweating rate). New thermal indices
(TT) that incorporated those environmental and physi-
ological data in addition to cow specificities (e.g., breed
and age) have been developed to overcome the various
THI limitations (Mader et al., 2006; Gaughan et al.,
2008; Mader et al., 2010).

Comprehensive scientific studies related to heat stress
in dairy cattle were exclusively conducted in the United
States using large local performance and weather data
(Bohmanova et al., 2007; Aguilar et al., 2009; Sdnchez
et al., 2009) and also similar data from tropical re-
gions (Boonkum et al., 2011). Even if differences in
thresholds of heat stress for different combination of
regions and THI indices (Bohmanova et al., 2007) were
found, the THI (NRC, 1971) was extensively used to
estimate the thresholds of heat stress. A THI value
of 72, which corresponds to 22°C at 100% humidity,
has been continuously applied as a reference for genetic
.evaluation of heat tolerance in US Holsteins for daily
milk (Bohmanova et al., 2005; Aguilar et al., 2010).
Adjusted THI and new TI incorporating RAD and WS
were not evaluated, probably due to unavailable data
for the later parameters, but mainly because cows in
the United States are generally housed under shade
structures during periods of heat stress or may even
benefit from cooling systems.

Studies on heat stress effects in temperate regions
and especially in Europe are scarce. The few studies fo-
cused on evaluating heat stress in dairy cattle (Broucek
et al., 2007; Reiczigel et al., 2009; Gantner et al., 2011)
pointed out an increase in heat stress days for the past
30 yr, with an extreme hot summer in 2003. In 2003
alone, more than 80 d exceeded the THI of 72 in East-
ern’ Burope. Nevertheless, these studies were based on
limited data sets and arbitrarily used the THI value
of 72 as the threshold of heat stress onset. Recently,
a study using data from Germany observed a decline
in protein yield in Holstein dairy cattle from a THI
of 60 (Brigemann et al., 2011). The authors reported
that this low threshold was associated with a decline
in protein yield at phenotypic level and a decrease in
genetic variances and heritabilities.

Under expected climate change, evaluation of heat
stress relief and knowledge of possible genotype by
environment interactions is of increasing interest. Se-
lection for heat tolerance in Holsteins based on THI in
genetic evaluation is, therefore, possible also in tem-
perate regions (Briigemann et al., 2011) and could be
a sustainable strategy to supplement feed or housing
modifications. Nevertheless, knowledge of heat stress
thresholds is first needed. Thermal indices and their
appropriate thresholds are not fixed features for any
population and they may change with the ability of
animals to adapt to environmental conditions. To our

knowledge, no study has focused on evaluating heat
stress effects based on large field data and using either
old or new TI that included WS and RAD in addition
to Ty, and RH. The main objective of this study was to
assess the effect of heat stress on production traits and
SCS of Holsteins bred under temperate climate condi-
tions using the most comprehensive thermal comfort
indices.

MATERIALS AND METHODS
Data

A total of 230,192 first-lactation test-day records
for milk, fat, and protein yields and SCC from 23,963
Holstein cows collected between 2000 and 2011 in 604
herds by CONVIS Herdbuch, Service Elevage et Gé-
nétique (Ettelbruck, Luxembourg) and provided by
United Datasystems for Animal Production [Vereinigte
Informationssyteme Tierhaltung (VIT), Verden, Ger-
many] were used in this study. Only records from cows
with DIM between 5 and 330 were retained. Cows were
required to have at least 5 records. Somatic cell score
was calculated according to the formula SCS = log,
(SCC/100) + 3.

