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Climate change is impacting worldwide efficiency and welfare standards in livestock

production systems. Considering the sensibility to heat stress reported for different milk

production patterns in Italian Brown Swiss, this study aims to evaluate the effect of

heat waves (HWs)of different lengths on some milk production traits (fat-corrected milk,

energy-corrected milk, protein and fat yield, protein percentage, cheese production at

24 h, and cheese yield). A 10-year dataset (2009–2018), containing 202,776 test-day

records from 23,296 Brown Swiss cows, was used. The dataset was merged both with

the daily maximum temperature–humidity index (THI) recorded by weather stations and

with the daily maximum THI threshold for each trait in Italian Brown Swiss cows. The

study considered 4 different HWs according to their length: 2, 3, 4, and 5 consecutive

days before the test-day over the weighted THI threshold. Milk production traits were

determined as the difference in losses compared to those after only 1 day before the

test-day over the weighted maximum THI. All traits showed to be affected by HWs.

Particularly, protein percentage losses increased from −0.047% to −0.070% after 2

consecutive days over the daily THI threshold, reaching −0.10% to −0.14% after 5 days

(p< 0.01), showing a worsening trendwith the increasing length of HWs. First parity cows

showed to be more sensitive to HWs than other parity classes, recording greater losses

after shorter HWs, compared to multiparous cows, for protein yield and, consequently,

for cheese production at 24 h. This suggests a less efficient metabolic response to heat

stress and exposure time in primiparous, compared to multiparous cows, probably due

to their incomplete growth process that overlaps milk production, making it more difficult

for them to dissipate heat. Although actions to mitigate heat stress are always needed in

livestock, this study points out that often time exposure to warm periods worsens milk

production traits in Brown Swiss cows.
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INTRODUCTION

The current and forecasted future scenario on global warming
leads animal scientists to focus on several challenges on livestock
efficiency, animal welfare, and economic perspective. Several
studies stated that prolonged periods of excessively hot weather,
such as heat waves (HWs), are expected to increase in frequency,
intensity, and duration (Beniston et al., 2007; Vitali et al.,
2020). Comprehensive knowledge and analysis of the effects
of this phenomenon on animal efficiency is the basis for
improving future livestock systems’ efficiency. Dairy cows have
been considered heat stressed when their capacity for heat
dissipation exceeds the range specified for normal activity (Pinto
et al., 2020). High-yielding cows are the most discharged due to
the production of a large amount of metabolic heat (Godyń et al.,
2019). The activation of adaptive systems (Kadzere et al., 2002),
in these animals, are not able to cope with the high temperature
and high relative humidity, resulting in cow’s body temperature
increase (Allen et al., 2015), impaired thermoregulation, and
excessive heat load (Rhoads et al., 2009). Consequently, the
supposed climate scenario may have some negative consequences
from a different point of view: health, welfare, and overall
efficiency. Heat stress increases the risk of production losses
(Bernabucci et al., 2014; Dahl et al., 2019; Maggiolino et al., 2020),
infections (Olde Riekerink et al., 2007), and mortality (Vitali
et al., 2015).

For the estimation of heat stress effects on dairy cows, many
indices have been proposed in the literature (Herbut, 2018).
The most suitable in intensive systems is the temperature–
humidity index (THI) (Hammami et al., 2013; Heinicke et al.,
2018), a combination of dry bulb temperature and relative
humidity (Maggiolino et al., 2020). The THI thresholds are
suitable for estimating the intensity of thermal discomfort, and
different thresholds in different breeds by different research were
proposed. Commonly, THI of 72 is considered the upper limit
threshold in Holstein cows, after which the milk production
starts to decrease (Heinicke et al., 2018). Mader et al. (2006)
defined a range of THI between 70 and 74 to be a potential heat
stress condition for cattle. Many studies showed considerable
variability in THI thresholds regarding production losses such as
THI 72 (Ravagnolo et al., 2000; Bohmanova et al., 2007), THI 68
(Herbut et al., 2015), THI 65 (Zimbelman and Collier, 2011), and
THI 60 (Brügemann et al., 2012). Moreover, Maggiolino et al.
(2020) reported higher THI thresholds for Brown Swiss cows,
showing higher heat tolerance of this breed. Although several
studies have been carried out on different breeds and in a different
geographical area, aiming to estimate the THI thresholds over
which cows are heat stressed, few studies considered how HWs
can affect dairy cows’ production, and often they investigated the
association of HWs with mortality (Vitali et al., 2009, 2015). The
HW is generally defined as a prolonged period of excessively hot
weather. The lack of an official definition of HW is based on
average weather conditions in the area and on normal seasonal
temperatures (Robinson, 2001; Beniston et al., 2007; Russo
et al., 2014). The International Panel on Climate Change (IPCC)
defined it as the longest period in the year of at least 5 consecutive
days with a maximum temperature at least 5◦C higher than the

