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Abstract: Climate change is accompanied by temperatures exceeding the thermal comfort zone of
dairy cows, resulting in numerous consequences for production and welfare. Early detection of heat
load enables taking countermeasures and can be realized using monitoring systems. We aimed at
investigating heat load-induced changes in the behavior and physiology of grazing Simmental cows.
Data were collected on five (round 1; r1) and eight (round 2; r2) consecutive days on a dairy farm
combining a freestall barn with permanent access to pasture. Weather data, respiration rate, milk
yield, milk composition, and fecal cortisol of eleven (r1) and thirteen (r2) cows were collected. The
behavior of five animals was recorded with collar-based monitoring systems. Previously reported
thresholds of different weather indices were exceeded on two days in r1 and on four days in r2.
Under heat load, respiration rate and somatic cell count increased. Fecal cortisol did not change in r1
but increased steadily in r2. Grazing time decreased in r1. Rumination mainly occurred at night in
both rounds, and its synchrony decreased in r2. Although limited by sample size, our results give
a first impression on heat load induced physiological and behavioral reactions of Simmental dairy
cows on pasture.

Keywords: dairy cows; heat load; monitoring system; animal welfare; pasture; precision livestock
farming (PLF)

1. Introduction

The upper critical value of the thermal comfort zone of dairy cows is defined at 16
to 18 ◦C [1,2]. With global warming, the number of days with temperatures above these
thresholds increases [3]. Therefore, heat load is highly relevant for dairy industry regard-
ing economic losses [4] and animal welfare [5]. Heat load has numerous consequences,
including a reduction in milk yield [6] and conception rate [7], as well as an increased risk
for diseases, such as ruminal acidosis [8], mastitis [9], and hoof disorders [10].

Various heat load indices, based on the Temperature Humidity Index (THI) developed
by Thom [11] for humans, were established in order to define heat load in dairy cows. In
contrast to the THI, which only includes the influence of dry-bulb temperature (DBT) and
relative humidity (RH), the Black Globe Humidity Index (BGHI) also considers wind speed
(WS) and solar radiation (RAD) by including the black globe temperature (BGT). Compared
to THI, the BGHI better reflects the effects of heat load on grazing dairy cattle [12]. Various
thresholds were defined for the indices based on different physiological parameters in
order to classify heat load in dairy cows [1,2].

Heat load prediction based on environmental factors is limited, as the beginning of
burdening weather conditions highly depends on various animal-related factors, includ-
ing breed [6], coat color [13], coat thickness [14], body weight [15], parity [16], lactation
stage [17], milk yield [18,19], gestation period [20], and acclimatization [21].
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Heat-burdened dairy cows show physiological and behavioral reactions that aim at
decreasing heat production, while increasing heat dissipation. If adaptation is insuffi-
cient, body temperature rises [22], and the burdening situation results in the activation
of the hypothalamus-hypophysis-adrenal axis, which leads to an increased plasma level
of cortisol [23]. Physiological reactions include a rise in respiration, heart, and sweating
rates [13,24,25]. Behavioral changes involve an increase in standing time at the expense of
lying [26], a rise in drinking time [25], and a reduction in feeding and grazing time [27,28],
as well as rumination time [17]. Physiological and behavioral reactions to heat load can be
allocated to the three constructs of animal welfare defined by Fraser et al. [29] and modified
by Keyserlingk et al. [30], biological functioning and health, affective state, and natural
living [5], underlining the relevance of heat load and its abatement regarding the welfare of
dairy cows.

Changes in behavior can be automatically detected with monitoring systems. The
application of technical solutions gathering animal-related data with sensors for improving
animal management is part of Precision Livestock Farming (PLF) [31]. The behaviors
regarded for the examination of heat load include lying and standing [21,32], grazing [33],
and ruminating [17,33]. Additionally, combinations of physiological, productional, and
behavioral reactions are used [34]. Countermeasures can be taken timely and are more
effective when heat load is detected early. Measurements include the use of fans and
sprinklers [35], misters [36], or chilled lying stalls [37]. On pasture, dairy cows benefit
from shaded areas [38]. Additionally, management can be altered to mitigate heat load,
including the shift of feeding and grazing times to the evening or nighttime [39,40].