Hourly meteorological data (Tg,, RH, WS, RAD, and
rain) collected between 2000 and 2011 in 14 public sta-
tions in Luxembourg, were provided by Administration
des services techniques de I'agriculture (ASTA, Luxem-
bourg). Six TI were calculated using Ty, (°C), RH (%),
WS (m/s), and RAD (W/m?) as follows:

T1;: temperature-humidity index (NRC, 1971):
THI = (1.8 x Ty -+ 32) — [(0.55 — 0.0055 x RH)
X (1.8 x Tg, — 26)]; 1]
T1I,: adjusted THI (THLgy; Mader et al., 2006):

THLg; = [4.51 + THI — (1.992 x WS)
+ (0.0068 x RAD)], 2]

where
THI = (0.8 x Tgy) -+ [RH x (Tay — 14.4)] + 46.4;
TIs: heat load index (HLI; Gaughan et al., 2008):

HLI = 8.62 + (0.38 x RH) + (155 x BQ)
~ (0.5 x WS) + %) when BG >25;  [3]
HLI = 10.66 + (0.28 x RH) + (1.3 x BG)

— WS, when BG <25,
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where

BG = (133 X Tdb) - (265 X TdbU'S)
+ [3.21 x log (WS + 1)] + 3.5
is the predicted globe temperature (°C);
TI,: equivalent temperature index (ETI; Baeta et al.,

1087):

ETI = 27.88 — (0.45 x Tg,) + (0.010754 x Tg4,?)
— (0.4905 x RIT) + (0.00088 x RH?) + (1.1507
x WS) — (0.12644 x WS?) + [0.019876
x (Tq, x RH)] - [0.04631 x (Tg, x WS)};  [4]

Tl;: environmental stress index (ESI; Moran et al.,
2001):

ESI = (0.63 x Ty,) — (0.03 x RH)
+ (0.02 x RAD) + [0.0045 x (Tq, x RH)]
~ [0.073 x (0.1 + RAD)™}; [5]

Tl comprehensive climate index (CCI; Mader et al.,
2010):

CCI = RH,y; + WS,g + RAD,;, [6]

where

5 "
RH,, = ol (0-00182XRE+(1.8x1070 x T, XRH)] [(0.000054 x T, ?)

+(0.00192 x Ty, ) — 0.0246] x (RH — 30);

—-6.56

]x[2.9+1 140X WS ~logy 3 (226xWS+0.33)7 |

WS

adj = 1
e (2.26xWS+0.23)°4%

~0.0056x WS? +3.33;

RAD,,; = (0.0076 x RAD) —(0.00002 x RAD x Ty, )
+(0.00005 x Ty,” x VRAD) +(0.1x Ty, ) ~ 2.

The daily average of each of those 6 indices was cal-
culated for each weather station by averaging hourly

values over 24 h. Herds and weather stations were then
spatially located based on distances obtained from the
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zip code. The nearest weather station according to
minimum distance to the herd location was designed as
the reference for that herd. The mean, maximum, and
minimum distances between weather station and herd
location were of 7.6, 16,-and 1 km, respectively. In this
analysis, the mean daily TI of the previous 3 d before
each test day was designed as the TI of reference for
that test day.

Indices (TT; to TI3) belong to similar order of mag-
nitude and definition. They will be grouped together
in major results and will be referred to as THI indices.
The TI; represents the most worldwide THI used as
predictor of heat stress in dairy cattle and other spe-
cies by most researchers (e.g., team of the University
of Georgia, Athens). Both indices (TI, and TT;) are
modified THI after adjustment for WS and RAD.
The other indices (TI; to TIg) have similar scales as
ambient temperature. They will be referred to as ap-
parent temperature indices and grouped together. The
TI; was chosen in this study because it represents the
most comprehensive index for lactating dairy cows. It
was derived specifically from milk production and heat
loss rates evaluation at its development as TI. The last
index (TI4) has the advantage of covering a wide range
of hot and cold conditions compared with all other in-
dices. Mainly, low range temperatures are very suited
and remain specific to temperate regions.