climatology of the same calendar day. The Environment Canada
(2013) defined it as 3 consecutive days of temperatures of at
least 32◦C daily maximum temperature, but a variety of other
definitions exist for an HW. Hahn (1999) defined an HW as a
period of at least 3 days characterized by THI greater or equal to
70 for all hours.

In our study, we considered “heat wave” a period of at least
2 consecutive days when the daily maximum THI has exceeded
the average maximum THI threshold over which the production
worsened for each parameter considered for Brown Swiss cows as
defined by Maggiolino et al. (2020).

The authors’ hypothesis is that the number of consecutive days
with maximum THI higher than the maximum THI threshold
can negatively affect production traits, particularly compared to a
single day over the maximum THI threshold before the test day.
So, the aim of this study is to highlight the potential effect on
production losses of HWs lasting 2, 3, 4, and 5 consecutive days
over the maximum THI threshold, compared to the losses of only
1 day over the maximum THI threshold.

MATERIALS AND METHODS

Data were provided by the Italian Brown Swiss Breeders
Association (Verona, Italy) and consisted of 1,048,570 test-day
records from 85,379 Brown Swiss cows. Records were collected
from 749 dairy farms from 2009 through 2018. The first editing
of the raw dataset followed the same exclusion criteria as already
reported in our previous study (Maggiolino et al., 2020). Briefly,
data from all farms located over 700m above sea level, all farms
with less than 10 lactating cows, all cows that did not have at least
5 test-day records per lactation, all multiparous cows that did not
have first lactation data available, all cows that did not have at
least 15 test-day records per farm among all lactations, all test-
day records over 365 days in milk (DIM) were excluded. After
applying the inclusion and exclusion criteria, we had 202,776
records for the analysis on the maximum THI.

The 4% fat-correctedmilk (FCM) yield was calculated for each
test-day record according to the formula reported by Gaines and
Davidson (1923):

4%FCM = 0.4×milk+ 15×fat (1)

The energy-corrected milk (ECM) yield was calculated for each
test-day record according to the formula reported by Yan et al.
(2011):

ECM = milk×[0.25+ (0.122× %fat)+ (0.077× %protein)](2)

Cheese yield was calculated according to the formula reported
by Van Slyke and Publow (1910) modified for Parmigiano
Reggiano cheese:

cheese yield(%) = [(0.93%fat+ (%casein− 0.1))×

1.09]/(100−M) (3)

where fat recovery factor is 0.93; factor accounting for casein loss
is 0.1; 1.09 represents the constituents of cheese solids non-casein
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and non-fat, corresponding to 9% of the sum; M is the moisture
of fresh cheese, assumed to be 39.5% as for 24-h Parmigiano
Reggiano cheese (Formaggioni et al., 2015).

Cheese production at 24 h (4) was calculated following the
formula reported by Formaggioni et al. (2015) obtained by
adapting the Van Slyke and Publow (1910) formula to 24-h
Parmigiano Reggiano cheese characteristics, both for each test-
day record as follow:

Cheese productionat24 h = SY×MY24h (4)

whereMY24h is daily milk yield (24 h) and is calculated as follow:

MY24h = {[0.84×%fat+ (%casein× 0.944)]×

1.09}/(100− 39.5) (5)

where 0.84 is the fat recovery factor, 0.944 is the theoretical case
in factor recovery,

and SY is the standard yield and is calculated as follow:

SY = [(MY24h− 0.0944004)/0.0104959]× 0.0064+ 0.0862(6)

