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To the cows

“It is not the strongest of the species that survives, nor the most intelligent that survives.

It is the one that is the most adaptable to change.” (Charles Darwin)
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1 INTRODUCTION

1.1 The impact of climate change on naturally ventilated barns (NVBs) and dairy

production

As a consequence of long-term global warming, drier and hotter summers are becoming
prevalent (WMO, 2018). These impacts are expected to worsen with ongoing climate change
(Christensen et al., 2007). Thus, climate change may alter the main characteristics of
livestock production systems (Gauly et al., 2013). Moreover, atmospheric conditions are
major contributors to animal stress in warm and temperate climate conditions (Legates et al.,
1991). Naturally ventilated barns (NVBs) have the advantage of being economical since
natural ventilation does not require electrical energy to operate fans. Nevertheless, this
housing system is particularly vulnerable to climate change because it depends on the
immediate outside environment, which directly determines the microclimate conditions inside

these barns (Hempel et al., 2018).

In Europe, the highly economically relevant dairy cattle sector is predominantly
characterized by intensive milk production with high-yielding cows housed in naturally
ventilated barns (Algers et al., 2009). Dairy cows under heat stress conditions experience
significant issues, including reduced milk production, poor reproductive performance, poor
health, and decreased animal welfare (Kendall et al., 2007, Gauly et al., 2013, Schutz et al.,
2014). Due to the dairy cow’s sensitivity to high temperatures, these negative effects are
relevant for animals with high genetic merit (Kadzere et al., 2002). The responses to heat
stress in dairy cows housed in loose housing systems are determined by a combination of
environmental and animal-related factors. Some environmental parameters, such as
temperature, relative humidity and air velocity, have been investigated to identify their effects
on cow performance by establishing critical ambient temperatures for dairy cows (West,
2003). The most common environmental parameters include ambient temperature (AT) and
relative humidity (RH) (Thom, 1959, NRC, 1971). The combined effect of both of these
environmental conditions is presented as the temperature-humidity index (THI), which is

calculated from an empirical formula that was first proposed for humans by Thom (1959).
1.2 Thermoregulation
Heat production and accumulation, combined with compromised cooling capability

because of high temperature and humidity values in the surrounding environment, causes

heat load in the cow (West, 2003, Polsky and von Keyserlingk, 2017). Consequently, heat



stress in dairy cattle occurs when the capacity for heat dissipation exceeds the limit specified
for normal activity and induces bodily adjustments to avoid physiological dysfunction
(Kadzere et al., 2002, Dikmen and Hansen, 2009); this particularly affects cows with high
milk yield which have already elevated internal heat loads, and their metabolic heat output is
increased (Hahn, 1999, West, 2003). It is well documented that the optimal temperature
range for dairy cows should be between -5 and 20 °C or for THI values to be below 68 or 72
(Armstrong, 1994, Hahn, 1999, Zimbelman and Collier, 2011). In an attempt to maintain their
body temperatures, the animals adjust their behavioral and physiological responses to

promote increased heat loss (Berman, 2005, Soriani et al., 2013).

1.3 Heat stress indicators

Responses of cows under heat stress conditions are homeostatic mechanisms that
include increased water intake as well as the loss of body fluids due to sweating and panting
(Silanikove, 2000, Soriani et al., 2013). Eventually, in response to heat stress, dairy cows
increase salivation, reduce their heart rate and feed intake, and consequently decrease their
milk production (Kadzere et al., 2002, Costa et al., 2015). Although effects such as reduced
dry matter intake, rumination time, milk yield and/or fertility are indicative of heat stress, dairy
cows present these signs relatively late. There is a specific lag time after exposure to hot
conditions (Moallem et al., 2010, Soriani et al., 2013, Schueller et al., 2014). Based on these
attributes, it is impossible to achieve immediate control of the cow’s thermal adaptation
process and prevent a negative impact on the well-being and productivity of cows (Kadzere
et al.,, 2002, Costa et al., 2015). In contrast, physiological parameters such as heart rate,
body temperature, and respiration rate (RR) have been shown to be adequate and timely
indicators of heat stress in dairy cows (Moallem et al., 2010, Costa et al., 2015, Galan et al.,
2018).

1.4 Respiration rate as an important parameter of heat stress assessment

The advantage of noninvasive measurement methods to determine stress conditions in
dairy cows is that they do not cause additional disturbances to the animals and thus there is
no negative impact on the well-being and production level of the cows. In particular, RR is a
sensitive indicator for assessing heat stress in dairy cows (Tucker et al., 2008) because
when cattle are exposed to fluctuating ambient temperatures, the RR is consistently affected
with little or no lag period. The physiological reference range of the RR in cattle varies from
24 to 36 breaths per minute (bpm) (Rosenberger, 1979), but it may range between 15 and 36

bpm (Jackson and Cockcroft, 2008). There is some evidence that RR is influenced by



ambient temperature and relative humidity. The RR is highly efficient in regulating body
temperature under heat stress (Berman, 2005, Bernabucci et al., 2010, Polsky and von
Keyserlingk, 2017) through endogenous heat loss directly from the body core via the
respiratory tract (Legates et al., 1991, Silanikove, 2000). Among the major physiological
parameters reported in the literature, RR and panting have long been used as well-suited
parameters for heat stress monitoring in cows (Gaughan et al., 2000, Mader et al., 2006).
When correlating the RR with climate conditions, Mader et al. (2006) demonstrated that body
temperature in feedlot cattle under hot conditions was regulated by an increase in RR.
Further, the RR increases earlier than the rectal temperature in cows under hot conditions,
and it is the earliest indicator of a cow’s response to fluctuating air temperatures (Ferreira et
al., 2006, Costa et al., 2015). This increment allows the cow to initiate heat dissipation before
a significant increase in body temperature and before subsequent changes in normal body
functions occur (Berman, 2005). In addition, Brown-Brandl et al. (2005) affirmed that the RR
is a reliable physiological parameter under different weather conditions because it is easy to

monitor without costly equipment.

1.5 Housing and animal management options for heat relief in heat-stressed dairy

COows

In the context of climate change, the annual temperature in humid continental areas is
expected to rise 2-4 °C by 2050, and heat mitigation systems will become increasingly
popular (Fournel et al., 2017). Thus, management strategies to minimize the effects of heat
stress have been emphasized in recent years. The effects of hot, humid conditions are
thought to be mediated through an effect on cow body temperature (West, 2003). A broad
spectrum of strategies can be used to mitigate the negative impact of heat stress on dairy
production and profitability (Berman, 2006, Avendano-Reyes et al., 2010), but physical

modification of the barn environment is the primary means.

In an attempt to mitigate the heat load in cows, alterations in housing and animal
management strategies have been applied in hot environments (Polsky and von Keyserlingk,
2017); examples include the physical modification of the environment (e.g., shading,
cooling), the genetic development of heat-tolerant breeds, and the improvement of nutritional
management (West, 2003). However, there is limited information available regarding the
efficiency of physical applications to abate thermal stress in cows under hot conditions. The
typical methods can be divided into two groups: 1) modifying the environment to prevent
reaching or limiting the time under the threshold temperature and 2) enhancing the heat

exchange between cows and their environment. This heat exchange generally involves



increasing heat loss from the body surface by mechanisms such as conduction (direct
contact with a surface), convection (contact with a moving fluid), and evaporation (liquid-to-
vapor phase change through the respiratory system and skin) (Fournel et al., 2017). In
practice, this involves a combination of water and high wind speed, which increases the
cooling rate by wetting cows or the air around them and thereby increase the convective heat

transfer rate over the animals (West, 2003).

Approximately 30 years ago, sprinklers and forced ventilation were implemented in open
shelters to alleviate heat stress in dairy cows (Berman et al., 1985). With the addition of
water into the air with sprinklers and in combination with high wind speed from the fans, the
evaporative cooling system has become an important method to improve heat dissipation
and maintain homeostasis in dairy cows (Valtorta and Gallardo, 2004, Kendall et al., 2007,
Ortiz et al., 2015). Above 35 °C, evaporative cooling becomes the only method for heat
dissipation in dairy cows (Burgos et al., 2007). These methods enable high milk production in
hot regions by improving heat release (Ortiz et al.,, 2015, Fournel et al., 2017). Several
studies have demonstrated the effect of evaporative cooling, considering the effects of
different frequencies of evaporative cooling on heat abatement. The methods varied among
two (Valtorta and Gallardo, 2004), four (Avendano-Reyes et al., 2010), five (Flamenbaum et
al., 1986), eight (Honig et al., 2012), and nine (Her et al., 1988) cooling sessions per day.
These previous studies, however, evaluated animal parameters as the RR of cows only twice
per day or once per week, which reduces the reliability of the heat stress assessment. In
addition, these studies did not consider the immediate effect of body reactions on cooled
animals, both when the cooling management was being administered and after the cooling

session.

Therefore, a better understanding of the effect of evaporative cooling management to
enhance heat abatement in dairy cows (from a global warming perspective) may be relevant.
Specifically, an evaluation of the effect of different cooling frequencies per day on cows’
responses under heat load conditions and the immediate effect of cooled animals with

increased daily data collection is necessary.

1.6 Cow-related factors

Susceptibility to heat stress is cow specific and is influenced by various factors such as
age, sex, genotype, performance, and body condition (Gaughan et al., 2000, Kadzere et al.,
2002). However, in most studies on heat stress in cattle, cow-related factors have not been

considered in the heat stress assessment and thereby certain aspects regarding individual



animal responses may have been overlooked. In a study conducted with eight lactating dairy
cows under different THI conditions, the average RR observed was 60 bpm under THI = 69.3
+ 0.5 and 87 bpm during exposure to heat stress with THI = 74.1 £ 0.3 (Ominski et al., 2002).
Despite similar climatic conditions, several studies on dairy cows have reported very different
RR data; for example, Costa et al. (2015) reported 38.6 + 1.54 (mean + SEM) bpm in the
Girolando cattle breed, Kendall et al. (2007) reported 50 + 2.4 (mean + SEM) bpm in Holstein
cows, and Chen et al. (2015) reported 88 + 16.5 (mean £ SD) bpm in Holstein cows,
demonstrating that dairy cows, both individually and as a group, are very sensitive to external
influences as individual factors and different management systems and climate zones. Due
to these individual responses, it is a challenge in dairy production to identify an accurate and

applicable heat stress assessment method.

Body posture is a relevant factor to be considered in cows under heat load conditions.
Lying cows may show heat stress earlier, even with a decreased temperature threshold
(Berman, 2005). Some authors have documented that milk yield (Hahn, 1999) and days in
milk (Sharma et al., 1983) are associated with heat metabolic increases and, consequently,
heat load in dairy cows (Kadzere et al., 2002, West, 2003). Kadzere et al. (2002) noted that
high-producing cows are more affected by elevated temperatures than low-producing cows
under heat stress because the metabolizable energy used for milk production results in an
increased body temperature. In addition, it has been repeatedly demonstrated that under
heat stress conditions, the RRs of the cows increase (Legates et al., 1991, Eigenberg et al.,
2000), and the cows spend more time in a standing position than lying down (Schutz et al.,
2010).

The influence of coat color has also been investigated in recent years in dairy cows
under heat stress conditions (Kendall et al., 2007, Tucker et al., 2008). Dark cows were more
susceptible to solar radiation absorption but also demonstrated higher rates of heat loss than
cows with light coats (Maia et al., 2005, Tucker et al., 2008). In contrast, when considering
cooled cows, the coat color did not influence the RR (Kendall et al., 2007); however, cows
with white-colored coats showed a preference to stay in unshaded areas relatively longer
(Frazzi et al., 2000).

Although several researchers have studied the effects of heat stress in dairy cattle,
these studies did not consider the individual responses of cows under heat stress conditions

and cow-specific factors as potential variables in the data analysis.



1.7 Objectives

Based on the current knowledge, it has become clear that to reduce the uncertainty in
heat stress assessments in dairy cows under different environmental conditions,
measurements in cows should be carried out continuously, and cow-related factors should

be considered in the analysis.