Statistical Analysis

To identify heat stress thresholds for production
traits and SCS for each of the 6 studied TI, data were
analyzed in a 2-step approach. A similar approach was
used to test the effect of maximum outside temperature
at day of insemination on reproductive performance of
2 sow lines (Bloemhof et al., 2008). In our study, first
a separate random regression test-day model (model
1), assuming no effect of TI, was developed. Variance
components were estimated using Remlf90 (Misztal et
al., 2002). Test-day milk, fat, protein, and SCS records
(yi*) were corrected for fixed effects using solutions ob-
tained from Blup90iod software (Misztal et al., 2002).
In matrix notation, model 1 was as follows:

y =Xb + Q (Za + Zp + Wh) + e,

where y is a vector of test-day production traits or
SCS; b is a vector of the fixed effects: herd x test-date
(HTD), age x season of calving X classes of 25 DIM
(AGSAI), and classes of 5 DIM (CDIM); a is a vec-
tor of random regression coefficients for animal genetic
effect; p is a vector of random regression coefficients
for permanent environmental effect; h is a vector of
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random regression coefficients for herd-year of calving
common environmental effect; e is a vector of residual
effects; Q is a matrix of Legendre polynomials of order
2; and X, Z, and W are incidence matrices relating
observations to various effects. Residual variance was
assumed constant across DIM.

In the second step, the corrected test-day records
(yi*) for production traits and SCS were analyzed sepa-
rately using a broken-line regression model (model 2)
and applying the procedure NLIN (version 9.2; SAS In-
stitute Inc., Cary, NC). Model 2 was defined as follows:

vi¥ = ¢ + e; when x; <THR, and
vi¥ =a + b *x + ¢; when x; >THR,

where ¢ is a constant (plateau) when performance is
not affected by the thermal comfort condition, e; is the
random residual term, and x; is the value appropriate
to each TI scale. The parameter THR. is the specific
value of each T1T for the upper point of the thermoneu-
tral zone. The latter is defined as (¢ — a)/b, where a =
intercept and b = decrease in y* when each appropriate
TT increases by 1 unit.

To study the change in production traits and SCS
level with increasing TT values, TI effect was evaluated
directly (model 3) by a slight modification of model 1.
" Model 3 was as follows:

Yijumo = HTD; + AGSAT, + STAGE; + T ¢, 2,
+ % d)s Ay + by 4)5 Pnr + by d)s Zor + eijklmnm

where z;, is the fixed regression coefficients and ¢, are
the Legendre polynomial covariables of order 2 evalu-
ated at each corresponding specific TI. The other fixed
and random effects were as defined above (model 1).

To quantify the magnitude of production traits de-
cline by each TT above the specific threshold, regression
analyses were applied to evaluate changes in test-day
records of production traits for different ranges of TT
below its respective typing point (model 4). Those
ranges represented the mild, moderate, and extreme
heat stress level. Model 4 was as follows:

Yijklum = I‘IT‘:Dl -+ AGSAIJ -} STAGEk -+ B X t
+ by d)s Ay + b (bs Pmr + % Cbs Zpy ei_]'khmn

where

. 0 if T < THR
" |(TI-THR) if TI >THR'
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Following Bohmanova et al. (2007), the yearly loss of
milk, fat, and protein due to heat stress was estimated
by multiplying the appropriate rate of decline (b) of
each TI by the yearly cumulated stressed degrees below
the specific threshold of each TI. Yearly loss was com-
puted for each separate weather station.

RESULTS AND DISCUSSION

Climate Conditions in Luxembourg

Luxembourg is characterized by a continental tem-
perate climate known by mild winters and pleasant
temperatures in summer. The average daily Ty,, RH,
WS, and RAD from the 14 weather stations used in
our study during the 12 years were 9.98°C, 81%, 1.95
m/s, and 100 W/m? respectively. The northern part is
slightly warmer (Ty, = 10.62°C) and less humid (RH
= 79%) than the southern part (T, = 9.36°C and RH
= 83%). Nevertheless, given its limited geographical
extent, Luxembourg hardly presents large climatic
contrasts. Mean monthly Ty, and RAD were lowest in
January and peaked in July (Figure 1). Monthly aver-
ages RAD formed a plateau of around 160 W/m?* from
May to August. In contrast, RH had a reverse trend to
Ta, and RAD. The WS was constant during the year,
with an average of 2 m/s. The grazing period in Lux-
embourg occurs between April and November where
cows have free access to the outdoors for an average
of 8 h per day (Dairyman, 2012). During this period,
cows are exposed to the highest levels of Ty, and RAD
and, thus, could be affected by heat stress during July
and August, when the latter parameters attempt their
peaks.