Statistical Analysis
Two sets of analyses were carried out as reported in our previous
study (Maggiolino et al., 2020) and also briefly reported here.
First, a mixed linear model with repeated measures was fitted to
obtain least squares estimates of THI effect on production traits:

Y = farm(yc)+mc(yc)+ cdim+ Thir+ ord+ thir×ord

+cdim× ord + µ + e (7)

where Y is the outcome (MY, FCM, kg/day), fat (%), fat
yield (kg/day), protein (%), protein yield (kg/day), cheese yield,
equivalent cheese milk, and cheese milk production in 24 h; farm
(yc) is the fixed effect of the herd nested within the year of calving
(yc); mc (yc) is the fixed effect of themonth of calving (mc) nested
within the year of calving; cdim is the fixed effect of DIM class;
This is the fixed effect of THI maximum class; ord is the fixed
effect of parity class; thir× ord is the fixed effect of the THI class
by parity class; cdim × ord is the fixed effect of the DIM class
by parity class; µ is the random factor that corrects for repeated
measures of cows; and e is the random residual effect. Five DIM
classes were defined as follows: from 0 to 30, from 31 to 90, from
91 to 180, from 181 to 270, and from 271 to 365. The weather
dataset was divided into 41 THI maximum classes, with the first
class beginning at THI = 50, and the subsequent classes were set
at each 1-point THI thereafter until the last class, which had a
THI= 90. Parity was grouped into 4 classes: first lactation, second
lactation, third lactation, and fourth lactation or more.

In the second set of analyses, the least squares mean estimated
for the levels of the interaction effect between the THI class and
the parity class in the model (7) were used as the dependent
variable to estimate changepoints in the relationship between
products. These change points would then determine variables
and heat load. The comfort threshold(s) in these populations. The
following model was used:

yi = xiTβ + ui(i = 1, . . . , n), (8)

where at time i, yi is an observation of the dependent variable
(e.g., least squared means of production), xi T is a k × 1 vector
of regressors, with the first component usually equal to unity;
β is the k × 1 vector of regression coefficients, which may vary
over time (THI); and ui are iid (0, σ2) (i.e., ui is a k × 1 vector
of residuals, which are independent and identically distributed
with mean 0 and SD σ2). In this second phase, we tested the
null hypothesis that the regression coefficients remain constant
(reduced model) compared with the alternative hypothesis that
at least 1 coefficient varies over time (complete model). If the
increase in the sum of square errors from the complete to the
reduced model is significantly large, then the null hypothesis can
be rejected, concluding that the complete model works well and
a significant breakpoint does exist (i.e., a significant change in
milk outcome parameter due to THI has been detected). The
analyses were repeated by regressing the least squares means on
the THI for each of the 15 days before the test-day record. The
weighted THI was calculated according to the R2 weight of each
THI observed.

After all analyses, we decided to consider and report the
THImax effect on all patterns investigated, as this index gave the
most consistent results compared with the other ones calculated
and considered.

After this, a mixed linear model with repeated measures was
fitted to obtain least squares estimates of outcome production in
the presence or absence of HWs. HWs are defined as the number
of consecutive days exceeding the THI threshold compared to
a single day over the threshold. Therefore, test-days with THI
below the threshold have been deleted. The weighted threshold
values found in our previous study (Maggiolino et al., 2020) were
used (Table 1). The effect of four different possible HWs was
evaluated: 2 days (2 consecutive days before test-day); 3 days
(3 consecutive days before test-day); 4 days (4 consecutive days
before test-day); and 5 days (5 consecutive days before test-day).
All losses were calculated and compared to losses after only 1 day
over the weighted THImax. The farm and the year of calving were
included among the random effects because they are considered
hierarchically as a second level unit with respect to the cow. HW,
the month of calving, DIM class, parity class, and HW by parity
class were the fixed effects in the model. The least square means
of outcome production by HWs and class parity were compared,
and paired multiple comparison was adjusted by Tukey.

All tests of statistical significance were two-tailed, and p< 0.05
were considered significant. Statistical analyses were performed

using the SAS/STAT
R©

Statistics version 9.4 (SAS, 2011; SAS
Institute Inc., Cary, NC, USA). The R software (http://cran.r-
project.org) and the “strucchange” package (Zeileis et al., 2002)
were used in the breakpoint analyses.