The overall objective of this study was to investigate the influence of heat load on the RR
in lactating dairy cows housed in naturally ventilated barns under different climatic conditions

and management systems.

To attain this objective, the study was divided into two experimental designs that

resulted in two publications:

The objective of paper “A” was to evaluate the effects of barn climate conditions and
cow-related factors, specifically, body posture (i.e., standing or lying) and daily milk yield and
their association with the RR of lactating dairy cows in Germany. Specifically, the aims were
to 1) determine the correlation between the RR and THI, 2) investigate the differences in the
RRs between standing and lying cows, and 3) evaluate the influence of daily milk yield on the
RR.

The results of this study were published in the Annals of Animal Science (impact factor:
1.018).

The data for paper “B” were collected in Israel. The objective of this study was to
evaluate the effect of two different cooling frequencies on the RR of lactating dairy cows
considering cow-related factors. Specifically, the hypothesis was that 1) cows with three
cooling sessions per day would have a higher RR than cows cooled with eight sessions per
day, 2) differences in the RR could also be observed among the phases before, during and

after cooling, and 3) body posture, milk yield, days in milk and coat color influenced the RR.

The results of this study were published in Annals of Animal Science (impact factor:
1.018).
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Abstract

The main objective of this study was to identify the influences of different climatic conditions
and cow-related factors on the respiration rate (RR) of lactating dairy cows. Measurements were
performed on 84 lactating Holstein Friesian dairy cows (first to eighth lactation) in Brandenburg,
Germany. The RR was measured hourly or twice a day with up to three randomly chosen meas-
urement days per week between 0700 h and 1500 h (GMT + 0100 h) by counting right thoraco-
abdominal movements of the cows. Simultaneously with RR measurements, cow body postures
(standing vs. lying) were documented. Cows’ milk yield and days in milk were recorded daily. The
ambient temperature and relative humidity of the barn were recorded every 5 min to calculate the
current temperature-humidity index (THI). The data were analyzed for interactions between THI
and cow-related factors (body postures and daily milk yield) on RR using a repeated measurement
linear mixed model. There was a significant effect of the interaction between current THI category
and body postures on RR. The RRs of cows in lying posture in the THI < 68, 68 < THI <72 and
72 < THI < 80 categories (37, 46 and 53 breaths per minute (bpm), respectively) were greater than
those of standing cows in the same THI categories (30, 38 and 45 bpm, respectively). For each
additional kilogram of milk produced daily, an increase of 0.23+0.19 bpm in RR was observed.
Including cow-related factors may help to prevent uncertainties of RR in heat stress predictions.
In practical application, these factors should be included when predicting RR to evaluate heat
stress on dairy farms.

Key words: dairy cow, heat stress, temperature-humidity index, cow-related factors, naturally
ventilated barn

*Work financed from: OptiBarn project of the FACCE ERA-NET Plus Initiative Climate Smart
Agriculture and Scholarship from the Coordination for Improvement of Higher Education Personnel —
CAPES (Brazil).
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Barn climate conditions are major contributors to animal stress in warm and
temperate climate zones (Legates et al., 1991). Heat stress in cows occurs when
the capacity for heat dissipation exceeds the range specified for normal activity and
induces body adjustments to avoid physiological dysfunction (Kadzere et al., 2002).
Therefore, heat stress in dairy cattle is considered as an important cause for reduced
production and animal welfare (West, 2003; Herbut et al., 2015). A combination
of ambient temperature and relative humidity as in the THI (temperature-humidity
index) formula is commonly used to estimate the effects of barn climate conditions
on heat load of cows (Heinicke et al., 2018; Herbut and Angrecka, 2018 a). The heat
stress threshold for dairy cows varies with a THI between 68 and 72 (Armstrong,
1994; Bryant et al., 2007; Zimbelman and Collier, 2011). In order to ensure homeo-
stasis and facilitate the release of excess metabolic heat into the environment, cat-
tle adjust their behavior and physiological reactions (Berman, 2005; Soriani et al.,
2013). Heat stress can be evidenced by its effects on the performance of dairy cows,
but these signs only become apparent late after the onset of heat stress (Moallem et
al., 2010; Schueller et al., 2014). In contrast, the physiological parameter respiration
rate (RR) has been shown to be a reliable and early indicator of heat stress in dairy
cows (Kabuga, 1992; Gaughan et al., 2000; Chen et al., 2015). In addition, measur-
ing RR has the advantage of being a non-invasive method that can determine stress
in dairy cows without causing additional disturbance to the animals (Aharoni et al.,
2005).

The RR of dairy cattle under thermo-neutral conditions ranges from 15 to
36 breaths per minute (bpm) (Rosenberger, 1990; Jackson and Cockcroft, 2008)
and is influenced by THI and cow-related factors as body postures and milk yield
(Kadzere et al., 2002; Berman, 2003). In a previous study of eight lactating Holstein
dairy cows, the average observed RR was 60 bpm under THI = 69.340.5 and 87 bpm
during exposure to heat stress (THI = 74.140.3) (Ominski et al., 2002). In addition to
THI, various factors can influence the susceptibility of dairy cows to heat stress, such
as sex, breed, body postures, lactation phase and milk production as well as shading
and lack of shade (Gaughan et al., 2000; Berman, 2005). Despite being performed
under similar THI range of 69 to 72, several studies of dairy cows have reported very
different RR data, for example, 38.6+1.54 (mean+SEM) bpm in Costa et al. (2015 a),
50+2.4 (mean+=SEM) bpm in Kendall et al. (2007), and 88+16.5 (mean+SD) bpm in
Chen et al. (2015). Although studies of heat stress in dairy cows have demonstrated
the impact of heat load on RR, body postures and milk yield have been considered as
potential influential variables in previous data analyses.

Body posture is important as recumbent animals may show heat stress at low-
er temperatures than do standing animals (Berman, 2005; Herbut and Angrecka,
2018 b), and cows prefer to ruminate in a lying posture (Acatincai et al., 2010). In
addition, high yielding cows have a higher risk to suffer from heat stress in elevated
temperatures (Kadzere et al., 2002; Gauly et al., 2013).

Based on current knowledge (Gaughan et al., 2000; Kadzere et al., 2002; Ber-
man, 2005), the precise assessment of heat stress in dairy cows under varying THI
requires the inclusion of cow-related factors such as body postures and milk yield
into the assessment. In our study, we tested the hypotheses that: cows under high THI
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conditions show higher RRs; lying cows show higher RRs than standing cows; and
cows with higher milk yields have higher RRs under different THI. Therefore, the
objective of the present study was to evaluate the effects of barn climate conditions
and cow-related factors, specifically, body postures (i.e., standing or lying) and daily
milk yield, on the RR of lactating dairy cows.

Material and methods

Animals, housing and management

The study was conducted on the research dairy farm of the Agricultural Re-
search and Education Center for Animal Breeding and Husbandry “Gross Kreutz” in
Brandenburg, Germany (coordinates: 52°23'47.4"N, 12°46'02.8"E). The climate of
this region is continental.

The data were collected during two time periods from June to August 2015 (hot
period) and from January to April 2016 (cold period). The measurement days were
chosen randomly based on expected weather conditions to cover a wide range of dif-
ferent situations. The experimental barn was designed for a capacity of 51 cows. The
experimental animals were all lactating Holstein Friesian dairy cows from the first to
eighth lactation. The group was a high-yielding group, and cows that dropped below
30 kg milk per day usually left the group within a few days. During the experimental
period, the health status of the cows was constantly evaluated by a veterinarian who
selected only healthy cows for the measurements. The cows were milked 3 times a
day by an automatic milking system (AMS, Lely Astronaut A4, Maassluis, the Neth-
erlands). The average daily milk yield was 41.08+6.72 kg per cow and the minimum
yield observed in this high-yielding group was 25 kg per cow. The days in milk
(DIM) ranged from 7 to 337 (mean+SD: 118.3+67.1) during the study. Once a week,
the body condition score (BCS) of the cows in the experiment was assessed, and the
mode of the scores was 2.75 on a 1 to 5 point scale with 0.25 increments.

The cows were fed a totally mixed ration twice a day. Additional concentrate was
fed in the AMS based on individual DIM and milk yield. The animals were housed in
a naturally ventilated barn, as already used by Heinicke et al. (2018) and by Hempel
et al. (2018), aligned in an NE-SW orientation with a floor area of 686 m? (13.7 m?
per cow). The feeding alley was 27.7 m long (animal feeding place ratio of 1:1). The
cows had access to 51 lying cubicles with a mixture of straw and lime as bedding
material, 34 of which were arranged in a double row and 17 in a single row. An auto-
matic scraper removed manure from the concrete walking alleys approximately once
per hour. The waiting area in front of the AMS had a slatted floor.

Animal measurements

The RR was observed visually by counting right thoracoabdominal movements
for thirty seconds and multiplying the value by two (i.e., breaths per minute, bpm)
at a distance of approximately 15 m between the animal and the observer, which
i1s a method adapted from Kabuga (1992). In a pilot test, three was determined as

10
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the appropriate number of observers to reduce the variation in RR measurements
between observers, so three observers were used for RR measurements during the
experimental period. In the pilot test, the maximum difference found between two
observers was 6 bpm, and the average relative difference between observers based on
this maximum was 25.4% (95% confidence limits: 21.2 to 30.2%) or approximately
1.5 bpm as an absolute value.

Two RR datasets were collected. The first dataset was collected from a group
of 30 multiparous cows per day, whose RR was measured two times per day (i.e.,
between 0700 h and 1000 h and between 1100 h and 1400 h; GMT + 0100 h). For
the second dataset, the RR of 15 primiparous and multiparous cows per day was
observed hourly (i.e., from 0700 h to 1500 h; GMT + 0100 h). At the beginning of
both time periods the cows were randomly selected from the herd and always the
same cows were used per experimental day. Between the measurement days, some
cows were replaced by others due to management decisions (e.g., health status, milk
yield, dry period stage). Therefore, a total of 84 cows were included in the analysis
over the whole time period. The cows were categorized into three lactation number
groups and two DIM subgroups as follows: first and second lactation with subgroups
in DIM < 100, in DIM > 100 and cows in the group of third or greater lactation
without further subdivision into DIM groups. According the lactation number and
DIM, there were some cows participating in both dataset collections. The time of
the data collection was chosen to comprise a representative range from low to high
ambient temperatures during the day period. Both datasets were collected during
both time periods in 2015 and 2016, with up to three measurement days per week.
This approach was used to account for variability between cows and within cows.
Thirteen cows were present during both measurement periods. Cow body postures
(i.e., standing vs. lying) was documented during the RR measurements. Relevant
cow data (i.e., milk yield and DIM) were noted from the herd management system
(Herde 5.9, DSP-Agrosoft GmbH, Ketzin, Germany).