Both THI and apparent temperature indices had
similar yearly trends, labeled with lowest values from
November to January and highest values from June to
August (Figure 2). The largest differences between all
TI were observed during those 2 contrasted seasons.
Similar patterns were reported by Bohmanova et al.
(2007) when evaluating TT; and 6 other variants of
THI weighted differently only on T4, and RH under the
climatic conditions of Georgia and Arizona. Their THI
values were higher compared with THI indices defined
in the current study. In addition, Bohmanova et al.
(2007) observed that the largest differences between
THI indices were only associated with the summer sea-
son under the humid and the semiarid environment in
the United States.

Correlations between the 6 TT evaluated in this study
were high. They ranged from 0.73 (between TI; and T1,)
to more than 0.95 among the other 5 indices. Moreover,
the different TT were highly correlated to Ty,. Correlation
coefficients ranged from 0.77 (TT3) to 0.99 (TT,). Howev-
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Figure 1. Average monthly temperature (Tqy, °C), relative humidity (RH, %), wind speed (WS; m/s), and solar radiation (RAD; W/m?) in
Luxembourg.

er, they were less correlated to the other meteorological to 0.67 (TI;) with RAD. Dikmen and Hansen (2009)
parameters (RH, WS, and RAD). Correlations were low evaluated under a subtropical climate conditions 7 THI
and ranged from —0.27 (TI3) to —0.52 (TI,) with RH, indices similarly defined to those used by Bohmanova
~0.09 (TI;) to —0.33 (TI,) with WS, and 0.37 (TI,) et al. (2007). They reported high correlations (r = 0.93
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Figure 2. Average monthly values of temperature-humidity (TIL;, TI,, and TI;) and apparent temperature (TTy, TI;, and TIg) indices in
Luxembourg. TI; = temperature-humidity index (THI; NRC, 1971); TI, = adjusted THI (Mader et al., 2006); TI; = heat load index (Gaughan
et al., 2008); TL,; = equivalent temperature index (Baeta et al., 1987); TI; = envirommental stress index (Moran et al., 2001); TTy = compre-
hensive climate index (Mader et al., 2010).
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to 1) between all indices. The authors showed also that
the highest correlations were observed between the 7
THI indices and Tq, (r = 0.84 to 0.98).

Identification of Heat Stress Thresholds

Least squares means from ANOVA (model 3) using
regressions on THI and apparent temperature indi-
ces are presented in Figures 3 and 4, respectively. A
plateau-linear relationship was identified for almost
all production traits and SCS. Estimates of thresholds
were different among the studied TT (Table 1). They
ranged from 62 (TI,;) to 80 (TI,;) for THI indices and
production traits. Corresponding values for apparent
temperature indices ranged from 16 (TI5) to 20 (TIs).
Direct comparison of thresholds among the evaluated
indices is difficult not only because of the scaling effect
but also due to differences in weights on Ty, RH, WS,
and RAD for each of them. Nevertheless, it is inter-
esting to notice that all of the 6 different threshold
estimates correspond to average Ty, (17.8 + 1.2°C)
and RH (75 =+ 9%) independent of WS and RAD. Our
estimates of the upper critical temperature are lower
than values of upper critical temperatures of 23 and
30°C found in the United States humid and semiarid
environments, respectively (Bohmanova et al., 2007),
27°C reported under Arizons climate conditions (Igono
et al., 1992), 28.4°C in a subtropical environment (Dik-
men and Hansen, 2009), and 25°C estimated under the
Mediterranean climate of Israel (Berman et al., 1985).
However, our estimates are consistent with the value of
16°C reported by Youssef (1985) as the upper critical
temperature point.