RESULTS

Estimated variations of milk production traits after HWs of 2, 3,
4, and 5 days over the maximum THI threshold, compared to a
single day exceeding the maximum THI threshold, are reported
in Table 2. The FCM yield showed a progressive reduction (p <

0.05), according to the HW duration. Estimated losses ranged
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TABLE 1 | Maximum daily THI threshold values and number of records for each production trait and according to parity class.

Parameters Parity Maximum THI

threshold

1 day 2 days 3 days 4 days 5 days

Milk yield, kg 1 – – – – – –

2 – – – – – –

3 – – – – – –

>4 – – – – – –

FCM, kg 1 76 5,898 13,956 10,721 8,492 6,434

2 75 4,156 10,088 7,510 5,817 4,434

3 77 2,039 4,110 3,096 2,401 1,821

>4 81 2,031 3,805 2,727 2,102 1,698

ECM, kg 1 72 6,669 20,833 15,903 12,922 10,027

2 79 2,886 6,510 4,785 3,724 2,764

3 75 2,354 5,157 3,760 2,838 2,094

>4 76 3,152 6,744 4,835 3,665 2,724

Protein, % 1 73 6,745 18,831 14,352 11,119 8,465

2 71 4,902 14,429 10,922 8,641 6,675

3 74 2,502 5,780 4,131 3,118 2,321

>4 72 4,050 10,188 7,474 5,702 4,488

Protein yield, kg 1 75 6,250 15,520 11,700 9,137 6,923

2 75 4,157 10,067 7,499 5,806 4,423

3 79 1,522 3,447 2,499 1,949 1,488

>4 77 2,845 6,170 4,517 3,392 2,556

Fat, % 1 – – – – – –

2 – – – – – –

3 – – – – – –

>4 – – – – – –

Fat yield, kg 1 75 6,250 15,553 11,718 9,155 6,941

2 77 3,837 8,101 6,161 4,847 3,681

3 64 3,555 12,266 9,440 7,482 5,777

>4 – – – – – –

Cheese production 24 h, g 1 75 6,250 15,518 11,699 9,136 6,922

2 75 4,156 10,064 7,498 5,805 4,422

3 77 2,039 4,099 3,088 2,393 1,816

>4 80 2,020 4,524 3,295 2,533 2,072

Cheese yield, % 1 74 6,443 17,280 13,041 10,353 7,929

2 82 1,974 4,331 3,124 2,183 1,665

3 75 2,354 5,157 3,760 2,838 2,094

>4 76 3,152 6,744 4,835 3,665 2,724

FCM, 4% fat-corrected milk; ECM, energy-corrected milk; THI, temperature–humidity index.

from−319 g for HW lasting 2 days to−532 g after HW of 5 days
over the maximum daily THI thresholds. Considering ECM, the
yield depression was significant for all the duration of HWs (p <

0.001), ranging from−1.86 to−3.05 kg after 2 and 5 days lasting
HW, respectively. In addition, protein percentage, compared to
the decreased production at only 1 day over the maximum daily
THI threshold, showed a worsening trend as longer was the
HW duration (p < 0.01), with recorded values of −0.05% after
2 days HW, until more than doubling these losses after HW
lasting 5 days (−0.11%). The protein yield (g/day) did not show
differences, in comparison with the depression after 1 day over
the daily maximumTHI, at 2 days of HW (p> 0.05) but showed a

significant and progressive worsening of this pattern after 3 days
lasting HW (−11.25 g; p < 0.05), 4 days lasting HW (−23.54 g;
p < 0.001), and 5 days lasting ones (−34.35 g; p < 0.001). Fat
yield decreased according to the HW duration, compared to a
single day over the maximum daily THI threshold (p < 0.01).
Brown Swiss cows lose 19.32 g/day after 3 days lasting HW,
until 48.92 g/day after HW of 4 days. Cheese production at 24 h
did not show differences for HW durations ranging from 2 to
4 days (p > 0.05), but after a 5-day HW a reduction of 42.42 g
was recorded (p < 0.05). On the other hand, cheese yield was
affected by the HW duration, in comparison with a single day
over the daily maximum THI threshold (p < 0.001). Cheese yield
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TABLE 2 | Relative variation of fat-corrected milk (FCM; kg), energy-corrected milk (ECM; kg), protein content (%), protein yield (g/day), fat yield (g/day), cheese

production at 24 h (g) and cheese yield (%) after heat waves lasting 2, 3, 4, and 5 consecutive days, in comparison with the losses estimated after a single day of daily

maximum temperature–humidity index (THI) over the threshold.