Environmental measurements

The ambient temperature (AT) and relative humidity (RH) of the air in the barn
were recorded every 5 min with eight data loggers (EasyLog USB 2+, Lascar Elec-
tronics Inc., Whiteparish, UK) positioned 3.4 m above the floor at eight locations
inside the building according to the methodology published by Hempel et al. (2018).
Mean AT and mean RH of all loggers were calculated at each time point. The temper-
ature-humidity index was calculated according to NRC (1971) as follows:

THI = (1.8 x T°C + 32) — (0.55 — 0.0055 x RH) % (1.8 x T°C — 26)

where:

T°C1is the dry bulb temperature (in °C) and RH is the relative humidity (in %).
The categories of THI for heat stress in dairy cattle were assigned according to Zim-
belman and Collier (2011), adapted from Armstrong (1994), as follows: THI < 68 as
no stress; 68 < THI < 72 as the stress threshold; 72 < THI < 80 as mild stress; 80 <
THI < 90 as moderate stress, and 7HI > 90 as severe stress.
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Statistical analysis

The data from both datasets of RR collections were pooled for statistical analy-
sis. Initially, the RR values were linked to the THI values from the start of every
five-minute interval for the analysis. A regression analysis of RR as a function of
THI was performed separately for standing and lying cows. An exponential function
with base “e” was fitted to the observed RRs. To allow comparisons with the stress
levels found in the literature, THI was classified as described above in Environmen-
tal measurements. A linear mixed model with repeated measurements for each cow
was used to test the influences of the environmental and cow-related factors (body
postures, daily milk yield) on RR. The model assumed normally distributed residu-
als with homogeneous variance, and these prerequisites were checked visually after
fitting the model. The lactation number category was not included in the model,
because the measurements during the trial periods were not carried out with the
same cow in different lactations. The fixed factors in the model were THI category
(THI < 68 no stress; 68 < THI < 72 stress threshold; 72 < THI < 80 mild stress; 80
< THI < 90 moderate stress, and THI > 90 severe stress) and body postures (stand-
ing vs. lying). The interaction between body postures and THI category was also
included. The co-variables were daily milk yield and the interaction of daily milk
yield with THI category. The random cow effect considered a cow-specific intercept,
as well as an interaction between body postures and THI category. The model was as
follows:

Y =u+p +thi+ (pxthi) +1td +a-dmy+b -dmy+cow, +p, +thi, +
(p * thz)ijk te,

where:

Y., 1s the observed RR on the ith cow during the /th measurement in postures i
and in temperature-humidity index category j on the mth test-day, u is the mean RR,
p, 1s the cow’s body postures, 4, is the temperature-humidity index category, #d, is
the fixed test day effect, dmy is the daily milk yield with the regression coefficient
a for the general slope and the regression coefficient bj for the interactions with the
THI category, cow,, is the random cow effect with p, and thi, as cow-specific pos-
tures and THI category effects, and e, is the residual.

A variance component covariance structure was used for random effects and
repeated measurements. Factor influences were tested at a significance level of
0.05. The differences between the factor levels of the significant factors were post
hoc tested by t-tests in multiple pairwise comparisons. The P-values of those multi-
ple comparisons were adjusted by a simulation of the true 95%-quantile of the con-
trasts, maintaining a global significance level of 0.05. Model viability was checked
by a visual examination of the residuals (homogeneity of variance and nor-
mality). All analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC,
USA).
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Results

Environmental parameters

Overall, the mean values for AT, RH, and THI during the measurements (from
June 2015 to April 2016) were 17.724+8.83°C (mean+SD), 74.02+18.39%, and
61.82+13.52, respectively. Table 1 shows the monthly barn climate conditions dur-
ing the experimental period of the present study.

Table 1. Barn climate characteristics during the experimental period (June 2015 to April 2016)

Temperature-humidity

Temperature (°C) Relative humidity (%) index

Mean+SD | Min Max | Mean+SD Min Max | Mean£SD | Min | Max

2015
June 22.4+3.8 14.1 294  553£129 324 87.1 684+45 575 76.1
July 21.4+4.4 13.6 313 63.8+14.5 344 935 67.7£55 56.6 793

August 23.5+5.1 16.0 345 70.9+17.1 36.2 95,5 709+6.5 60.7 85.1
2016

January 47449 83 11.9 949452 77.6 99.8  40.848.9 17.8  53.6
February 4.5+27 09 10.2 92.0+8.2 727 100.0 40.7£#52  30.6 515
March 6.4+£20 03 1.1 91.9+£7.9 60.9 1000 44.1£39 31.8 532
April 12.14£3.2 59 205 76.2+11.6 54.5 95.1 542452 435 67.0

Animal-related parameters

The dataset of 2922 animal observations (i.e. THI < 68: 1536; 68 < THI < 72:
342; 72 < THI < 80: 784 and 80 < THI < 90: 260) from a total of 84 cows with be-
tween two and nine observations per day each during the whole experimental period
of 54 days was included in the model. Table 2 shows the mean RR for lying and
standing cows in different THI categories including the effect on RR among THI cat-
egories. The RR differed significantly between all THI categories and body postures
(lying vs. standing), except for between the postures in the 80 < THI < 90 category.
In the categories with THI values less than 80, lying cows showed higher RRs than
standing cows. There were significant interactions between THI category and body
postures (P<0.01). In both standing and lying cows the RR increased with increasing
THI value (Table 2).

There was a significant influence of milk yield of cows on RR in different THI
categories (P=0.0056). Figure 2 shows the regressions and confidence limits of the
effect of body postures (standing vs. lying), daily milk yield of cows in kg produced
per day and in different THI categories. The average increase in RR was 0.23+0.19
(meantstandard error) per additional kg of milk produced beyond a 25 kg daily milk
yield (Figure 2). Cows with a high milk yield of 60 kg per day tended to present
higher RR (9 bpm) than cows with a low milk yield of 25 kg per day.
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Table 2. Least-square means of respiration rate (RR in bpm) for interactions of different cow postures
and temperature-humidity index (THI) categories (n = 84 cows)

Respiration rate Respiration rate
THI category Standing posture Lying posture P-value
mean | SEM? mean | SEM?

THI < 68 30.0 0.78 36.9 0.85 <0.01
68 <THI <72 37.9 0.99 46.1 1.37 <0.01
72 <THI <80 44.6 0.88 52.7 1.07 <0.01
80 <THI <90 75.4 1.39 68.9 2.14 0.07
P-value <0.01 <0.01

2Standard error of the mean (SEM).

Multiple custom pairwise comparison was performed (0=0.05).

P-values in the last column indicate respiration rate differences according to body postures.
P-values in the last row indicate respiration rate differences according to THI categories.

RR increased with increasing THI category (P<0.001) regardless of body pos-
tures. Figure 1 shows data of individual cow RR in bpm in different body postures
(standing vs. lying) depending on the THI category. High variability of RR among
cows was observed under identical THI conditions. The variability increased with
increasing THI.

140 4
Regression: Lying RR (min") = g#=2 001871 (R2=(0 57)
- == Regression: Standing RR (min') = g@24 = 002174 (R2_( 5§) +
o Lying
120 + Standing *
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=
=
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Figure 1. Individual cow respiration rate per minute with regard to body postures: standing (+) and lying
(0). The dotted line denotes the regression analysis for the standing posture, and the solid line denotes
the regression analysis for the lying posture
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Figure 2. Respiration rate (RR) in breaths per minute (bpm) of cows in different body postures (standing

vs. lying), including daily milk yield of cows and in different THI categories (THI < 68; 68 < THI < 72;

72 < THI < 80 and 80 < THI < 90). Regressions (lines) as well as the 95% confidence limits (shaded
bands) for mean RR as a function of milk yield are shown

Discussion

Effects of THI on physiological parameters such as RR have been document-
ed before (Kabuga, 1992; Brown-Brandl et al., 2005; Chen et al., 2015) and were
confirmed by our study. In the present study, the data showed a RR of 30+£8.51
(mean=SD) bpm for standing cows and a RR of 37+11.1 bpm for lying cows at
THI below 68. Jackson and Cockcroft (2008) reported that the physiological RR of
cows ranges from 15 to 36 bpm, but like in other previous studies no differentiation
was made between standing and lying posture. However, the results of our study
differ from results of Garner et al. (2017), who considered THI between 55 and 61
as thermoneutral conditions for high-yielding dairy cows (mean daily milk yield:
23 kg/cow) and observed RRs between 43 and 56 bpm. We supposed that the RR do
not differ solely due to the THI conditions to which the cows were subjected in this
study. Various factors such as body postures and milk yield may influence the respi-
ration rate of cows. Some works confirm that the individual cow factors can influence
the physiological parameters and susceptibility of dairy cows to heat stress (Gaughan
et al., 2000; Berman, 2005), however, those cow factors were not included in the
analysis of Jackson and Cockcroft (2008) and Garner et al. (2017). Further studies
(using the same THI formula) in which THI < 62 (recently freshened cows; Spiers et
al., 2004), and THI <75 (non-lactating multiparous cows; Ferrazza et al., 2017) were
defined as no heat stress conditions observed different RR results as 59 bpm and
39 bpm, respectively. Therefore, there seemed to be an effect of lactation period and
milk yield on the RR of cows, even under thermoneutral conditions.
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The mean RR in the 68 < THI < 72 category increased by 21.9% (9 bpm units)
compared to that in cows under THI < 68 conditions. The THI of 68 is considered
as the heat stress threshold of dairy cows (Bryant et al., 2007; Zimbelman and Col-
lier, 2011). When THI increased to > 80 in our study, RR increased by 39 bpm over
those observed under THI < 68 conditions. Influences of heat stress on RR were
also observed in a study with eight steers carried out by Brown-Brandl et al. (2005),
in which RR differed by 15 bpm between baseline and heat stress levels. The more
significant increase in our study may be explained by the use of high-yielding dairy
cows instead of steers. In another study conducted with eight lactating cows (pro-
ducing 37.4 kg of milk per day), RR increased from 60 bpm (THI = 69) to 87 bpm
(THI = 80; Ominski et al., 2002).

Based on THI conditions of 68 < THI < 72, an average bpm of 42+11.9
(mean+SD) was observed in our study. This RR value is comparable to the value
(37 bpm) reported in a previous study but with a mean THI of 74 (Ferrazza et al.,
2017). Previous studies described large variation among cows under similar environ-
mental conditions. The RR varies among different studies in THI conditions < 73,
with reported RR values of 54+2.4 (mean+SEM) bpm (Kendall et al., 2007), 60+1.9
bpm (Ominski et al., 2002) and 67+3.7 bpm (Brown-Brandl et al., 2005; Costa et al.,
2015 b). Our study confirms a high variability in RR (28 to 38 bpm) among cows un-
der conditions of THI < 68. In dairy cows under an average THI condition of 74, Fer-
razza et al. (2017) observed a RR variation between 26 and 61 bpm. It is plausible to
assume that the observed variability in RR is indicative of differences in heat stress
adaption among cows (Kendall et al., 2007). Hence, the cows are not adapted to hot
conditions, the cows tend to react individually and might reduce the milk production
and animal welfare (Herbut and Angrecka, 2013).

Measurement locations also played a role in our study: although our environ-
mental data were collected by eight loggers positioned in different locations inside
the building at 3.4 m height, THI varied by up to£2 units among locations within the
barn, which is in agreement with a previous study (Hempel et al., 2018). Microcli-
mates can be observed in different areas within a given barn (Herbut et al., 2015).
Our study had a distinctively greater spatial resolution of THI measurements due to
the higher number of loggers inside the barn, a real environmental situation could
not be observed. However, Hempel et al. (2018) affirmed that positioning of the log-
gers between 3.4 and 4 m height is suitable for a representative presentation of the
barn environment because below this range (i.e., in animal occupied zone), devia-
tions in relative humidity of the environmental data can be observed. In addition, in
most studies investigating heat stress in the field, ambient temperature and humidity
measurements were obtained either from nearby weather stations or on site at one or
two locations (Schueller et al., 2014).

Several factors must be considered when investigating the relationship between
THI and RR. Previous studies reported influences of the body postures on the wind
convection of cows. Lying cows show a decrease of 42% of the body surface area in
heat dissipation compared to standing cows (Frazzi et al., 2000; Wang et al., 2018).
To our knowledge, this is the first study reporting that body postures influenced RR
under different THI conditions. The influences of individual cow factors such as milk
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yield, body condition and behavior on the physiological reactions of cows has been
described in previous studies (Tucker et al., 2008; Schutz et al., 2010; Gauly et al.,
2013). However, these previous studies did not focus on the influences of cow-relat-
ed factors such as body postures on the RR of heat-stressed dairy cows. Our results
show that the RR values of lying cows were significantly greater than those of stand-
ing cows under the same THI conditions. Cows in a lying posture showed 7+0.51,
8+1.32, and 8+0.88 (mean+SEM) bpm more than did standing cows under no stress,
at the stress threshold, and in mild heat stress, respectively. The importance of body
postures suggests that lying cows may develop heat stress earlier and at a lower tem-
perature threshold than do standing cows (Berman, 2005). The straw bedding used
in the present study might increase the heat load in lying cows; hence standing cows
are more exposed to airflow and increase the wind convection (Wang et al., 2018). In
THI conditions > 74, cows avoided to rest on the straw bedding during the day (An-
grecka and Herbut, 2017). In addition, some authors have suggested that the body
contours of cows change when they lie down, causing the rumen to compress the
diaphragm and thereby reducing lung capacity and respiration effectiveness (Santos
and Overton, 2001; Tucker et al., 2008; Reece and Rowe, 2017). This phenomenon
was observed in our results even under low or absent heat stress conditions.