Different thresholds of heat stress for production
traits in dairy cattle were reported using different TI
definitions and dairy populations (Dikmen and Hansen,
2009; Boonkum et al., 2011; Briigemann et al., 2011).
However, TI1 remains the de facto indicator of heat
stress for livestock exposed to hot weather. A thresh-
old value of 72 TI1 was identified as the upper criti-
cal point for milk decline of Holsteins in a US humid
environment (Bohmanova et al., 2007). The threshold
of the same index was 74 in a semiarid US environ-
ment (Bohmanova et al., 2007), 78 in a subtropical US
environment (Dikmen and Hansen, 2009), 80 under
climatic conditions of Thailand (Boonkum et al., 2011),
69 under the Mediterranean climate conditions of Tu-
nisia (Bouraoui et al., 2002), and 60 for protein yield
of German Holsteins (Briigemann et al., 2011). Most
studies conducted in Europe were restricted mainly to
the eastern part. They focused exclusively on the TI1
effect on milk production and mostly arbitrarily chose
72 as the threshold (Broucek et al., 2007; Reiczigel et
al., 2009; Gantner et al., 2011). ’
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Thresholds of heat stress for TI that considered heat
radiation load and wind effect in addition to Ty, and
RH were limited to the experimental studies used for
the development of those indices (Baeta et al., 1987;
Mader et al.,, 2010) and only 1 small experimental
data set under tropical conditions (Silva et al., 2007).
Threshold estimates for milk yield were 89 for TI4
(Silva et al., 2007) and 26 and 30 arbitrarily defined
for T14 by Baeta et al. (1987) and Silva et al. (2007),
respectively. Threshold estimates for TI6 were also ar-
bitrarily defined by Mader et al. (2010) for both cold
conditions (0 to —10) and hot conditions (25 to 30).

The overall thresholds for heat stress of the 6 TI as
identified for production traits and SCS in our study
(Table 1) were different and lower than almost all
threshold estimates in tropical, subtropical, and Medi-
terranean climatic conditions. But the threshold for
TT1 is still in the same range as estimates for German
Holsteins (Brijgemann et al., 2011). These results dem-
onstrate that responses to heat stress varied between
regions and environments and that Holsteins differed in

-their adaptation to thermal environments. The lowest

threshold values observed for all indices in our study
could be potentially assigned to a reduced adaptability
of Luxembourg Holsteins to heat stress under conti-
nental temperate conditions. In addition, the intensive
selection mainly for high yields, considering heat stress
as “strange” phenomena under their conditions, could
explain the highest sensitivity of Holsteins under tem-
perate regions. Mar6ti-Agéts et al. (2011) reported that
the extensive keeping of the indigenous Hungarian Grey
breed under the warm and hot Hungarian conditions
for several centuries may have proved to be a selection
pressure for heat tolerance when compared with Nor-
wegian Red cattle. They pointed out that the effective
response to heat stress of Norwegian cattle seems to be
less important than that expressed by the Hungarian
Grey breed. Boonkum et al. (2011) justified the high
threshold of 80 TI1 for the Thai crossbred population
by the combinations of heat tolerance genes from Bos
indicus and the low level of production under more
restricted feeding opportunities in Thailand. Dikmen
and Hansen (2009) advocate that the high difference
in thresholds for TI; of 68 and 78 observed between
Georgia and Florida could be explained by better adap-
tation of Holsteins under climate conditions of Georgia.
They also stressed the beneficial effect of housing and
cooling features to reduce the heat stress effect. In our
study, and similar to most temperate regions, there is a
lack of use of cooling practices compared with farmers
in subtropical regions. In subtropical regions, the use
of cooling devices to mitigate the effects of high tem-
peratures could explain the higher thresholds observed
compared with our estimates. Moreover, the outdoor
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Figure 3. Least squares means for daily (a) milk, (b) fat, (¢) pro-
tein yields, and (d) SCS when using temperature-humidity indices. T1;
= temperature-humidity index (THIL; NRC, 1971); TI, = adjusted THI
(Mader et al., 2006); TT; = heat load index (Gaughan et al., 2008).
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presence in the grazing period under unstructured
shades during summer months in Luxembourg should
be considered as additional potential environmental
sources behind these lowest thresholds among those
reported for Holstein populations. Access to indoor or
outdoor structures providing shade during this period
would lessen the heat load effect. Despite the ability
of shade structures to alleviate the radiant heat load,
the typical shade structure used in Israel was found to
add 3°C to the ambient temperature surrounding ani-
mals (Berman, 2005). Under shade structures, cooling
systems based on fans also produce varying convection
levels.