2 days 3 days 4 days 5 days

Loss p-value Loss p-value Loss p-value Loss p-value

FCM (kg) −0.319 ± 0.152 0.036 −0.400 ± 0.192 0.037 −0.489 ± 0.221 0.027 −0.532 ± 0.249 0.033

ECM (kg) −1.864 ± 0.21 <0.001 −2.36 ± 0.255 <0.001 −2.617 ± 0.43 <0.001 −3.052 ± 0.338 <0.001

Protein (%) −0.054 ± 0.005 <0.001 −0.092 ± 0.007 <0.001 −0.104 ± 0.008 <0.001 −0.114 ± 0.009 <0.001

Protein (g/day) −1.02 ± .4.01 0.807 −11.25 ± 5.32 0.024 −23.54 ± 6.35 0.001 −34. 35 ± 7.25 <0.001

Fat (g/day) −20.23 ± 5.21 <0.001 −19.32 ± 4.41 <0.001 –−48.92 ± 22.15 0.027 −30.33 ± 8.22 <0.001

Cheese production 24 h (g) −9.059 ± 12.24 0.452 −7.25 ± 1.52 0.646 −28.23 ± 17.62 0.118 −42.42 ± 19.12 0.029

Cheese yield (%) −2.59 ± 0.34 <0.001 −3.05 ± 0.32 <0.001 −2.74 ± 0.42 <0.001 −3.42 ± 0.44 <0.001

losses ranged from −2.59 g after a 2-day HW to −3.42 g for a
5-day HW.

Table 3 shows results describing the effect of HW duration
(from 2 to 5 consecutive days), compared to the impaired
normalized milk yield production (FCM and ECM) due to a
single day of daily maximum THI over the threshold, in different
classes of parity. Multiparous cows did not show a significant
FCM yield reduction in the case of HW compared to a single day
over the THI threshold (p > 0.05). Differently, primiparous cows
had a lower FCM yield for HW lasting from 3 (−0.359 g; p <

0.05) to 5 days (−0.617 g; p < 0.01). The ECM yield was affected
by HWs, regardless of the length of the HW, compared to 1 day
over the dailymaximumTHI threshold (p< 0.001), ranging from
losses of −1.232 to losses of −3.097 kg/day. The only exception
was in the second-parity cows that had a similar ECM yield for a
2-day HW, though this parity category also impaired productive
efficiency for HW longer than 2 days (p < 0.001).

The effect of HW duration in comparison to a single day
over the THI threshold on protein percentage, protein, and fat
yield traits is reported in Table 4. The protein percentage was
negatively affected by HWs, independent from their duration
and in all the parity classes considered (p < 0.01), ranging from
−0.047% to−0.141% in comparison to a single day over the THI
threshold. Protein yield was significantly affected by a 3-day HW
in primiparous (p < 0.01) and third-parity cows (p < 0.05), and
by 4-day HW in primiparous (p < 0.001), third- (p < 0.01) and
fourth- or greater parity cows (p < 0.05), and by a 5-day HW
in primiparous (p < 0.01) and fourth-parity cows (p < 0.01).
The fat yield in second-parity cows was not affected by HWs.
Differently, primiparous and third-parity cows showed losses due
to HW lasting from 2 to 5 days (p < 0.01), with depression in fat
yield ranging from−15.35 to−37.89 g/day.

Table 5 shows cheese production at 24 h and cheese yield
estimated patterns as affected by the HW duration (from 2 to
5 consecutive days), compared to the impaired values due to a
single day of daily maximum THI over the threshold, in different
classes of parity secondiparous cows showed to be not affected by
HW in both the considered traits (p > 0.05).

Cheese production at 24 h showed differences in losses only
in primiparous cows after 3- to 5-day HW (p < 0.01), with
values ranging from−31.21 to−41.29 g. Differently, cheese yield

showed to be affected by HWs lasting from 2 to 5 days (p< 0.001)
with losses higher than those due to only 1 day over the daily
maximum THI threshold, in all the considered parity classes,
with the exception of the second- and third-parity decreasing rate
of cheese yield according to the parity classes and HW duration,
ranged from−1.83% to−4.23%.