Most of the studies conducted on heat load in dairy cows, focus on the reactions
of high-yielding Holstein cows; pasture-related behaviors are rarely investigated [41].
Therefore, the goal of our study was to assess the behavioral and physiological responses
of dual-purpose Simmental cows on pasture to increasing heat load.

2. Materials and Methods

All conducted procedures of the study were approved by the ethics committee from
the Faculty of Veterinary Medicine of Ludwig-Maximilians-University Munich (protocol
no.: 231-08-08-2020) and were in accordance with EU directive 2010/63/EU and the German
Animal Welfare Act.

2.1. Farm Management and Animals

The experiment was undertaken in 2020 on a conventional dairy farm in Bavaria,
Germany, and was conducted in two rounds of five days in June (r1) and eight days in
August (r2). The herd consisted of 52 dairy cows (94% Simmental, 4% German Black Pied,
2% German Red Pied) with a main milk yield of 8496 kg in the preceding year. The cows had
permanent access to pasture (14 ha) as well as to a free stall barn with high cubicles (n = 48)
equipped with rubber mattresses. The pasture was managed continuously, with the same
area being available to the cows at all times. Access to pasture was granted all days long
from April to October, excluding 2 h around each milking (6:00–8:00 h and 18:00–20:00 h).
The cows were milked twice daily in a tandem milking parlor, approximately starting at
06:30 h and 18:30 h. Forage was supplied by pasture, exclusively. Feed lime was offered on
the feeding table in the barn two times a day before milking. Several mineral lick stones
were available on the feeding table, too. Cows yielding ≥ 35 kg/d received concentrate
from a transponder-controlled computerized feeder. Water was supplied ad libitum via
two troughs in the barn and nine troughs on pasture.

Eleven (r1) and thirteen (r2) lactating cows were randomly selected from the herd
based on the following criteria: second to fifth lactation, lactating (not dried off), freedom
from lameness, changes in milk composition, and any other signs of health disorders.
Some animals were selected in both rounds, and some were unique to each round. In the
first round, average parity of the chosen cows (n = 11) was 3.6 ± 1.3 (mean ± standard
deviation), and the animals were 205 ± 51 days in milk (DIM; range: 122–304 DIM) on
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the first day of the round. In the second round, average parity of the chosen cows (n = 13)
was 3.5 ± 1.3 and the animals were 258 ± 34 DIM (range: 193–299 DIM). Mean milk yield
was 19.1 ± 7.0 kg (range: 6.6–26.7 kg) in r1 and 18.9 ± 4.4 kg (range: 11.2–28.3 kg) in r2.
Due to technical issues of the monitoring systems, behavior data from only five animals
per round was available. Average parity of the cows of which behavior data was recorded
(n = 5) was 3.2 ± 1.2 in the first round and 4.4 ± 1.1 in the second round. The animals were
194 ± 42 and 243 ± 34 DIM on the first day of each round, respectively. Mean milk yield
was 20.8 ± 5.5 kg (range: 15.5–26.7 kg) in r1 and 19.8 ± 3.8 kg (range: 13.5–28.3 kg) in r2.

2.2. Data Collection and Sampling

Data were collected on five (r1) and eight (r2) consecutive days (d). On d0, measure-
ment technologies (as described in the following) were installed, and data collection started,
with d1 marking the first day with 24 h of data. In r1, data collection began with morning
milking; in r2, data collection started with evening milking. On d4 (r1) and d7 (r2), data
collection was ended by removing the technologies.

2.2.1. Weather Conditions

A weather station was built and set up on a part of the pasture that was fenced
off. Data on DBT (◦C), RH (%) and WS (m/s) were collected every ten minutes by a
weather transmitter (WXT510; Vaisala Oyj, Helsinki, Finland). RAD (W/m2) was measured
every ten minutes by a pyranometer (CM11; OTT HydroMet B.V., Delft, The Netherlands).
Hourly means were computed for every measurement from the weather station used to
calculate the THI (1) according to the National Research Council [42] and the BGHI (2)
according to Buffington et al. [12] for the data from the weather station using the following
equations with DBT (◦C), RH (%), BGT (◦C), dew point temperature (DPT; ◦C), WS (m/s),
and RAD (W/m2):