In conditions of THI > 80, the cows showed no significant differences in RR due
to body postures. We observed that when cows were already under high heat stress
conditions, body postures was not a load factor for RR response, with an average RR
of 72 bpm. The prevalence of RRs of approximately 70 to 80 bpm suggests that these
RRs provide heat stress relief for the cows (Stevens, 1981; Berman, 2005). High RR
values are associated with long periods of standing to release heat efficiently by wind
convection and avoid the breathing discomfort of lying down (Frazzi et al., 2000;
Berman, 2005; Wang et al., 2018). Soriani et al. (2013) observed a negative relation-
ship between rumination time and respiration rate in lactating cows under heat stress
conditions, although rumination time in the lying down postures enhances produc-
tion as well as cow comfort (Acatincai et al., 2010; Herbut and Angrecka, 2018 a).

Our results demonstrated significant differences in RR in bpm with respect to
daily milk yield in addition to body postures. The RR increased with increasing daily
milk yield. The respiration rates of cows with a milk yield of 60 kg per day were
9 bpm higher than those of cows with a 25 kg milk yield per day. High-yielding cows
are likely to be more affected by THI increases, because of the metabolizable energy
used for milk production (Hahn, 1999; Kadzere et al., 2002), where high-producing
cows have significantly more heat to dissipate than low-producing cows (West, 2003;
Herbut et al., 2015). Published studies considering RR reactions in relation to milk
yield in dairy cows are not common. In a recent study with lactating cows conducted
by Santos et al. (2017), the authors did not observe changes in RR with regard to
milk yield level, although, the cows included in their study had an average milk yield
of 20 kg in comparison with 41 kg in the present study. Furthermore, Dikmen and
Hansen (2009), who conducted a study about rectal temperature in lactating cows,
did not identify a relationship between milk yield and rectal temperature.

In conclusion, the present study provides quantified evidence that the respiration
rate (RR) in dairy cows increases with THI. The effects of body postures and milk
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yield on RR under different THI conditions were determined. Cows in a lying pos-
ture showed higher RRs than standing cows in “no stress” (THI < 68), “stress thresh-
old” (68 < THI < 72) and “mild stress” (72 < THI < 80) THI categories. The RRs in
high-producing cows (> 25 kg milk per day) increased for each additional kilogram
of milk produced. The consideration of cow-related factors (body postures and milk
yield) can reduce the uncertainty in the correlations between RR data and heat stress
assessments. Further research is necessary to verify whether body postures and milk
yield influence the RR of lactating dairy cows under hot climate conditions and un-
der different management strategies for heat stress relief (e.g., cooling). Our results
support the use of RR as an early heat stress indicator. Determining the differences
between cows within the same THI category with greater precision will require the
development of an RR sensor or a corresponding learning algorithm for individual
animals.
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Abstract

The aim of this study was to evaluate the effects of evaporative cooling at two different frequen-
cies per day on the respiration rate (RR) of lactating dairy cows, considering cow-related factors.
Twenty multiparous Israeli Holstein dairy cows housed in a naturally ventilated cowshed were di-
vided randomly into two treatment groups. The cows of both groups were exposed to 3 or 8 cooling
sessions per day (3xcool vs. 8xcool, respectively). The RR was observed hourly, with a maximum
of 12 measurements per day. Body posture (standing vs. lying) was simultaneously documented.
Milk yield was recorded daily. Coat color was determined from a digital photograph. The RR of
standing and lying cows was lower in the 8xcool group (60.2 and 51.6 breaths per min (bpm), re-
spectively) than in the 3xcool group (73.1 and 65.6 bpm, respectively). For each increment of five
kilograms of milk produced, RR increased by one bpm, and the RR of cows in early days in milk
(DIM) was 12.3 bpm higher than that of cows in late DIM. In conclusion, eight cooling sessions per
day instead of three lead to a RR abatement in heat-stressed cows under hot conditions, and cow-
related factors directly impact the RR during heat stress assessment.

Key words: heat stress, evaporative cooling, cow-related factors, precision livestock farming
(PLF), animal welfare

Heat stress in dairy cows is considered an important problem hindering produc-
tion, reproductive performance, and animal welfare (Kendall et al., 2007). These

*Work financed from: OptiBarn project of the FACCE ERA-NET Plus Initiative Climate Smart
Agriculture and scholarship from the Coordination for Improvement of Higher Education Personnel —
CAPES (Brazil).
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negative effects are relevant for dairy cows with high genetic merit, which are con-
sidered to be more sensitive to heat stress (Kadzere et al., 2002). Cows with high
milk yield performances produce more body heat as a result of metabolic processes
(Hahn, 1999; West, 2003). Respiration rate (RR) is one possibility to regulate the
body temperature under heat load (Bernabucci et al., 2010; Polsky and von Key-
serlingk, 2017) through endogenous heat loss via the respiratory tract (Legates et
al., 1991). Therefore, RR is a sensitive indicator to assess heat load in dairy cows
(Tucker et al., 2008; Galan et al., 2018).When cattle are exposed to fluctuating ambi-
ent temperatures, the RR is consistently affected with little or no lag period. RR is
a simple parameter to monitor without costly equipment (Brown-Brandl et al., 2005).

The typical summer season in the coastal plain of Israel is characterized by stable
hot and humid weather with minor fluctuations (Moallem et al., 2010). In the last
30 years, evaporative cooling (forced ventilation and sprinklers) was implemented
in Israel to alleviate heat stress in dairy cows in open cowsheds (Berman et al.,
1985). Evaporative cooling provides a short term cooling effect (Valtorta and Gal-
lardo, 2004; Kendall et al., 2007). Above 35°C, evaporative cooling becomes the
only method for heat dissipation in dairy cows to maintain homeostasis (Burgos et
al., 2007). These methods enable high milk production in hot regions by improving
heat release (Ortiz et al., 2015; Fournel et al., 2017).

Susceptibility of cows to heat stress is individual and influenced by various fac-
tors related to the cow (Gaughan et al., 2000; Kadzere et al., 2002). Body posture
is a relevant factor to be considered in cows under heat stress conditions. Lying
cows may show heat stress earlier, even with a lower temperature threshold (Ber-
man, 2005; Herbut and Angrecka, 2018). In a recent study, we observed a higher RR
in lying cows than in standing cows at a temperature-humidity index (THI) below
80 (Pinto et al., 2019).

Some authors documented that milk yield (Hahn, 1999) and days in milk (Sharma
et al., 1983) are associated with heat metabolic increase and, consequently, heat load
in dairy cows (Kadzere et al., 2002; West, 2003). The influence of coat color, length
and density of hair have also been investigated in recent years in dairy cows under
heat stress conditions (Maia et al., 2005; Kendall et al., 2007; Tucker et al., 2008).
Dark cows were more susceptible to absorbing solar radiation but also demonstrated
higher rates of heat loss than cows with light coats (Maia et al., 2005; Tucker et
al., 2008), because white coat cows presented longer hairs (15.13 = 0.16 mm) and
a higher density (1296 + 21 hairs/cm?) than the cows with black coats (12.97 £ 0.16
mm and 921 £ 21 hairs/cm?, respectively; Maia et al., 2005). In contrast, when con-
sidering cooled cows, the coat color did not influence the RR (Kendall et al., 2007).

Several studies have demonstrated the effect of evaporative cooling, considering
different frequencies of heat abatement. The frequency varied from two (Valtorta
and Gallardo, 2004) to four (Avendano-Reyes et al., 2010), five (Flamenbaum et al.,
1986), eight (Honig et al., 2012) and nine (Her et al., 1988) cooling sessions per day.
However, these studies evaluated RR of cow solely twice per day or once per week
which increase the uncertainty of heat load assessment. In addition, previous studies
did not consider the immediate effect on cooled animals, both when the cooling man-
agement was being applied and after the cooling session. Therefore, the objective of
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this study was to evaluate the effect of two different cooling frequencies on the RR
of lactating dairy cows, considering cow-related factors. Specifically, we hypoth-
esized that cows with three cooling sessions per day would have a higher RR than
cows cooled eight times per day. Differences in RR could also be observed among
the phases before, during and after cooling. Furthermore, we hypothesized that body
posture, milk yield, days in milk (DIM) and coat color would influence the RR.

Material and methods

Animals, housing and management

The study was conducted on the research dairy farm of the Agricultural Research
Organization, Volcani Center in Rishon Letsiyon, Israel. The experiment was carried
out during summer, on 25 measurement days from July to August 2016. A total of
20 lactating Israeli Holstein dairy cows from a group of 30 cows in the barn, second
to seventh lactation were included in the trial. The cows were housed all together
(both treatment groups) in one single naturally ventilated cowshed. The cowshed
floor was a dry manure (elsewhere known as “compost barn) aligned in a NW-SE
orientation (31°59'34.3N 34°48'59.1E). The cowshed was equipped with three high-
volume, low-speed ceiling fans (730 cm in diameter; capacity: 722,000 m? of air/h),
which worked continuously day and night. The cowshed was divided by light mobile
fences. Both groups of cows were exposed to exactly the same conditions and the
same farm handling and housing conditions, the only different parameter was the
desired experimental parameter, the cooling frequency. The cows were assigned ran-
domly to two different cooling frequencies per day i.e., with three cooling sessions
per day (3xcool; n = 10) and with eight cooling sessions per day (8xcool; n = 10).

The cooling sessions were implemented in the waiting yard of the milking parlor,
which is located about 20 m from the cowshed, the path from the cowshed to the
cooling yard was 70 m. The cooling area had a well-drained concrete floor and had
dimensions of 12 x 9 m (108 m?), with approximately 3.6 m?> cow™'. The cooling area
was equipped with three large side fans (2 m in diameter; capacity: 120,000 m? of
air/h each) to produce airflow perpendicular to the cows body surface (10.6 m/s air
velocity nearby of the fan). A total of 30 sprinklers (720 L/h) were fixed 2.8 m above
the ground (approximately 1.4 m above the cows) over the whole area of the cooling
yard. Each cooling session was 45 min long and consisted of nine cycles in which
the cows received one-minute showers followed by four minutes of ventilation. The
3xcool group received cooling before each milking time (i.e., 0415, 1215 and 1915 h)
three times per day. The 8xcool group received eight cooling sessions per day at
0100, 0415, 0930, 1215, 1445, 1700, 1915 and 2200 h, respectively. The 2nd, 4th
and 7th cooling sessions in the 8xcool group were followed by milking. For further
cooling sessions, the 8xcool group was brought out five additional times between
milking, while the 3xcool remained inside the cowshed without cooling.

All the cows were fed a total mixed ration and were milked three times daily
at 0505, 1305 and 2005 h in a double herringbone parlor with 13 places each side.
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The average daily milk yield of the herd was 44.23 + 7.70 kg (mean + SD) per cow.
The days in milk (DIM) were on average 128 + 64.9 on the first experimental day.
Days in milk were classified according to the lactation period (early: DIM < 100;
middle: DIM > 100 and < 200 and late: > 201 DIM). Milk yield per day and DIM
were provided by the management software of the cowshed. Once a week, the health
status (i.e., body temperature, heart rate and behavior) and body condition score of
the cows were measured.

The coat color of every cow was determined from two digital photographs from
both body sides of each cow using image analysis software (ImageJ version 1.51,
Wayne Rasband NIH, Bethesda, MD, USA) as previously described by Kendall et
al. (2007) and Tucker et al. (2008). Cows were categorized as having dark (mean +
SD: 85 &+ 7.6% black hair), mixed (59 = 8% black hair) or light (19 + 4.8% black
hair) coat color.

The trials comply with the supervision of the ARO Animal Care Committee (ap-
proval number 685/16 IL). The animals were humanely treated during their day-to-
day care by the farm staff and during the study.