DISCUSSION

The temperature-humidity index is a commonly used index for
the heat stress evaluation in animals, and particularly in dairy
cows, due to its ease of calculation (Ouellet et al., 2019) and to its
good accurate prediction suitability in the assessment of animal
exposure to heat stress when they are in barns and not exposed
to high air movement (Li et al., 2009). Although several studies
have been conducted on heat stress and its effect on milk traits in
different dairy cow breeds as Holstein (Bohmanova et al., 2007;
Sánchez et al., 2009; Aguilar et al., 2010; Bernabucci et al., 2014)
and Brown Swiss (Maggiolino et al., 2020), often they tried to
show the THI thresholds over which there was a real heat stress
effect on physiology, behavior, and/or productive patterns.

Previous research (Maggiolino et al., 2020) reported no
maximum THI threshold for milk yield in Brown Swiss, and
for this reason, milk yield was not included in this study. In
fact, the 2-phase regression approach applied to estimate the
THI thresholds did not fit for milk yield; however, the milk
yield normalization (FCM and ECM) showed to best fit with it.
However, only primiparous cows showed FCM losses after HWs
of 4 and 5 days of duration, whereas multiparous cows did not
show any FCM losses when the HW duration increased. This
result confirms a greater sensibility of cows at first lactation to
a hot environment (Maggiolino et al., 2020). In contrast, when
ECM was considered, they showed to be highly sensitive to HW
across all parities, with losses that increased even more than 3
kg/day after a 5-day HW. The ECM showed more sensitivity,
and so greater losses than FCM because of its inclusion in the
formula of both fat and protein. Results obtained on ECM are
consistent with those recorded on protein and fat in milk because
these traits were significantly affected by the HW duration.
Probably, the combination of poor heat tolerance for protein
and fat milk constituents resulted in a great effect of HWs on
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TABLE 3 | Relative variation of fat-corrected milk (FCM) and energy-corrected milk (ECM), after heat waves lasting 2, 3, 4, and 5 consecutive days, compared with the

losses estimated after a single day of daily maximum temperature–humidity index (THI) over the threshold, for the different parity classes.

Lactation 2 days 3 days 4 days 5 days

Loss p-value Loss p-value Loss p-value Loss p-value

FCM (kg)

1 −0.215 ± 0.087 0.212 −0.359 ± 0.11 0.024 −0.48 ± 0.128 0.004 −0.617 ± 0.143 <0.001

2 0.029 ± 0.101 1.000 −0.152 ± 0.129 0.939 0.005 ± 0.150 1.000 −0.027 ± 0.173 1.000

3 −0.150 ± 0.149 0.973 −0.454 ± 0.187 0.226 −0.495 ± 0.216 0.300 −0.627 ± 0.244 0.169

≥4 −0.319 ± 0.152 0.419 −0.400 ± 0.192 0.424 −0.489 ± 0.221 0.345 −0.532 ± 0.249 0.393

ECM (kg)

1 −1.463 ± 0.139 <0.001 −2.516 ± 0.184 <0.001 −2.801 ± 0.226 <0.001 −3.036 ± 0.249 <0.001

2 −0.642 ± 0.218 0.065 −1.232 ± 0.284 <0.001 −1.251 ± 0.317 0.002 −1.844 ± 0.354 <0.001

3 −1.872 ± 0.24 <0.001 −2.65 ± 0.305 <0.001 −2.825 ± 0.351 <0.001 −3.097 ± 0.405 <0.001

≥4 −1.864 ± 0.21 <0.001 −2.36 ± 0.255 <0.001 −2.186 ± 0.3 <0.001 −3.00 ± 0.338 <0.001

TABLE 4 | Relative variation of protein concentration (%), protein yield (g/day), and fat yield (g/day), after heat waves lasting 2, 3, 4, and 5 consecutive days, in

comparison with the losses estimated after a single day of daily maximum THI over the threshold, for the different parity classes.