THI = (1.8 × DBT + 32)− (0.55 − 0.0055 × RH)× (1.8 × DBT − 26) (1)

BGHI = BGT + 0.36 × DPT + 41.5 (2)

As only DBT was collected, BGT (3) and DPT (4) were calculated with the formulas
proposed by Hajizadeh et al. [43] and Lawrence [44], respectively:

BGT = 0.01498 × RAD + 1.184 × DBT − 0.0789 × RH − 2.739 (3)

DPT = DBT −
(

100 − RH
5

)
(4)

Weather data collection started on d0 and ended on d4 in r1 and started on d0 and
ended on d7 in r2. From the hourly means, the average per 6 h period (06:00–12:00,
12:00–18:00, 18:00–24:00 and 00:00–06:00 h) as well as for 24 h (06:00–06:00 h) was calculated.

2.2.2. Behavior Data (Monitoring System)

On d0, the selected animals were equipped with the prototype of a monitoring system
(133 × 63 × 35 mm; 220 g; Blaupunkt Telematics GmbH, Hildesheim, Germany) attached to
a collar. The same prototype was previously used in the studies of Schmeling et al. [45,46].
The system contained a sensor board (BNO055; Bosch Sensortec GmbH, Reutlingen, Ger-
many) consisting of a 3D accelerometer, a 3D magnetometer, and a 3D gyroscope. The
sensor was set to measure the raw acceleration (m/s) in three axes as well as the Euler angle
(◦) with a frequency of 10 Hz. Power was supplied by two lithium batteries. The batteries
were changed once during each round (r1: d2, r2: d3). Data were stored on a Secure Digital
Memory Card (SanDisk 32 GB; Western Digital Deutschland GmbH, Aschheim, Germany)
and downloaded after each round. Following the experiment, two binary models were
applied to the sensor data in order to predict different behaviors from the movement of
the animals’ neck and head. Both models were based on a random forest algorithm. One
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model was used for the distinction of grazing and non-grazing and one for the distinction
of ruminating and non-ruminating. The models were previously validated in combination
with the same monitoring system prototype. The model for grazing behavior achieved
an accuracy of 92% [46]. The ruminating model predicted rumination behavior with an
accuracy of 98% on pasture and 97% in the barn [45].

2.2.3. Milk Yield and Milk Composition

Milk yield was automatically recorded with a milk meter integrated into the milking
parlor at each milking. Daily milk yield was calculated as the sum of milk yield at morning
and evening milking. Milk yield was recorded on five days (d0 to d4) in r1, and seven
days (d1 to d7) in r2. During five (d0 to d4) and four (d2 to d5) morning milking in r1
and r2, respectively, a container was attached at a predesigned position in the milk pipe
at each milking station, and a representative amount of milk was automatically separated
into the container. From the container, a sample was taken and inserted into a sample
tube containing the preserving agent Azidiol. Milk samples were cooled immediately
and sent to the Milchprüfring Bayern e. V. (Wolnzach, Germany). Milk samples were
analyzed for fat and protein content using infrared spectroscopy. To assess somatic cell
count, a flow cytometry was performed. Analysis procedures were chosen according to the
RohMilchGütV from the German Federal Ministry of Food and Agriculture [47]. Starting
milk sampling on d2 in r2 instead of d0 as in r1 aimed at regarding a delay of two days in
changes in milk composition caused by heat load [2].

2.2.4. Respiration Rate

Respiration rate was recorded during morning milking in the milking parlor (r1: d1
to d4; r2: d2, d4, d5) and in the afternoon on pasture or in the stable (14:00 to 17:00 h; r1:
d0 to d4; r2: d1 to d4) by a trained observer. Flank movements were counted for 30 s,
and the value was multiplied by two to receive respiration rate per minute, as conducted
by Abeni et al. [48]. If the respiration rate of one animal was recorded more than once
within the afternoon, the average was calculated. Respiration rate was only recorded
while animals were lying (±ruminating) or standing (±ruminating). When animals were
performing other behaviors (walking, grazing, social, or grooming behavior), the count
was postponed.