Environmental measurements

Ambient temperature (AT) and relative humidity (RH) of the air were record-
ed every 5 min with nine data loggers (EasyLog USB 2+, Lascar Electronics Inc.,
Whiteparish, England) positioned inside the buildings (seven in the cowshed and
two in the cooling yard) 3 meters above the floor. A total of 109,793 climate da-
tapoints were recorded during the measurement period. The temperature-humidity
index (THI) was calculated according to NRC (1971) as follows:

THI = (1.8 x T, + 32) — (0.55 — 0.0055 x RH) x (1.8 x T, — 26)

where:
T,is the? dry bulb t‘emperat‘ulte (11.1 °C),
and RH is the relative humidity (in %).

The sprinkler water temperature was measured directly on the water outlet noz-
zle twice daily with a digital thermometer (Fisher Inc., Pittsburgh, PA, USA). The
average sprinkler water temperature was 25.5 £ 1.7°C (mean £ SD; range: 22.3 to
27.6°C).

Animal observations

The respiration rate (RR) of the cows was observed hourly in one of three time
segments (i.e., 1500 to 0200 h, 0900 to 1700 h, or 0600 to 1400 h), yielding 9 to
12 measurements per cow per day. According to Kabuga (1992), the RR was ob-
served visually by counting right thoracoabdominal movements for thirty seconds
and multiplying the value by two (documented as breaths per minute, bpm). The
cows were randomly observed within the group. Body posture (standing and lying)
was documented. When the cows moved to the cooling yard or back to the cowshed,
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a 15-min adaptation phase was provided before RR counting started. Observation
time relative to cooling was classified as precooling (last observation in the cowshed
before cooling), during cooling (all observations in the cooling yard) and post cool-
ing (first observation after return to the cowshed).

Statistical analysis

All data collected during the experimental period were used for analysis. The
analysis included a total of 4,686 RR observations in 20 cows. A linear mixed model
with repeated measurements per cow to test the effect of treatment group (3xcool vs.
8xcool) on analyses of RR was performed. Fixed factors in the models as group and
cow-related factors, such as body posture (standing vs. lying), daily milk yield, DIM
class (early, middle and late) and coat color (dark, mixed and light), were included.
All analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC, USA).
The model used was as follows:

Yijkim = u + GRP, + COL, + (POS x LOC), + DIM, + a -MY + C, +¢,,
where:

Y is the dependent variable of the natural logarithm of the RR,

u 1s the general mean,

GRP is the effect of the ith treatment group (3xcool, 8xcool),

COL is the effect of the jth coat color,

POS is the effect of the kth cow posture (standing or lying),

LOC is location of the animals during the measurements (cooling yard or cow-
shed,

POS x LOC is the effect of the kth combination of cow posture and cow location,

DIM is the effect of the /th lactation period (early: DIM < 100;

middle: DIM > 100 and < 200 and late: > 201 DIM),

a 1s the regression coefficient for milk yield (MY),

C is the random effect of the mth cow in treatment group i,

¢ 1s the random residual.

A variance component covariance structure was used for random effects and
repeated measurements. Factor influences were tested at a significance level of
0.05. The differences between the significant factors were post hoc tested by t-tests
in multiple pairwise comparisons. The P-values of those multiple comparisons
were adjusted by a simulation of the true 95%-quantile of the contrasts, maintai-
ning a global significance level of 0.05. Model viability was checked by a visual
examination of the residuals (homogeneity of variance and normality). Interac-
tions of groups in the precooling, during cooling and post cooling phases of RR
reaction were tested. The cooling effect (RR differences between cooling and pre-
cooling phases) and post cooling effect (RR differences between cooling and post
cooling phases) were calculated. A linear regression analysis of the cooling effect
and post cooling effect data was performed, and the effect of treatment group was
considered.

26



826 S. Pinto et al.

Results

Environmental conditions

The average THI calculated was 78.3 £+ 3.26 (mean = SD). The average THI was
76.0 + 1.22 at 0000 h and 82.3 4+ 1.11 at 1200 h. The daily averages of ambient tem-
perature and THI during the experimental period are shown in Figure 1.
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Figure 1. Daily average ambient temperature of the barn and temperature-humidity index (THI) during
the experimental period (25 measurement days) from July to August 2016

Influence of cooling frequency on respiration rate

The RR differed between the 3xcool and 8xcool groups depending on cow body
posture (standing and lying) and location (cowshed vs. cooling yard, P<0.001). Du-
ring the cooling time, cows remained in a standing posture. However, no differ-
ences in RR during the cooling period were observed between the 3xcool and 8xcool
groups (Table 1).

Table 1. Least-square means of the respiration rate (mean + SE) of standing and lying cows in the
3xcool and 8xcool groups in different places

Cowshed Cooling yard
3xcool 8xcool P-value 3xcool 8xcool P-value
Body posture
Standing 73.140.64  60.2+0.72 <0.001 47.1+£0.66  43.9+£0.37 NS
Lying 65.6+0.65 51.6+0.57 <0.001 - - -

NS: No significant effect.
Significant test level P<0.05.
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Respiration rate of cows on precooling, cooling and post cooling phases

The average RR was 77.9 + 0.59 bpm, 43.6 = 0.51 bpm and 56.2 + 0.54 bpm dur-
ing the precooling, cooling and post cooling phases, respectively. The RRs of each
group in different cooling times and different phases of cooling are shown in Table 2.

Table 2. Respiration rate of cows (mean + SE) in different measurement phases arranged by group and
cooling number

Group Cooling number | Cooling time Precooling Cooling Post cooling

3xcool 1 0415-0500 75.1+£2.22 373+ 1.14  39.0+0.58
2 1215-1300 92.6+1.15 49.0+0.84 604+1.21
3 1915-2000 90.8 £2.15 426+129  57.1+1.53

8xcool 1 0100-0145 71.2 +1.64 38.4+0.79 45.6+1.01
2 0415-0500 62.6+2.16 36.6+0.92  40.2+0.99
3 0930-1015 74.6 £1.25 42.8+0.65 564+1.17
4 1215-1300 73.8 +£1.22 449+0.82 64.6+1.32
5 1445-1530 85.0 £ 1.61 492+1.19  714+225
6 1700-1745 73.5+2.58 442+1.69 532+1.54
7 1915-2000 73.2+2.29 40.3+£090 61.0+1.45
8 2200-2245 61.0+1.45 39.5+1.03  423+1.25

P-value <0.001 0.6586 0.6571

P-values indicate differences between 3xcool and 8xcool at a significant test level of P<0.05.
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Figure 2. Differences in respiration rates (RR) between the precooling and cooling phases of 3xcool
(black dots) and 8xcool (white squares) cows depending on the precooling RR
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During the precooling phase, the RR of 3xcool cows (89.1 + 0.85 bpm, mean +
SE) was higher than the RR of 8xcool cows (73.1 + 0.56). There was no significant
difference in RR between the 3xcool and 8xcool groups during the cooling (45.6 +
0.67 and 42.8 £ 0.37, respectively) and post cooling phases (55.9 + 0.94 and 56.3 +
0.65, respectively).

Cows with high RR values during the precooling phase showed a large RR de-
crease during the cooling phase in both groups (P<0.001), but no differences in the
cooling effect between the 3xcool and 8xcool groups (P=0.1008) were observed
(Figure 2). Cows of both groups with RRs over 50 bpm during precooling showed
a stronger RR decrease than did those with RRs under 50 bpm during the precooling
phase.

In the analysis of the post cooling effect, cows with a high RR during cooling
showed a small RR increase in the post cooling phase, and no differences between
the 3xcool and 8xcool groups were observed (P = 0.5595, Figure 3).
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Figure 3. Differences in the respiration rate between the post cooling and cooling phases of 3xcool
(black dots) and 8xcool (white squares) cows depending on the RR during the cooling phase

Effects of cow-related factors on respiration rate

The body posture showed significant influences on the RR of cows (P<0.001).
The RRs of standing cows were 8 and 9 bpm higher than those of lying cows in the
3xcool and 8xcool groups, respectively (Table 1).

An increase in milk yield directly influenced the RR. With each additional kg
of milk produced per day under hot conditions, the RR increased by 0.20 bpm
(P<0.001).

Cows in the early DIM period showed higher RR values (71.3 + 0.98 bpm, mean
+ SE) than cows in the middle DIM (64.7 £+ 0.55 bpm) and cows in the late DIM
(59.0 £ 1.23 bpm) (P<0.001).
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There was no effect of coat color on the RR between the 3xcool and 8xcool
groups (P=0.6213). The average RR of cows with dark, mixed and light coat color
was 63.1 +£0.50, 68.6 = 0.51 and 64.1 + 0.72, respectively.

Discussion

Environmental conditions

In the present study, the experimental barn was located in the coastal plain of
Israel. The climate of this region is predominantly semi arid with a high relative hu-
midity, and the study was conducted in what is typically the hottest season in Israel.
The cows were constantly under moderate to severe heat stress with an average THI
of 78. Our study corroborates the conditions described by Honig et al. (2012), who
calculated a mean THI of 78 in the same location. At no time during the experimental
period was the THI within the thermoneutral zone of cattle (55 < THI < 61) accord-
ing to Garner et al. (2017).

Relation between environmental conditions and respiration rate

The average RR (62.6 bpm) of the cows inside the cowshed differed from that
reported by Valtorta and Gallardo (2004) and by Kendall et al. (2007), who observed
an average RR of 54 bpm and 24 bpm, respectively, with both studies using evapora-
tive cooling as the heat relief method. The THI of our study was higher than that in
those studies. For example, in the study by Valtorta and Gallardo (2004), the average
THI was 71, and Kendall et al. (2007) observed a THI ranging between 56 and 73
units, while we accepted a tendency of cows to show a high RR in the present study.
This RR finding is also considered above the stress threshold between 50 and 60 bpm
defined by Berman et al. (1985). Even when we compared our results with those of
a similar study carried out by Honig et al. (2012) under the same climate conditions
and using eight cooling sessions per day, the RR (50 bpm) was lower than our find-
ings in the present study.

Influence of cooling sessions on respiration rate

The results of the present study showed that 8xcool decreased the RR of dairy
cows inside the cowshed, which is in accordance with the results obtained by Aven-
dano-Reyes et al. (2010) and Honig et al. (2012). Avendano-Reyes et al. (2010), who
compared different cooling management systems with three observations per week,
observed that cows with two cooling sessions per day have a higher RR (9 bpm in the
morning and 5 bpm in the afternoon) than do cows cooled in four sessions per day.
Considering two different cooling frequencies, Honig et al. (2012) also observed
a higher RR (6 bpm in the morning and 33 bpm in the afternoon) in cows cooled
in five sessions per day compared with cows cooled in eight sessions per day. In
the present study, a higher RR (14 bpm, mean of different day times) was found in
3xcool cows than in 8xcool cows. However, Honig et al. (2012) counted the RR
twice per week (in the morning and afternoon), and our measurements were carried
out hourly, as performed by Gaughan et al. (2008).
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The cooling was efficacious in reducing the RR of standing cows by approxi-
mately 36% (26 bpm) in the 3xcool cows and by approximately 26% (16 bpm) in
the 8xcool cows during the cooling phase compared with the RR in the precooling
phase. The higher RR decrease in 3xcool cows was due to the higher RR values in
the precooling phase of this group than in the 8xcool group, with a baseline of 47.1
+ 0.66 bpm in 3xcool cows and 43.9 + 0.37 bpm in 8xcool cows during the cool-
ing phase. A similar RR baseline of approximately 47 bpm during cooling was also
observed in a previous study with steers (Gaughan et al., 2008). Other studies have
demonstrated a reduction in RR due to cooling, where the cows with an average
baseline RR of 88 bpm before cooling showed a reduction of 13 bpm after 48 min
of cooling (Chen et al., 2015). Additionally, with 2 cooling sessions/day, a reduction
of 23 bpm after cooling application was described (Valtorta and Gallardo, 2004). In
both studies, the RR of the cows was observed before and after the cooling process;
hence, in our study, an additional measurement during the cooling took place.