Lactation 2 days 3 days 4 days 5 days

Loss p-value Loss p-value Loss p-value Loss p-value

Protein (%)

1 −0.047 ± 0.004 <0.001 −0.076 ± 0.005 <0.001 −0.097 ± 0.006 <0.001 −0.107 ± 0.007 <0.001

2 −0.063 ± 0.005 <0.001 −0.106 ± 0.006 <0.001 −0.128 ± 0.008 <0.001 −0.141 ± 0.008 <0.001

3 −0.07 ± 0.007 <0.001 −0.106 ± 0.009 <0.001 −0.109 ± 0.01 <0.001 −0.126 ± 0.011 <0.001

≥4 −0.054 ± 0.005 <0.001 −0.092 ± 0.007 <0.001 −0.104 ± 0.008 <0.001 −0.114 ± 0.009 <0.001

Protein yield (g/day)

1 −7.31 ± 3.12 0.121 −15.41 ± 4.32 0.001 −21.21 ± 4.32 <0.001 −18.61 ± 5.225 0.003

2 −3.27 ± 2.85 0.989 −9.68 ± 4.21 0.210 −11.35 ± 5.33 0.419 −13.74 ± 6.33 0.619

3 −3.45 ± 6.21 0.999 −24. 33 ± 7.15 0.027 −31.47 ± 8.21 0.009 −16.41 ± 9.25 0.672

≥4 −1.04 ± 4.04 1.000 −11.33 ± 5.22 0.317 −24.44 ± 6.41 0.015 −34.21 ± 6.57 <0.001

Fat yield (g/day)

1 −15.35 ± 3.25 0.003 −23.84 ± 4.66 <0.001 −31.55 ± 6.11 <0.001 −35.21 ± 6.84 <0.001

2 −3.21 ± 4.15 0.993 −14.36 ± 7.22 0.290 −7.33 ± 8.22 0.945 −8.15 ± 7.13 0.926

3 −22.35 ± 4.56 0.001 −37.89 ± 7.33 <0.001 −34.47 ± 8.17 0.003 −35.23 ± 9.66 0.004

ECM. Although protein percentage proved to be very sensitive
to HWs, protein yield was affected by HWs only in the first- and
third-parity cows by HWs over 3 days. The decrease in protein
yield due to heat stress could be related to the drop in caseins
synthesis (Bernabucci et al., 2002, 2015). Cheese yield estimates
the weight of cheese obtained from 100 kg of milk, and the total
cheese production in 24 h, used for Parmigiano Reggiano cheese
production, represents the weight of cheese produced from
100 kg of milk after 24 h. Both these parameters were involved
in our study because they represent useful tools to monitor
the Brown Swiss efficiency in the cheese-making process and in
dairy performance (Formaggioni et al., 2015), considering that
this breed is mainly intended for cheese production (Maggiolino
et al., 2020). Moreover, these parameters are strictly linked to
protein yield. Cheese production worsens with increasing HW
duration. A 5-day HW can induce higher losses in animals, and
particularly primiparous showed higher sensitivity to HW lasting

3 or more days. Primiparous cows appear to be more sensitive
to heat stress for protein yield and, consequently, cheese yield,
confirming what was reported by Maggiolino et al. (2020). They
showed that primiparous cows were characterized by a lower
maximum THI threshold compared to multiparous, showing
greater sensitivity to heat stress. When the THI threshold is
exceeded for 3 days or more, cheese yield losses are higher than
only for 1 day. Cows can usually efficiently dissipate heat if
they are under a THI threshold. This condition typically occurs
during nighttime (Vitali et al., 2020), but if hours over the
THI threshold are exceeded during a day, they can make heat
dissipation impossible. During a day (in 24 h), usually cows can
have part of the day over and part under the THI threshold.
This second condition usually happens during night hours that
are characterized by lower temperature and so lower THI. When
this happens, cows can dissipate heat held during day hours over
the THI threshold. There might be a difference among breeds,
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TABLE 5 | Relative variation of cheese production at 24 h (g), cheese yield (%) after heat waves lasting 2, 3, 4, and 5 consecutive days, in comparison with the losses

estimated after a single day of daily maximum THI over the threshold, for the different parity classes.