2.2.5. Fecal Cortisol

A fresh fecal sample was taken from the selected cows every second day (r1: d0, d2,
d4; r2: d3, d5, d7) after morning milking between 08:30 h and 09:00 h to determine the
concentration of the cortisol metabolite 11,17-Dioxoandrostane (11,17 DOA). About 10 to
15 g were collected manually from the rectum or from freshly eliminated feces and filled
into fecal sample tubes (17 mL; Dieckhoff and Ratschow Praxisdienst GmbH & Co. KG,
Longuich, Germany). Samples were stored on ice immediately after collection and frozen to
−18 ◦C within two hours. Sampling time was chosen because fecal cortisol level rises with a
time delay of about 9 to 12 h after stressors occur and remains elevated for 18 to 44 h [49–51].
Cortisol metabolite content in the morning reflects the accumulated stress level from the
preceding day [52]. After the experiment, the samples were processed at the laboratory
of the Chair of Animal Welfare, Ethology, Animal Hygiene and Animal Husbandry of
LMU Munich, Germany. After thawing and homogenization of the samples, 0.5 g were
mixed with 1 mL of water and 4 mL of ethanol (80%) following Palme and Möstl [53]. The
dispersion was centrifuged, and the supernatant was frozen at −18 ◦C and sent to the
laboratory of the Institute for Medical Biochemistry of Vetmeduni Vienna, Austria, where
the concentration of 11,17-DOA was determined using an 11-oxoetiocholanolone Enzyme
Immunoassay previously validated for cattle [50].
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2.3. Statistical Analysis

Data were assessed comparing different time periods. A day reflects the time from
6:00 h to 6:00 h the next day. Daytime considers the behavior from 6:00 to 18:00 h, while
nighttime represents the time from 18:00 to 6:00 h the next day. For behavior data, a loss
of 10% per considered time interval was tolerated according to Elischer et al. [54]. Due to
technical issues of the monitoring systems, the data from only five animals per round could
be used to evaluate the behavior under increasing heat load. Only days with a total of 24 h
were considered in the comparison of behavior, which was true for d1 to d3 in r1 and d1 to
d4 in r2.

All statistical analyses were conducted with RStudio 1.3 (RStudio, Inc., Boston, MA,
USA). Additional packages used were pgirmess [55] and DescTools [56]. Differences in
respiration rate on pasture and in the stable were assessed with a two-sided t-test. A
Friedman test with post hoc multiple comparison was used to compare the respiration
rate, milk yield, milk composition, somatic cell count, and fecal cortisol content between
the different days for all observed cows. The difference between the change in fecal
cortisol content was assessed with a t-test for paired samples in r1 and—due to lack
of normal distribution—with a Wilcoxon test in r2. For the comparison of grazing and
rumination behavior from five animals between the different days for 24 h, as well as
for day and night, a Friedman test with post hoc multiple comparison was used as well.
General differences between night and day rumination and grazing time were assessed
with a two-sided t-test. Due to a lack of normal distribution, the differences per day
between night and day rumination and grazing time were investigated with a Wilcoxon
test. Following Crump et al. [57], Fleiss’ Kappa coefficient of agreement (κF) was used to
calculate synchrony for the different behaviors during the day and during daytime and
nighttime. Fleiss’ Kappa is a test for the interrater reliability of more than two raters [58].
In our calculation, cows were considered raters, and the agreement (=synchrony) within
the five cows for each behavior was calculated per hour. Within one hour, a behavior was
considered to be shown when more than 50% of the time, equaling > 0.5 h, was spent on the
behavior. κF was classified as <0 = poor, 0–0.2 = slight, 0.21–0.4 = fair, 0.41–0.6 = moderate,
0.61–0.8 = substantial, and 0.81–1 = almost perfect, according to Landis and Koch [59].
Where applicable, values were considered significant at p < 0.05 and highly significant at
p < 0.01.