With regard to milk composition, the tipping point at
which milk fat was affected by the different studied TT
in this work were not well established when compared
with those found for milk and protein yields (Figures
3 and 4). Fat yields tend to decrease steadily with in-
creasing THI and similarly with apparent temperature
indices. Almost for all TT, the values of thresholds were
obtained, whereas the convergence criterion was not
met (Table 1). Milk protein remains almost constant
before the specific thresholds to each T, after which it
decreased by an average of the b value associated with
each TI (Figures 3 and 4; Table 1). McDowell (1976)
stated that fat was more altered than proteins under
high temperature. McDowell (1976) reported that fat,
SNF, and milk protein percentage decreased by 40,
19, and 17%, respectively, when Ty increased from
18 to 30.8°C. The depressed milk protein levels due to
heat stress after the upper critical point was generally
pointed out by other studies (Bouraoui et al., 2002;
Gantner et al., 2011). The steady decrease in fat in our
study was observed in the ranges of TI corresponding
to the medium-high Ty, of spring to summer seasons.
During the later periods, cows generally graze where
heat load and high Ty, effects under unstructured
shades are effective. The decrease in forage intake and
the inadequate fiber levels in the rations will contribute
to a decrease in fat yield. The decrease in protein yields
could be caused by a decrease in DMI and energyin-
take during the heat stress period.

The daily SCS patterns for all TI were different from
those observed for milk, fat, and protein yields (Figures
3 and 4). In contrast to the tendency of the latter,
the tendency was for increased SCS values at both the
lowest and highest TI ranges. Medium to marginal in-
creases in SCS levels were observed for THI, whereas
a more pronounced reaction to cold stress was clearer
for apparent temperature indices (mainly T1,). Thresh-
olds identified for both THI and apparent temperature
indices were higher than those observed for production
traits. Shathele (2009) reported that occurrence of
mastitis is more pronounced during low ambient tem-
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perature and cold stress. Igono et al. (1988) reported
that modest increases in milk SCC were observed in
heat-stressed cows, using THI (TI;) as an indicator.
The higher SCC in milk observed in the current study
after the upper critical point for cold and heat stress
could be explained by the depressive immune function
due to the oxidative stress effect. Godden et al. (2003)
stated that heat and humidity did increase the patho-
gen load in housed or in field environment, resulting in
a great ncidence of mastitis.