Lactation 2 days 3 days 4 days 5 days

Loss p-value Loss p-value Loss p-value Loss p-value

Cheese production at 24h (g)

1 −14.32 ± 7.10 0.353 −31.21 ± 8.33 0.008 −41.29 ± 10.22 0.001 −40.12 ± 11.24 0.008

2 2.15 ± 7.73 1.000 −14.12 ± 10.25 0.867 −4.71 ± 12.67 1.000 −3.19 ± 13.57 1.000

3 −9.26 ± 12.44 0.994 −38.47 ± 15.27 0.158 −53.12 ± 18.08 0.064 −52.31 ± 19.41 0.114

≥4 −9.14 ± 12.41 0.995 −7.17 ± 15.21 1.000 −28.23 ± 17.84 0.773 −42.36 ± 18.71 0.362

Cheese yield (%)

1 −1.83 ± 0.18 <0.001 −2.73 ± 0.19 <0.001 −3.15 ± 0.26 <0.001 −3.44 ± 0.26 <0.001

2 0.24 ± 2.51 1.000 −0.11 ± 0.04 1.000 −0.12 ± 0.36 1.000 −0.48 ± 0.45 0.986

3 −2.62 ± 0.22 <0.001 −3.82 ± 0.41 <0.001 −3.84 ± 0.41 <0.001 −4.23 ± 0.52 <0.001

≥4 −2.48 ± 0.28 <0.001 −2.91 ± 0.32 <0.001 −2.72 ± 0.37 <0.001 −3.41 ± 0.39 <0.001

parities, and individuals in the efficiency in dissipating loaded
heat during the day period under the THI threshold. However,
cattle initially respond to mild heat stress by sweating, panting,
drinking more, and seeking shade when possible. When THI
increases and reaches the upper critical value and imbalance
between heat production and dissipation capacity is induced,
the risk of milk production losses increases (Bernabucci et al.,
2014), dry matter intake decreases (Fodor et al., 2018), and
infectious and metabolic diseases and mortality risks increase
(Olde Riekerink et al., 2007; Vitali et al., 2015).

Gaughan et al. (2008) reported that there are upper and
lower thresholds, at which cattle accumulate or dissipate heat,
respectively. These thresholds change due to the metabolic
differences between growth and lactation, with greater heat
accumulation in animals that are involved in both metabolic
needs. Considering this, when heat stress lasts only 1 or 2 days
and THI decreases below the lower threshold, usually occurring
during the nighttime, cows can dissipate the accumulated heat,
with no negative effects on productive performance and/or
feeding intake (Fox and Tylutki, 1998).

There is an increased occurrence of HWs worldwide (Meehl
and Tebaldi, 2004), and also in the Mediterranean Basin regions.
This is expected to cause additional heat stress in dairy cows,
as reflected by our results. As reported by Vitali et al. (2015),
HWs may also reach a length of 8–10 days, with production
losses that must be calculated and prevented. Obviously, under
such conditions, heat stress is correlated not only with impaired
milk traits production but also with an increased cattle mortality
(Bishop-Williams et al., 2015; Vitali et al., 2015) and culling rate
due to reduced fertility (Pinedo et al., 2010).

During the last quarter century, livestock efforts focused on
improving production efficiency and nutritional requirements
in animals exposed to adverse environmental conditions,
applying selection pressure on milk and milk constituents’
yield rather than improving stress resistance. Although this
approach increased dairy cows’ productivity, it also increased
their sensitivity (reduced their thermal plasticity) in warm
microenvironmental conditions (Collier et al., 2018).

In conclusion, the present study contributes to deepening
knowledge on how THI persistence over the THI threshold can
affect productive traits and how the HW duration is able to get

worse in Brown Swiss dairy cows’ production. This is even more
true considering that there were more 2, 3, 4, and 5-day HW
lengths than only 1 day over the THI threshold (as reported in
Table 1). Although current cooling system technologies should
be applied to cope with dairy cow’s heat stress (Collier et al.,
2018), genetic improvement, also based on genomic approach,
for increasing heat tolerance should be considered as a potential
strategy to help for mitigating the negative effects of increased
frequency of HWs (Garner et al., 2016; Nguyen et al., 2016).

Moreover, further studies are needed to investigate sensitivity
to heat load. It is necessary to pay more attention and better
investigate how to improve animal welfare and efficiency and
breeding selection.
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