3. Results
3.1. Weather Data

The mean values for DBT, RH, RAD, and WS and the different weather indices (THI,
BGHI) per 6 h period and per day are depicted in Table 1 for r1 and Table 2 for r2. In
both rounds, highest DBT, RAD, and index values within each day were observed in the
period between 12:00 and 18:00 h on most days. On d5 in r2, however, highest mean
values occurred from 06:00 to 12:00 h. On all days, RH was higher and wind speed was
lower during the night than during the day. In r1, highest daily average DBT and RAD
combined with high RH were observed on d4, resulting in the highest index values on
that day compared to the other days within r1. In r2, highest daily average DBT, RAD
and index, values were observed on d4. Highest RH occurred on d5, and lowest WS was
recorded on d1.

3.2. Physiological Parameters

The development of respiration rate, milk yield, milk composition, and fecal cortisol
content is depicted in Figure 1 for r1 and in Figure 2 for r2. No significant difference was
found between respiration rate recorded in the stable or on pasture (p = 0.17).
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Table 1. Mean DBT 1, RH 2, RAD 3, WS 4, THI 5, and BGHI 6 per 6 h period (0:00–06:00, 06:00–12:00,
12:00–18:00, and 18:00–24:00 h) and per day (06:00–06:00 h) in r1 on d1 to d4.

Day Time of Day DBT [◦C] RH [%] RAD [W/m2] WS [m/s] THI BGHI

0 06:00–12:00 20 66 180 2.0 67 65
12:00–18:00 23 45 213 2.4 69 70
18:00–24:00 18 66 39 1.5 63 60
00:00–06:00 13 78 0 1.5 56 52

daily average 19 64 105 1.8 64 62

1 06:00–12:00 19 59 79 2.8 64 62
12:00–18:00 23 39 128 3.1 68 68
18:00–24:00 19 52 48 3.3 64 62
00:00–06:00 14 82 0 1.8 57 52

daily average 19 58 64 2.8 63 61

2 06:00–12:00 16 73 189 2.1 61 59
12:00–18:00 22 51 356 2.5 68 71
18:00–24:00 16 78 73 3.0 61 57
00:00–06:00 10 97 0 0.6 51 47

daily average 16 75 155 2.0 60 58

3 06:00–12:00 18 72 63 1.7 63 60
12:00–18:00 25 53 190 3.3 72 73
18:00–24:00 19 83 59 3.2 65 61
00:00–06:00 16 95 0 1.0 61 56

daily average 20 76 78 2.3 65 62

4 06:00–12:00 22 73 83 1.9 69 66
12:00–18:00 27 50 224 3.8 75 76
18:00–24:00 18 86 27 2.8 64 60
00:00–06:00 16 96 0 0.6 62 57

daily average 21 76 83 2.3 67 65
1 dry bulb temperature, 2 relative humidity, 3 radiation, 4 wind speed, 5 Temperature-Humidity-Index, 6 Black
Globe Humidity Index.

In r1, respiration rate of the observed animals (n = 11) during morning milking
increased significantly between d3 and d4 (21 vs. 27 breaths/minute; p < 0.05). Respiration
rate in the afternoon was statistically similar (p = 0.13) but increased numerically on d4.
Milk yield was significantly lower on d0 than on d2 (18.3 vs. 19.5 kg; p < 0.01) and d3 (18.3
vs. 19.2 kg; p < 0.05). Milk yield in the morning was higher on d4 than on d0 (10.2 vs.
8.7 kg; p < 0.01) and d1 (10.2 vs. 9.2 kg; p < 0.05). At evening milking, it was significantly
lower on d4 than on d2 (9.2 vs. 10.2 kg; p < 0.01). No significant difference was observed
for somatic cell count (p = 0.12), but on d4, the count was numerically higher. Milk fat and
protein content were similar on all days (p = 0.32 and p = 0.06, respectively). Fecal cortisol
did not differ statistically (p = 0.06), but a wider range was observed on d0 and the change
in fecal cortisol content from d2 to d4 was significantly greater than from d0 to d2 (1.7 vs.
0.5; p < 0.05).