Although no differences were observed in the RR between the 3xcool and 8xcool
groups in the post cooling phase, the RR increment of the 8xcool cows was less than
that of the 3xcool cows until the following cooling time, as also observed by Honig
et al. (2012), who compared eight and five cooling sessions in dairy cows. The in-
crease in the RR in the post cooling phase in both groups seemed to be a response
to the high climate conditions that the animals were subjected to inside the barn, as
also observed by Chen et al. (2015) after the cooling period. The RR increased from
8 to 40 bpm two hours after cooling, related to the THI increase (Gaughan et al.,
2008). Some authors have suggested that heat stressed cows may keep RR and body
temperature below baseline during the cooling period and until 30 min post cooling
(Flamenbaum et al., 1986; Chen et al., 2015), which is comparable to our study,
where the RR of cows was determined an average of 53 + 0.12 min (mean + SE) after
the cooling phase, and the values were always above the baseline.

The positive effect of cooling on heat-stress relief in cattle is already clearly
demonstrated in the literature (West, 2003; Ortiz et al., 2015; Fournel et al., 2017). In
addition to this favorable effect of cooling on cows in the present study, we observed
that 8xcool cows experienced heat accumulation approximately two hours later
than did 3xcool cows. Whereas the 3xcool cows reached a higher RR (92.6 bpm) at
1215 h, the 8xcool cows reached a higher RR (85.0 bpm) before the session at 1445 h.
In those time sessions, the 3xcool cows showed a 44 bpm abatement during cooling
compared to the 36 bpm reduction among the 8xcool cows. This result demonstrates
a strong effect of cooling in cows with more cooling sessions per day, which prevents
heat accumulation even during the hottest period of the day at 1200 h (THI = 82.3).
These results are supported by other studies that observed an improvement in body
temperature (Flamenbaum et al., 1986) and RR (Tresoldi et al., 2018) abatement
with the increase in cooling exposure.

A benchmark for cooling frequencies in dairy cows is not concretely defined in
the literature. Flamenbaum et al. (1986) concluded that five cooling sessions per day
were sufficient to maintain low body temperatures in high-producing dairy cows.
However, positive effects were also observed in body temperature and RR reduction
of dairy cows with eight (Honig et al., 2012) and nine (Her et al., 1988) cooling ses-
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sions per day. We agree that eight cooling times per day improved the RR and heat
stress abatement in dairy cows, with an average RR reduction of 14 bpm in 8xcool
cows compared to 3xcool cows in the present study.

Effects of cow-related factors on respiration rate

Body posture influenced the RR values in both groups. The RR of standing cows
was on average 7 and 8 bpm higher than the RR of lying cows in the 3xcool and
8xcool groups, respectively. Previous studies also reported that body posture influ-
ences cows under heat stress conditions. The authors reported that heat stressed cows
spend more time during the day standing to improve wind convection and hence
increase body temperature dissipation (Frazzi et al., 2000; Tucker et al., 2008; An-
grecka and Herbut, 2017). Although the lying posture in dairy cows is a good indica-
tor of cow comfort (Acatincdi et al., 2010; Herbut and Angrecka, 2018), lying cows
decrease approximately 42% of the body surface area exposed to air (Wang et al.,
2018), and may show early heat stress conditions, even with a lower temperature
threshold (Berman, 2005). According to our previous study, where the RR of cows
in a lying posture was 7 bpm higher than that of standing cows under a THI below
80, the results of the present study differed. Standing and lying cows in the previous
study showed no differences in RR when the THI was above 80. We presume that
the cows in the present study increased the RR in the standing posture to improve
the effectiveness of heat relief by breathing and wind convection due to the hot en-
vironmental conditions over an extended period. Additionally, regarding the rate of
each body posture (standing or lying) during the RR count, no differences between
the 3xcool and 8xcool groups were observed. Hypothetically, the 8xcool cows were
expected to stand more often than the 3xcool cows because they received more cool-
ing sessions per day in a standing posture. Nonetheless, among all observations,
3xcool cows spent 30% of their time in the standing posture, compared to 29% for
the 8xcool cows. We therefore presumed that the high standing posture rate in 3xcool
cows was observed because they used their free time to improve heat dissipation,
while the 8xcool cows used that free time for resting, as mentioned in other studies
(Berman, 2006; Honig et al., 2012). In contrast to other studies that evaluated the
influence of environmental temperature on milk yield losses (Ravagnolo et al., 2000;
Moallem et al., 2010), we aimed to identify the influence of milk yield and DIM on
the RR reaction in heat-stressed cows. The RR increased one bpm over the average
per five-kilogram of milk produced per day under heat stress conditions. We also
determined that the RR of early lactation cows was 17% higher than that of cows in
the late lactation period (DIM > 201 days). With these two cow factors, we assumed
that cows with high milk production per day increased the RR in conditions of heat
stress. A large energy demand for milk production during early to mid-lactation and
associated cows under high THI conditions tend to increase the metabolic heat out-
put (Hahn, 1999; Kadzere et al., 2002). High-producing cows have more heat to dis-
sipate during the first 60 days of lactation (Sharma et al., 1983; West, 2003), which
requires a particular management of cooling procedures to relieve the heat.

Our study demonstrated that coat color does not need to be considered during
heat stress assessments as a cow-related factor in cows housed in a cowshed. In
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a study comparing cooled and non-cooled cows in pastoral systems, there were
no differences in the average RR associated with coat color category, even in non-
cooled cows, which were constantly exposed to solar radiation (Kendall et al., 2007).

This study would be more powerful with an additional control group without
cooling throughout the day, as published in other studies (Her et al., 1988; Valtorta
and Gallardo, 2004; Chen et al., 2015 and 2016). During the summer in hot coun-
tries, however, failure to employ minimal cooling for high production cows directly
impacts animal welfare and is not practicable in commercial barns (Honig et al.,
2012). In addition, the ability to reduce heat load in cattle while reducing water con-
sumption is an important issue for future studies in dairy production.

Under hot climate conditions, heat stressed cows lowered the RR by 14 bpm
when applied eight cooling sessions per day instead of three cooling sessions. The
continuous measurements reduce the uncertainty of the heat stress assessment in
dairy cows. The 8xcool cows exhibited heat accumulation two hours later (85.0 bpm
at 1445 h) than 3xcool cows (92.6 bpm at 1215 h). The RR of standing cows inside
the cowshed was 8 bpm higher than that of lying cows. For each additional five
kilograms of milk produced, the respiration rate increased by one bpm. Additionally,
cows in the early lactation period (DIM < 100) tended to have a 17% higher RR than
cows in the late lactation period. Our results suggest that eight cooling times per day
improve the RR abatement in heat-stressed dairy cows under hot conditions. Further
research is warranted to examine practices in water and energy consumption, labor
expenditure, animal management and welfare that are suitable for cooling efficiency
improvement.
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4 DISCUSSION

Heat stress is a significant issue in dairy production, especially in dairy cattle with high
genetic merit (Kadzere et al., 2002, West, 2003). Several factors influence the individual
cow’s susceptibility to the heat load (Gaughan et al., 2000). The individual responses of dairy
cows are challenging, and it is difficult to assess a universal and reliable heat stress
threshold. Considering the above, precision livestock farming aims to reduce the uncertainty
in heat stress assessments in dairy cows. Avoiding heat load is highly relevant for the well-
being of cows and profitability of dairy production, and environmental and animal-related
factors need to be considered in animal husbandry chain appraisals. Hence, the overall
objective of this study was to investigate the influence of heat load on the respiration rate in
lactating dairy cows housed in naturally ventilated barns under different climatic conditions
and management systems. To achieve the aim of the study, experiments in two contrasting
climate zones under different management systems were carried out, which resulted in two
publications. Publication “A”, which was carried out in Germany during 2015 and 2016,
evaluated the effects of barn climate conditions and cow-related factors, specifically, body
posture (i.e., standing or lying) and daily milk yield the RR of lactating dairy cows. The
experiments carried out in Israel during summer 2017 resulted in publication “B”, which
evaluated the effect of two different cooling frequencies on the RR of lactating dairy cows
considering cow-related factors such as body posture (i.e., standing and lying), daily milk

yield and coat color.

4.1 Effects of environmental conditions on the respiration rate in different climate

zones

In the present study, it was observed that the THI varied between the climate zones (i.e.,
Germany and Israel) in the same season. During the experimental period in summer 2015
and 2016 in Germany, an average THI of 68.3 + 6.14 (mean + SD) was observed, which is
considered a heat-stress threshold for dairy cows (Bryant et al., 2007, Zimbelman and
Collier, 2011). It is well documented that the optimal temperature range for dairy cows should
be between -0.5 and 20 °C and that the THI threshold should be between 68 and 72
(Armstrong, 1994, Hahn, 1999, Bryant et al., 2007, Zimbelman and Collier, 2011), or even
lower with a THI of 55 < THI < 61 in the thermoneutral zone (Garner et al., 2017). Climate
conditions in Germany are predominantly continental, and for this region, there is a marked
temperature increase during the summer season, especially in July and August, with THIs >
60 (Brugemann et al., 2012). The assessment of the THI showed that during summer, the

cows in Germany were regularly exposed to heat stress conditions during the day with an

36



average THI of 70.2 £ 6.19 (mean + SD) and that they could stabilize during the night when
the THI was lower (66.4 £+ 5.48). This stabilization period during the night is essential for the
cows to be able to tolerate relatively high daytime air temperatures (West, 2003) because the
cows are not adapted to these hot conditions (Angrecka and Herbut, 2017). However, that
same condition was not observed in Israel during the experimental period in 2017. First,
climatic conditions during the study demonstrated an average THI of 78.3 + 3.26 (mean *
SD), which was much higher than that observed in the study in Germany. Moreover, the
cows in Israel would not have had the potential for heat relief during the night without a
cooling system since the average THI observed during the day was 82.3 + 1.11 and during
the night was 76.0 £ 1.22. The climate of this region is predominantly semiarid, and the
present study was conducted in a coastal plain during the summer, which is typically the
hottest season in Israel with high relative humidity (Honig et al., 2012). In addition, there was
no time during the experimental period in Israel where the THI was in the range of 55 < THI <

61, which is considered the thermoneutral zone for cattle according to Garner et al. (2017).

An increase in the THI results in changes to the physiological parameters of cows
(Kabuga, 1992, Brown-Brandl et al., 2005, Chen et al., 2015). The RR is the most common
physiological parameter used for early heat stress detection in cattle (Galan et al., 2018).
Notably, most heat stress research has been carried out using RR observations twice a day
or twice a week. In the present study, the data were collected hourly, as described in
Gaughan et al. (2008). This method was considered likely to produce more reliable results. In
the results of paper “A”, the RR increase correlated with the THI increase, and this was also
observed in the second study (paper “B”). These results were in accordance with the
literature, which showed a direct effect on the RR increment with high THI conditions
(Kendall et al., 2007). The RR response of the cows in Germany were expressed with a large
standard deviation throughout the daytime due to the high environmental differences
between day and night, which was not observed in Israel. In this location, the Israeli cows
remained under constant heat stress during both the day and the night, though the bpm
decreased during the time when the cooling method was applied. Comparisons of the RRs
between the two locations in the present study cannot be considered statistically significant
due to the marked differences in the experimental animals and management systems of at
each farm. However, considering the same THI conditions inside the barn (between 72 < THI
< 80), an average RR of 48.7 bpm for the cows in Germany and 62.6 bpm for the cows in
Israel was observed, regardless of the animal-related factors. The reference range of the RR
in cattle varies from 15 to 36 bpm (Rosenberger, 1979, Jackson and Cockcroft, 2008), and
the heat stress threshold is defined with an RR between 50 and 60 bpm in dairy cows
(Berman et al., 1985).
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Though the THI has been used in several studies as an environmental parameter for
heat stress assessment in cattle, this approach has its limitations because it reflects the
average conditions in the facility and not the microenvironment of the individual cow (Burgos
et al., 2007). Microclimates can be observed in different areas within a given barn (Herbut et
al.,, 2015). In most studies investigating heat stress in the field, ambient temperature and
relative humidity are obtained either from nearby weather stations or on site at one or two
locations (Schueller et al., 2014). Sensors for environmental data are usually positioned in
different locations inside the building with more than one logger. In a study undertaken in a
naturally ventilated barn by our research group, the THI varied by up to = 2 units among
loggers and locations within the barn (Hempel et al., 2018). The authors carried out their
experiment in the same barn in Germany as that in the present replicable study, and the
study demonstrated reputed spatial heterogeneity of THI measurements. Despite the
limitations of using a single THI to predict heat load conditions, the association of this index

with animal parameters is an important heat stress indicator in dairy cows.