Milk, Fat, and Protein Yield Losses
Due to Heat Stress

The production trait decline per unit of mild, moder-
ate, and extreme ranges of TI varied between indices
(Table 2). For milk, they ranged from 0.164 kg/TI; to
0.109 kg/TI; and from 0.955 kg/TT; to 0.298 kg/T1; in
mild and extreme situations of heat stress, respectively.
The highest milk fat rates of decline were 0.051 kg/TT;
and 0.095 kg/TT; in mild situations and in extreme heat
stress situations, respectively. Corresponding values for
protein yield were 0.013 kg/TT; and 0.062 kg/TL;, re-
spectively. Bohmanova et al. (2007) reported that milk
loss per unit of each of the 7 THI indices weighted
differently only on Ty, and RH varied among indices
and regions. The rate of milk yield decline reported in
their study at the threshold point (mild stage) ranged
from 0.40 to 0.27 kg and from 0.59 to 0.23 kg per unit
of THI in Athens (Georgia) and Phoenix (Arizona),
respectively. Ravagnolo and Misztal (2000) determined
that milk, fat, and protein yields declined, respectively,
by 0.2, 0.012, and 0.009 kg/unit increase in TI; when
T1; exceeded the THR of 72. Bouraoui et al. (2002)
found higher losses in daily milk, fat, and protein yields
(0.41, 0.681, and 0.562 kg, respectively) per unit in-
crease in TI; when the threshold of 68 was exceeded.
Comparison among indices within and between regions
based on decline rate is difficult due to differences in TI
definitions, threshold levels, and number of heat-stress
days.

The yearly milk, fat, and protein yield losses identi-
fied by THI indices were higher than those identified
by apparent temperature indices (Figure 5). For THI
indices, the largest losses of milk, fat, and protein of 54,
5.7, and 4.2 kg, respectively, were identified by TI,, the
de facto indicator (THI), which is adjusted for WS and
RAD. The lowest yearly milk, fat, and protein losses
were identified by the apparent temperature index TTg,
with 24, 3.2, and 2.4 kg, respectively. The year 2003
had the highest TT values among the 12 yr evaluated
in this study, with a minimum of 20 additional heat-
stress days to the average. During 2003, TI, had also
the greatest effect on milk, fat, and protein yield. The
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Figure 4. Least squares means for daily (a) milk, (b) fat, (c) pro-
tein yields, and (d) SCS when using apparent temperature indices. T1,
= equivalent temperature index (Baeta et al., 1987); TI; = environ-
mental stress index (Moran et al., 2001); TI; = comprehensive climate
index (Mader et al., 2010).
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Table 1. Nonlinear analysis of milk, fat, protein, and SCS test-day records using the broken-line model (model

2)
Thermal

Trait index (TI)! a? b c! THR®

Milk (kg) I 25.1 ~0.164 23.3 62
TI, 25.3 —0.152 22.8 64
TIy 24.2 —0.123 23.8 80
TI, 23.5 —0.146 22.9 18
TI; 23.7 -0.109 22.2 16
TIs 23.6 —0.154 23.2 20

Fat (kg) TI, 1.05 —0.020 0.98 62
TI, 1.06 —0.014 1.01 64*
TI, 1.02 —0.013 1.02 80*
T, 0.99 —0.022 0.99 18*
TI; 1.0 —0.023 0.99 16
TI; 1.00 -0.021 0.99 20*

Protein (kg) TI, 0.86 —0.013 ~0.80 62
TI, 0.87 —0.012 0.82 64
TI, 0.84 —0.010 0.83 80
T, 0.83 —0.012 0.82 18
Ty ) 0.83 -0.011 0.81 16
T 0.83 —0.013 0.81 20

5CS TI; 2.22 0.002 2.66 66
TI, 2.24 0.002 2.42 71
TI, 2.26 0.005 2.37 82
TI, 2.29 0.004 2.39 21
TI 2.37 0.003 2.52 20
TIs 2.38 0.004 2.44 23

'TT, = temperature-humidity index (THI; NRC, 1971); TI, = adjusted THI (Mader et al., 2006); TI; = heat
load index (Gaughan et al., 2008); TI, = equivalent temperature index (Bacta et al., 1987); TI; = environmen-
tal stress index (Moran et al., 2001); T = comprehensive climate index (Mader et al., 2010).

Intercept.

*The slope of the decrease in corrected trait (y*) when the thermal index decreases by 1 unit.
“The plateau when the trait is not affected by the thermal comfort.

"The threshold of each TI for the upper point of the thermoneutral zone.