In r2, respiration rate of the observed animals (n = 13) during morning milking
increased between d2 and d5 (26 vs. 32 breaths/minute; p < 0.01). In the afternoon,
respiration rate increased significantly from d1 to d4 (28 vs. 62 breaths/minute; p < 0.01).
Daily milk yield was significantly lower on d3 than on d1 (18.4 vs. 19.6 kg; p < 0.05).
Morning milk yield decreased significantly from d1 to d5 (10.9 vs. 9.3 kg; p < 0.01),
increased to d6, but stayed low until d7, whereas evening milk yield was higher on d3 than
on d1 (10.4 vs. 9.0 kg; p < 0.01) and decreased non-significantly afterwards. Somatic cell
count and milk fat content were similar between the different days (p = 0.43 and p = 0.37,
respectively). Milk protein decreased significantly between d4 and d5 (3.90 vs. 3.81%;
p < 0.01). Fecal cortisol increased from d3 to d5 to d7 with significant differences between
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d3 and d5 (8.5 vs. 17.9 ng/g; p < 0.05) and d3 and d7 (8.5 vs. 18.4 ng/g; p < 0.01). The change
in fecal cortisol from d3 to d5 and from d5 to d7 did not differ significantly (p = 0.20).

Table 2. Mean DBT 1, RH 2, RAD 3, WS 4, THI 5, and BGHI 6 per 6 h period (0:00–06:00, 06:00–12:00,
12:00–18:00, and 18:00–24:00 h) and per day (06:00–06:00 h) in r2 on d1 to d7.

Day Time of Day DBT [◦C] RH [%] RAD [W/m2] WS [m/s] THI BGHI

0 18:00–24:00 20 68 82 0.7 66 64
00:00–06:00 17 83 0 0.3 61 56

daily average - 7 - 7 - 7 - 7 - 7 - 7

1 06:00–12:00 17 78 128 0.9 62 60
12:00–18:00 19 74 315 0.7 64 64
18:00–24:00 18 74 91 0.5 63 60
00:00–06:00 15 85 0 0.6 58 54

daily average 17 78 133 0.7 62 59

2 06:00–12:00 15 79 258 0.7 59 58
12:00–18:00 22 49 632 0.9 68 75
18:00–24:00 20 63 101 0.6 65 63
00:00–06:00 15 78 0 0.9 58 54

daily average 18 67 248 0.8 63 63

3 06:00–12:00 16 77 216 1.0 60 59
12:00–18:00 27 42 721 1.1 73 84
18:00–24:00 25 51 115 0.8 72 72
00:00–06:00 19 67 0 1.6 65 61

daily average 22 59 263 1.1 68 69

4 06:00–12:00 19 70 247 1.3 65 65
12:00–18:00 30 39 738 1.1 77 89
18:00–24:00 28 45 111 0.8 74 76
00:00–06:00 20 77 0 0.6 67 62

daily average 24 58 274 0.9 71 73

5 06:00–12:00 21 72 46 2.3 68 65
12:00–18:00 19 89 26 2.7 66 61
18:00–24:00 18 96 9 1.6 65 59
00:00–06:00 16 99 0 0.7 60 55

daily average 19 89 46 1.8 65 60

6 06:00–12:00 19 80 126 2.6 64 62
12:00–18:00 21 59 155 4.9 68 66
18:00–24:00 16 78 11 1.8 61 57
00:00–06:00 12 91 0 1.0 54 50

daily average 17 77 73 2.5 62 59

7 06:00–12:00 16 76 167 0.9 60 58
12:00–18:00 20 50 487 2.6 66 70
18:00–24:00 15 81 23 0.9 59 55

1 dry bulb temperature, 2 relative humidity, 3 radiation, 4 wind speed, 5 Temperature-Humidity-Index, 6 Black
Globe Humidity Index, 7 as recording started at noon no average was calculated for that d1.
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Figure 1. Development of respiration rate (A,B), milk yield (C,E,F), milk composition (G,H), somatic
cell count (D), and fecal cortisol level (I,J) in r1 from d0 to d4. “***” indicates highly significant
differences (p < 0.01), and “**” indicates significant differences (p < 0.05).
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3.3. Grazing Behavior 
In r1, animals (n = 5) grazed for a mean of 8.2 (±0.6) h per 24 h period. Grazing time 
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Figure 2. Development of respiration rate (A,B), milk yield (C,E,F), milk composition (G,H), somatic
cell count (D), and fecal cortisol level (I,J) in r2 from d1 to d7. “***” indicates highly significant
differences (p < 0.01), and “**” indicates significant differences (p < 0.05).
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3.3. Grazing Behavior