4.2 Effects of cooling on dairy production under heat stress conditions

In the context of climate change and the prospect of an annual temperature rise of 2-4°C
in humid continental areas by 2050, heat mitigation systems are becoming increasingly
important (Fournel et al., 2017). The heat mitigation system proposes to improve animal
welfare in intensive livestock farming and improve the productivity of the system. Cooled
cows increase milk production by approximately 0.79 kg milk per day under summer season

conditions, which is when daily ambient temperatures tend to rise (Armstrong, 1994).

The strategy of heat abatement differed between the two experiments in the present
study. During the experiment in Germany, the barn was equipped with two fans with the aim
of increasing the airflow. These were manually turned on when the ambient temperature
reached approximately 20 C. This cooling method may be less efficient than evaporative
cooling systems; however, this system does have lower maintenance costs associated with
livestock production in continental countries. Systematically, the installation of fans during hot
days leads to a reduction in the relative humidity inside the barn. A reduction in the relative
humidity produces appropriate conditions for body heat relief in cows through sweat
evaporation (West, 2003). If the cows are housed in a barn equipped with fans during the
hottest period of the summer, their body temperature and RR show a significant reduction,

and hence an increase in milk yield can also be observed (Frazzi et al., 2000, West, 2003).

38



The positive effect of evaporative cooling on heat-stress relief in dairy cattle has been
clearly demonstrated previously (West, 2003, Ortiz et al., 2015, Fournel et al., 2017). When
we carried out a comparison between two different cooling frequencies per day (3xcool vs.
8xcool) in the study in Israel, we observed a reduction in the RR in heat-stressed cows that
received eight cooling sessions per day. During the experimental period, the cows were
observed hourly to obtain an accurate assessment of heat mitigation during the
measurements. Cows with eight cooling sessions per day showed RRs with approximately
14 bpm less than those in cows with only three cooling sessions per day. Several previous
studies have investigated the influence of relatively more cooling sessions per day on the
welfare conditions of lactating dairy cows (Avendano-Reyes et al., 2010, Honig et al., 2012).
These results demonstrated that the RR decreased when the cows received more cooling
sessions per day. However, these earlier studies evaluated the RR in cows fewer times per
day than the present study; therefore, the reliability of our results is increased because of the
increased number of observations. In addition to differences in the RRs between both cooling
frequency treatments, this study also confirmed the positive effect of evaporative cooling on
mitigating the heat load of cows through RR responses. Cows in the 3xcool group
demonstrated an RR decrease of approximately 36% (26 bpm), and cows in the 8xcool
group cows showed a decrease of approximately 26% (16 bpm) during the cooling phase
when the RR was compared with the RR in the precooling phase. These cows, however,
showed no differences in the RR baseline during the cooling phase, with 47.1 + 0.66 bpm in
the 3xcool group and 43.9 1+ 0.37 bpm in the 8xcool group. A similar RR baseline of
approximately 47 bpm during cooling was also observed in a previous study with steers
(Gaughan et al., 2008).

The work in Israel demonstrated that cows with more cooling sessions per day tended to
have a decreased RR after cooling. Consequently, their heat accumulation was delayed by
approximately two hours. Whereas the 3xcool cows reached a high RR (92.6 bpm) at 1215
h, the 8xcool cows reached a high RR (85.0 bpm) before the cooling session at 1445 h. The
present study showed a favorable effect of evaporative cooling on cows housed in hot
conditions. These effects were also observed in several studies in the literature as
improvements in body temperature (Flamenbaum et al., 1986), RR and heat relief in dairy
cows (Honig et al., 2012, Tresoldi et al., 2018). A benchmark for cooling frequencies in dairy
cows is not concretely defined in the literature. Flamenbaum et al. (1986) concluded that five
cooling sessions per day were sufficient to maintain low body temperatures in high-producing
dairy cows, while Her et al. (1988) observed a significant reduction in body temperature with
nine cooling sessions per day. Additionally, Honig et al. (2012) observed positive effects on

body temperature and RR reduction with eight cooling sessions per day.
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Although cooling systems show benefits for dairy production and animal welfare,
important external factors must be considered before the implementation of this system.
Sprinkler-fan systems and evaporative cooling pads may require a significant amount of
water and electricity, a specific design for optimum operation and regular maintenance to
ensure they work effectively (Fournel et al., 2017). With advances in evaporative cooling
technology, two primary concerns arise with the use of sprinkler systems. First, depending on
the herd size, a large volume of water is needed for cooling. Therefore, these systems
generate equally large amounts of wastewater that must be managed. Such high quantities
of water may become economically and environmentally unsustainable in the near future,
especially for dairy farms that are located in places where the environmental temperatures
continue to rise and the fresh water supply is limited (Polsky and von Keyserlingk, 2017).
Second, despite sprinklers greatly reducing the RR, their use also results in increased cow
avoidance behaviors such as changing the head position and lowering the head to avoid the
sprinklers (Schutz et al., 2011, Chen et al., 2016), an effect that was also observed in the

Israel experiment in the present study.

4.3 Effects of cow-related factors on heat stress assessment in dairy cows

The present research included cow-related factors with the aim of enhancing the
reliability of the data obtained during heat stress assessment in dairy cows. According to
several authors, such as Gaughan et al. (2000) and Kadzere et al. (2002), specific cow-
related factors such as age, sex, genotype, performance and body condition directly affect
the predisposition of the cattle’s susceptibility to heat stress. These studies describe a large
variation in RR responses among cows under similar heat load conditions. These variations
could be reduced by considering cow-related factors in the heat stress measurements in

dairy cows instead of considering only environmental and animal physiological parameters.

The results of this PhD work demonstrate the importance of considering cow-related
factors in the analysis of heat stress assessments in dairy cows. With these results, it was
observed, for example, that body posture has a significant influence on the RR of lactating
dairy cows. In the first paper, where the animals were under threshold to mild heat stress
conditions (THI < 80), the RR in lying cows was 8 bpm higher than that in standing cows. To
my knowledge, this is the first study reporting that body posture influences the RR under
different THI conditions. The results obtained in the experiments in Germany were in
accordance with Berman (2005), who suggested that lying cows may develop heat stress
earlier than standing cows, even with a decreased temperature threshold. Wang et al. (2018)

described a 42% decrease in body surface area in lying cows compared to standing cows,
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with the former posture hindering heat dissipation. Although a lying posture in dairy cows is a
good indicator of cow comfort (Acatincai et al., 2010), several studies reported that heat
stressed cows spent more time in a standing posture to improve the wind convection, hence
increasing body temperature dissipation (Frazzi et al., 2000, Berman, 2005, Tucker et al.,
2008). In particular, the straw bedding used in our study might increase the heat load in lying
cows, as observed by Angrecka and Herbut (2017). The authors observed avoidance of the
straw bedding by resting cows during the day, with a THI > 74. Some authors have also
suggested that the body contours of cows cause rumen compression in the diaphragm when
the cows are lying down, thereby reducing the lung capacity and respiration effectiveness
(Tucker et al., 2008, Reece and Rowe, 2017). Different results were observed in the study
carried out in Israel. Since the cows constantly experienced an average THI of 78.3 £ 3.26
(mean % SD), the body posture showed significant influences on the RR of cows. Unlike the
findings in Germany, the standing cows in Israel had an RR that was approximately 9 bpm
higher than that in lying cows. | presume this high RR in standing cows is intended to

improve the effectiveness of heat relief through respiration and wind convection.

In a recent study of lactating cows conducted by Santos et al. (2017), the authors
observed no changes in the RR with regard to milk yield. However, the cows included in their
study produced an average of 20 kg milk per day, unlike the present study in which the cows
produced an average greater than 40 kg milk per day. Cows with high milk production yields
are prone to heat stress due to their genetic merit and high metabolism (Kadzere et al.,
2002). This can also affect physiological responses under a heat load environment. In the
present research, the cows demonstrated an increase in the RR of one bpm per five-
kilograms of additional milk produced per day. In particular, in the Israeli study, lactating
cows in early lactation showed 17% more bpm than cows in the late lactation period (= 201
days in milk). According to Hahn (1999) and Kadzere et al. (2002), as a result of the large
energy demand for milk production during early- to mid-lactation and high THI conditions, the
cows tend to increase their metabolic heat output. High-producing cows have more heat to
dissipate during the first 60 days of lactation (Sharma et al., 1983, West, 2003). These

conditions demand particular cooling procedures for heat relief in dairy cows.

With the aim of evaluating the effect of an additional cow-related factor on the RR of
cows under heat stress conditions, we included the coat color of cows as a cofactor in the
analysis. The coat color effect was considered only in the experiment in Israel, where the
management system exposed the cows to solar radiation along the unshaded route to the
cooling yard and/or milk parlor. This same management strategy was not needed in

Germany because the cows were housed indoors for the whole experimental period. The
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study in Israel demonstrated that coat color had no influence on the RR of heat-stressed
cows and confirmed that it is not necessary to include coat color as a cow-related factor in
the analysis when the cows are not constantly exposed to solar radiation. In a previous study
in which cooled and noncooled cows were compared in pastoral systems, the authors
observed no differences in the average RR between diverse coat color categories, even in

noncooled cows with constant exposure to solar radiation (Kendall et al., 2007).

Further research is necessary to verify whether other cow-related factors, such as
lactation number, body weight, body condition score, and pregnancy status, influence the RR
of lactating dairy cows under heat stress conditions as well as under different management

strategies for heat stress relief (e.g., cooling).

Overall, with the global decrease in the number of dairy farms and consequent herd size
increases, the demand for technologies to improve dairy production management is a
challenge. These challenges can be successfully addressed by deploying precision dairy
farming innovations that aim to increase cow well-being and the efficiency of the processes,
which also prevent productivity losses in the system. In addition, the threat of climate change
has made heat stress the focus of dairy husbandry research. Therefore, the improvement of
data collection per individual on-farm animal may reduce uncertainty in the assessment of
health and welfare conditions; early heat stress detection will continually improve as a dairy

production strategy.
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5 CONCLUSION

The present study provided quantitative evidence that cows housed in naturally
ventilated barns under heat load conditions demonstrated marked increases in the RRs
regardless of climate zone. Cooling strategies in hot climate conditions reduce the heat load
in dairy cows through evaporative cooling. Heat-stressed cows with eight cooling sessions
per day decreased their RR by 14 bpm in comparison with cows with only three cooling
sessions per day. Furthermore, cows cooled eight times per day had a heat accumulation
delay of approximately two hours. Additionally, cow-related factors such as body posture,
milk yield and days in milk influenced the RR in dairy cows under different heat stress
conditions. When the THI reached 80 in the continental climate zone, the RR of lying cows
was approximately 8 bpm more than that of standing cows. However, in the hot climate zone,
where the average THI was constantly under 78, the standing cows had a RR 9 bpm more
than that of lying cows. Milk production also influenced the RR in cows. For each five-
kilogram of additional milk produced per day, the cows tended to increase their RR by one
bpm under heat stress conditions. Furthermore, early-lactation cows had an RR 17% higher
than that of cows in the late-lactation period. The present study pointed out that hourly RR
measurements improve the data quality and may reduce the uncertainty of the results of heat
stress assessment in dairy cows. In future research on evaporative cooling, the efficiency of
this system with regard to water and energy consumption, labor expenditure and animal
management and welfare needs to be investigated and optimized fully. In addition, other
cow-related factors, such as lactation number, body weight, body condition score, pregnancy
status, etc., should be evaluated in further research to verify their influences on the
physiological responses of lactating dairy cows under heat load conditions and different

cooling strategies.
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6 SUMMARY

The influence of heat load in dairy cows housed in naturally ventilated barns in

different climate zones

Due to their sensitivity to high temperatures, heat stress effects are prevalent in high-
yielding dairy cows. To reduce uncertainty in the influence of heat stress, detailed
representative and individual animal measurements should be considered. Therefore, the
overall objective of this study was to investigate the influence of heat load on the respiration
rate (RR) of lactating dairy cows housed in naturally ventilated barns under different climatic

conditions and management systems.