*The convergence criterion was not met,

Table 2. Rate of decline for milk, fat, and protein yields at mild, moderate, and extreme heat stress levels

Thermal Protein
Heat stress level index (TD)! Range Milk (kg) Fat (kg) (kg)
Upper critical point (THR)? TI, 62 0.164 0.020 0.013
TI, 64 . 0.152 0.014 0.012
TI, 80 0.123 0.013 0.010
TI, 18 0.146 0.022 0.012
TIy 16 0.109 0.023 0.011
T 20 0.154 0.021 0.013
Moderate TI, 62-70 0.356 0.032 0.022
TI, 64-72 0.252 0.019 0.013
TI, 80-88 0.188 0.024 0.016
TI,; 18-23 0.339 0.042 0.022
Ty 16-21 0.298 0.051 0.033
TIg 20-27 0.214 0.026 0.017
Extreme TI, 70-74 0.955 0.077 0.052
T, 72-78 0.535 0.048 0.031
TI; 88-92 0.298 0.041 0.023
TI, 23-26 0.758 0.062 0.044
Ty 21-24 0.747 0.095 0.062
Tl 27-30 0.315 0.044 0.046

TT, = temperature-humidity index (THL; NRC, 1971); TI, = adjusted THI (Mader et al., 2006); TT; = heat
load index (Gaughan et al., 2008); T1, = equivalent temperature index (Baeta et al., 1987); TI; = environmen-
tal stress index (Moran et al., 2001); Tl = comprehensive climate index (Mader et al., 2010).

"THR = threshold of each TI for the upper point of the thermoneutral zone.
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Figure 5. Average yearly loss from 2000 to 2011 and during the year 2003 of (a) milk and (b} fat and protein (Prot) yields and the average
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latter declined by 97, 10.3, and 7.5 kg, respectively.
Yearly milk yield losses during this exceptional year
remain in the same range of milk losses confirmed by
Bohmanova et al. (2007) in the US environment. Those
authors reported that milk yield losses ranged from 101
to 127 kg in Athens (Georgia) and from 124 to 168 kg
in Phoenix (Arizona).

In the current study, losses of production traits yields
due to heat stress were confirmed. The decline was lower
than values reported in regions with long, hot summers.
However, the declines observed in 2003, the particular
and extreme heat-stress year in European countries, ap-
proached the values observed in hot regions. The most
appropriate heat stress indicator was mainly identified
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in this study as the TT with the largest losses on pro-
duction traits during the year. The residual variances
and Akaike information criterion values obtained using
model 3 could also be used to compare the different
TI. For milk yield, estimates of residual variances and
Akaike information criterion values varied from 4.229
kg® (T1,) to 4.321 kg (TI;) and from 419,863 (TI,)
to 444,286 (TT;), respectively. The 2 indices adjusted
simultaneously for WS and RAD (TI, and TT;) showed
significant high production losses in average and in the
year with the most heat stress. They were considered
as the best indicators among the 6 indices to evaluate
heat stress effects for production traits and SCS under
a temperate climate. The apparent temperature index
(TL;) has the advantage of covering a wider range of
cold and hot conditions. However, the index complexity
definition should be taken into account when develop-
ing phenotypic or genetic tools for heat stress mitiga-
tion or adaptation.

CONCLUSIONS

According to our results, all THI and apparent tem-
perature indices had identified heat stress thresholds
for the production traits and SCS in Luxembourg
Holsteins. The thresholds were lower compared with es-
timates under tropical, subtropical, and Mediterranean
climate conditions. The lowest threshold values could
be potentially attributed to a reduced adaptability of
Holsteins to heat stress under temperate conditions.
However, the conventional THI (TT;) could be used as
heat stress indicator in temperate regions. Its adjust-
ment for WS and RAD (likewise done for T1,) is better
to assess animal discomfort under those environments.
Because of its ease of use, T, may be the best choice
for preliminary heat stress forecast and herd manage-
ment at the phenotypic level in temperate regions.
Nevertheless, genetic tolerance to heat stress should be
investigated.
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