In r1, animals (n = 5) grazed for a mean of 8.2 (±0.6) h per 24 h period. Grazing time
decreased significantly between d1 and d2 (8.9 vs. 7.8 h/d; p < 0.01; see Table 3). Between
d2 and d3, grazing time increased numerically, but it was not statistically significant (7.8 vs.
7.9 h/d; p > 0.05). The same differences between the days were evident when considering
daytime grazing (4.9 vs. 3.9 vs. 4.1 h/12h; p < 0.05), but no difference was found between
nighttime grazing between days. In general, significantly more grazing time occurred
during the day than during the night (p < 0.05), but within each day, the difference could
not be confirmed statistically. On d2, the same time was spent grazing during the day and
during the night (3.9 h/12 h). Overall κF for grazing was 0.66, which indicates a substantial
agreement between animals (=synchrony). Synchrony on d1 and d3 was similar (0.63 vs.
0.62) but was higher on d2 (0.73; see Table 4). In general, synchrony was slightly lower
during the day than during the night (0.63 vs. 0.69). This was true for d1 (0.59 vs. 0.67) and
d2 (0.67 vs. 0.79), but not for d3 (0.63 vs. 0.61).

Table 3. Grazing and ruminating behavior per day (d; 06:00–06:00 h) and separately for daytime
(06:00–18:00 h) and nighttime (06:00–18:00 h) for d1 to d3 in r1 and for d1 to d4 in r2. For behavior
evaluation, previously validated machine learning models [45,46,60] for each behavioral pattern were
applied to the sensor data from 5 animals.

d1 d2 d3 d4

Ø SEM Ø SEM Ø SEM Ø SEM

round 1
Grazing time/24 h [h] 8.9 a 0.37 7.8 b 0.39 7.9 a,b 0.30 - 1

Grazing time/12 h
daytime [h] 4.9 a 0.22 3.9 b 0.25 4.1 a,b 0.19 - 1

Grazing time/12 h
nighttime [h] 4.0 0.16 3.9 0.20 3.8 0.17 - 1

Rumination time/24 h [h] 7.1 0.25 6.8 0.33 7.1 0.17 - 1

Rumination time/12 h
daytime [h] 2.7 0.34 2.6 0.26 3.0 0.13 - 1

Rumination time/12 h
nighttime [h] 4.4 0.12 4.2 0.14 4.1 0.06 - 1

round 2
Grazing time/24 h [h] 7.0 0.34 6.8 0.48 7.1 0.38 6.4 0.38

Grazing time/12 h
daytime [h] 3.7 a,b 0.22 4.6 a 0.21 4.3 a,b 0.26 2.9 b 0.28

Grazing time/12 h
nighttime [h] 3.3 a,b 0.14 2.2 a 0.30 2.8 a,b 0.19 3.5 b 0.13

Rumination time/24 h [h] 7.0 0.31 7.5 0.19 7.4 0.26 8.2 0.14
Rumination time/12 h

daytime [h] 2.9 a,b 0.14 2.3 a 0.14 2.6 a,b 0.16 3.6 b 0.22

Rumination time/12 h
nighttime [h] 4.1 b 0.19 5.2 a 0.19 4.8 a,b 0.26 4.6 a,b 0.19

a,b significant (p < 0.05) differences within a row; 1 behavior data was not recorded for 24 h on that day in round 1.

In r2, animals grazed for a mean of 6.8 (±0.8) h per 24 h period. Grazing time did not
differ significantly between the days (p = 0.15; see Table 3). However, when considering
daytime and nighttime separately, d2 and d4 differed significantly, with more grazing time
being shown on d2 during the day (4.6 vs. 2.9 h/12 h; p < 0.01) and on d4 during the
night (2.2 vs. 3.5 h/12 h; p < 0.01). In general, significantly more grazing time occurred
during the day (p < 0.01), but on d4, nighttime grazing time was higher than grazing time
during the day (3.5 vs. 2.9 h/12 h). Overall κF for grazing was 0.68, which indicates a
substantial agreement between animals (=synchrony). Although on d1 and d4, synchrony
was substantial (0.71 and 0.73, respectively), it was only moderate on d2 and d3 (0.59 both;
see Table 4). In general, synchrony was lower during the day than during the night (0.64 vs.
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0.72). This was evident on d1 (0.60 vs. 0.80), d3 (0.56 vs. 0.62), and d4 (0.50 vs. 0.92) but not
on d2 (0.82 vs. 0.41).