In the first part of the study, the RR of lactating dairy cows in Germany was investigated
hourly, with the aim of evaluating the effects of the temperature-humidity index (THI) on the
cows’ responses considering the differences between standing and lying cows and daily milk
yield as covariables in the analysis. The consideration of cow-related factors provided
evidence for reducing the uncertainty in the heat stress assessment of dairy cows. In detail,
with THI below 80, the RR in lying cows tended to be 8 bpm higher than that in standing
cows, and the RR in high-yielding cows increased one bpm for each additional kilogram of

milk produced per day.

Although the first paper showed evidence of cow-related factors influencing RR in cows
housed in naturally ventilated barns in a moderate climate, it remained unclear whether the
same effect would be observed in high-yielding dairy cows housed under hot climate and
high humidity conditions but supplied with cooling management systems for body
stabilization. Therefore, in a second part of the study, the aim was to investigate the RR
responses of high-yielding dairy cows cooled at two different frequencies per day (3 cooling
sessions vs. 8 cooling sessions) and analyze the differences in the RR according to body
posture (standing vs. lying), daily milk yield and coat color (black, mixed and white). As noted
in the first part of the study, hourly RR measurements were also applied to the second study,
which was conducted in Israel during the summer season. The results of this study
demonstrated that heat-stressed cows receiving eight cooling sessions per day showed an
average RR 14 bpm less than that of cows that received three cooling sessions. Additionally,
the cows cooled eight times per day demonstrated a heat accumulation delay of
approximately two hours in their RR response. Unlike the experiment in Germany, the Israeli
experiment, which was conducted in a hot and humid climatic region, showed a RR 9 bpm

higher in standing cows than in lying cows. Daily milk yield also appeared to be an
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influencing factor on the RR, whereby the cows tended to increase their RR by one bpm per
every five kilograms of additional milk produced per day. In addition, the RR (in bpm) in

early-lactation cows was 17% higher than that in late-lactation cows.

Overall, this study demonstrated that hourly RR measurements improve the reliability of
heat stress assessments in dairy cows. Future research should consider the efficiency of
evaporative cooling in dairy husbandry considering energy consumption, labor expenditure,
animal management and welfare. In addition, other cow-related factors should be evaluated
in further research to verify influences on the physiological responses of lactating dairy cows

under heat stress conditions and in different cooling strategies.
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7 ZUSAMMENFASSUNG

Einfluss von Warmebelastung auf Milchkiihe in frei gelifteten Stallen in

verschiedenen Klimazonen

Aufgrund der Empfindlichkeit von Kihen gegenliber hoher Temperaturen sind
Warmebelastungseffekte bei Hochleistungsmilchkihen relevant. Um die Unsicherheit der
Einflusse dieser Auswirkungen zu verringern, sollten detailliertere reprasentative Messungen
am Tier in Betracht gezogen werden. Deshalb war das Ubergeordnete Ziel dieser Arbeit, den
Einfluss der Warmebelastung auf die Atmungsfrequenz (RR) bei laktierenden Milchkiihen in
frei gellfteten Stallen in verschiedenen Klimazonen und Managementsystemen zu

untersuchen.

In der ersten Studie wurde die RR stundlich bei laktierenden Milchkihen in
Deutschland mit dem Ziel untersucht, die Auswirkungen des Temperatur-Luftfeuchtigkeits-
Index (THI) auf Reaktion der Kiihe unter Bericksichtigung der Unterschiede zwischen
stehenden und liegenden Kiihen und der taglichen Milchleistung als Co-Variablen in der
Analyse zu bewerten. Die Berlcksichtigung kuhindividueller Faktoren in der Auswertung
liefert Hinweise, dass sich dadurch die Unsicherheit der Beurteilung der Warmebelastung
von Milchkihen verringert. Bei einem THI unter 80 war die RR bei liegenden Kihen 8
Atemzuge pro Minute héher als bei stehenden Kuhen. Bei Kihen mit hoher Milchleistung
erhohte sich die RR um einen Atemzug pro Minute fur jedes zusatzliche Kilogramm Milch,

das pro Tag erzeugt wurde.

Die erste Veroffentlichung hat gezeigt, dass kuhindividuelle Faktoren die RR bei
Kudhen in frei gelufteten Stallen in einem gemaRigten Klima beeinflussen. Ob derselbe Effekt
jedoch auch bei Milchkihen mit hoher Milchleistung bei heiRem Klima und hoher
Luftfeuchtigkeit, und zusatzlichem Kihlungssysteme, welche die Verdunstung verbessern

und damit der Erfrischung, beobachtet werden kann, blieb unklar.

Daher bestand das Ziel der zweiten Studie zum einen darin, die RR-Reaktionen von
Hochleistungsmilchkiihen zu untersuchen, bei denen zwei unterschiedliche Kuhlfrequenzen
pro Tag (3 Abkuhlungen pro Tag vs. 8 Abkuhlungen pro Tag) angewandt wurden, und zum
anderen darin, die Unterschiede in der RR hinsichtlich der Kdrperhaltung (stehend vs.
liegend), der taglichen Milchleistung und der Fellfarbe (schwarz, gemischt und weil}) zu
betrachten. Wie bereits in der ersten Studie, wurden auch in der zweiten Studie stindliche

Atemfrequenzmessungen an den Kuhen wahrend des Sommers durchgefuhrt, dieses Mal in
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Israel. Die Ergebnisse dieser Studie zeigten, dass bei warmebelasteten Kihen, die achtmal
statt dreimal eine Kihlung pro Tag erhielten, die RR durchschnittlich 14 Atemzuge pro

Minute geringer war.

Zusatzlich zeigten die Kihe, die achtmal am Tag gekuhlt wurden, in ihren RR-
Reaktionen eine Warmestauverzdogerung von etwa zwei Stunden. Im Gegensatz zu der
Untersuchung, die in Deutschland durchgefuhrt wurde, zeigte die Untersuchung in lIsrael
unter heilRen und feuchten Klimabedingungen, dass die RR bei stehenden Kihen im
Vergleich zu liegenden Kihen neun Atemziige pro Minute hoéher war. Die tagliche
Milchleistung wirkte sich zusatzlich als Einflussfaktor auf die RR aus, wobei die Kihe
tendenziell ihre RR um einen Atemzug pro Minute fir je finf Kilogramm mehr der
durchschnittlichen Milchproduktion pro Tag erhohten. Dartiber hinaus war die RR bei frisch

laktierenden Kiihen um 17% hoher als bei spatlaktierenden Kihen.

Insgesamt zeigten diese zwei Studien, dass stiindliche Atemfrequenzmessungen die
Zuverlassigkeit von Warmebelastungsbewertungen bei Milchkiihen verbessern. Zukinftige
Hitzestressuntersuchungen missen die Effizienz der Verdunstungskiihlung in der
Milchviehhaltung an Hand von Energieverbrauch, Arbeitsaufwand, Tiermanagement und
Tierwohl berucksichtigen. Zusatzlich konnten andere kuhindividuelle Faktoren in weiteren
Forschungsarbeiten ausgewertet werden, um den Einfluss von
Warmebelastungsbedingungen  und  verschiedenen  Kuhlungsstrategien auf die

physiologischen Reaktionen von laktierenden Milchkihen zu Uberprifen.
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8 RESUMO

Efeito do estresse pelo calor em vacas de leite confinadas em estabulos naturalmente

ventilados em diferentes zonas climaticas

Devido a sensibilidade a altas temperaturas, o estresse pelo calor € um fator relevante
em vacas de alta producao de leite. Com o intuito de melhorar a confiabilidade dos dados
sobre o efeito do estresse pelo calor em vacas de producdo de leite, medicbes mais
representativas e detalhadas dos animais devem ser consideradas. Desse modo, 0 objetivo
do presente estudo foi avaliar os efeitos do estresse pelo calor na frequéncia respiratéria
(RR) de vacas leiteiras confinadas em estabulos naturalmente ventilados em diferentes

condi¢des climaticas e sistemas de manegjo.

No primeiro artigo do presente trabalho foi avaliado na Alemanha os efeitos do indice de
Temperatura-Umidade (THI) na RR coletada de hora em hora de vacas leiteiras confinadas
em um estabulo free-stall naturalmente ventilado, considerando como co-variaveis nas
analises estatisticas, fatores individuais relacionados a vaca sendo: a posicdo da vaca
(Deitada em decubito lateral ou em estacio) e a producao de leite diaria de cada animal. A
inclusdo de fatores individuais relacionados a vaca possibilita uma melhor avaliagdo do
estresse pelo calor nos animais. Detalhadamente, os resultados do referente estudo
demonstraram que vacas em posig¢ao deitada sob condi¢bes de THI inferior a 80 tendem a
apresentar oito respiragdes por minuto (bpm) a mais do que vacas em estacao. Além disso,
na mesma condicado ambiental as vacas com maior producao de leite diaria demonstraram
aumento de um bpm para cada quilograma de leite produzido acima da média diaria do

rebanho.

Apesar de o primeiro artigo ter mostrado evidéncias de que os fatores individuais das
vacas influenciaram a RR de vacas leiteiras confinadas numa regido de clima continental, o
mesmo efeito permanecia desconhecido em vacas de alta produgao leiteira, estabuladas em
uma regido de costa em clima semiarido, porém, com condigdes de altas temperaturas e
umidade relativa do ar e com um sistema de manejo de resfriamento diario dos animais.
Logo, o objetivo do segundo artigo foi avaliar a RR de vacas de alta produgéo de leite
confinadas e submetidas a um sistema de manejo de resfriamento diario, considerando
fatores individuais relacionados a vaca sendo: a posigdo da vaca (Deitada em decubito
lateral ou em estagdo), produgao de leite diaria e coloragdo da pelagem (predominante
preta, mista, predominante branca). O estudo foi realizado durante a estagdo de verdo em

um estabulo modelo compost barn naturalmente ventilado e localizado em uma regido de
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costa de Israel. A RR dos animais foi coletada de hora em hora e os mesmos foram
divididos em dois grupos, submetidos a duas frequéncias diferentes de resfriamento, sendo
0 primeiro grupo com trés vezes diarias e o segundo grupo com oito vezes, ambos o0s
grupos recebendo a cada ciclo de resfriamento 45 minutos de duragdo. O grupo de vacas
que recebeu um total de oito vezes o resfriamento por dia apresentou RR de 14 bpm menor
do que vacas que receberam somente trés vezes diarias, sendo observado também um
retardo de até duas horas apoés o ciclo de resfriamento para a vaca atingir um limite maximo
de RR. Diferentemente dos resultados obtidos na Alemanha, as vacas pesquisadas em
Israel quando em posicdo de estagdo apresentaram uma RR de nove bpm maior em
comparagao as vacas deitadas. A producao de leite diaria demonstrou efeito significativo na
RR das vacas em Israel, demonstrando aumento de um bpm para cada cinco quilogramas
de leite produzido acima da média do rebanho. Sendo demonstrado também que vacas
paridas recentemente tenderam a apresentar uma RR em bpm (17%) maior que vacas em

uma fase de lactagdo mais avancgada.

No presente trabalho foi demonstrado primeiramente que a avaliagdo de hora em hora
da RR aumenta a confiabilidade de avaliacdo do estresse pelo calor em vacas leiteiras. Em
trabalhos futuros, a eficiéncia de sistemas de arrefecimento do calor por evaporagcado na
bovinocultura leiteira como, consumo de energia, mao de obra, manejo dos animais e bem-
estar animal devem ser considerados. Além disso, fatores individuais relacionados a vaca
devem ser incluidos nas analises de parametros fisiologicos das vacas em lactagdo em

condigbes de estresse pelo calor e em diferentes sistemas de manejo de resfriamento.
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