Table 4. Fleiss’ Kappa (κF) values for the evaluation of synchrony of grazing and ruminating behavior
in the two rounds from 5 animals for each day (d; 06:00–06:00 h) and during daytime (06:00–18:00 h)
and nighttime (06:00–18:00 h) for d1 to d3 in r1 and for d1 to d4 in r2.

Round 1 Round 2

d1 d2 d3 d1 d2 d3 d4

Synchrony of grazing
behavior within 24 h 0.63 0.73 0.62 0.71 0.59 0.59 0.73

Synchrony of grazing
behavior during the day 0.59 0.67 0.63 0.60 0.82 0.56 0.50

Synchrony of grazing
behavior during the night 0.67 0.79 0.61 0.80 0.41 0.62 0.92

Synchrony of ruminating
behavior within 24 h 0.30 0.32 0.43 0.45 0.42 0.39 0.27

Synchrony of ruminating
behavior during the day 0.04 0.26 0.35 0.28 0.11 0.41 0.34

Synchrony of ruminating
behavior during the night 0.38 0.31 0.48 0.52 0.40 0.34 0.18

3.4. Ruminating Behavior

In r1, animals (n = 5) ruminated for a mean of 7.0 (±0.5) h per 24 h period. Rumination
time did not differ significantly between the days (p > 0.05; see Table 3). In general,
significantly more ruminating occurred during the night than during the day (p < 0.01), but
within each day, the difference could not be confirmed statistically. Differences between the
different days were not evident when daytime and nighttime rumination time was assessed
separately. Overall κF for ruminating behavior was 0.35, which indicates fair agreement
(=synchrony) between animals. Synchrony increased from d1 (0.30) to d2 (0.32) and was
highest on d3 (0.43; see Table 4). In general, synchrony was higher during the night than
during the day (0.23 vs. 0.39) which was evident for all days.

In r2, animals ruminated for a mean of 7.5 (± 0.3) h per 24 h period. Rumination
time per day did not differ significantly between the different days (p > 0.05; see Table 3).
In general, significantly more ruminating occurred during the night than during the day
(p < 0.01). Ruminating time during the day differed significantly between d2 and d4 (2.3 vs.
3.6 h/12 h; p < 0.01) and ruminating time during the night differed significantly between
d1 and d2 (4.1 vs. 5.2 h/12 h; p < 0.05). Overall κF for ruminating was 0.38, which indicates
fair agreement (=synchrony). Between the days, synchrony decreased steadily from 0.45 on
d1 to 0.27 on d4 (see Table 4). In general, synchrony of rumination behavior was similar
during the day and during the night (0.32 vs. 0.36). However, within each day, synchrony
was higher during the night on d1 (0.28 vs. 0.52) and d2 (0.11 vs. 0.40) and higher during
the day on d3 (0.41 vs. 0.34) and d4 (0.34 vs. 0.18).

4. Discussion
4.1. Physiological Responses in Relation to Weather Conditions

In previous studies, different thresholds were defined for the various weather in-
dices depending on the regarded physiological reaction. In r1, the daily THI and BGHI
means did not reach the thresholds of 67 and 74 determined by Zimbelman et al. [61] and
Dalcin et al. [62], respectively, for the elevation of respiration rate. However, respiration
rate increased significantly during morning milking and numerically in the afternoon,
between d3 and d4 when THI increased from 65 to 67 and BGHI from 62 to 65. Kibler [63]
stated that respiration rate elevation is the first reaction towards heat load shown by dairy
cows, which is in line with our findings. Previously determined thresholds for changes
in milk yield vary widely. Although the THI thresholds of 60 to 62 defined by by Brüge-
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mann [2], Hammami et al. [1] and Gorniak et al. [64] for changes in milk yield and milk
composition in Holstein cows were reached on all days except for d2, no reduction in
milk yield with rising intensity of weather conditions or change in milk fat or protein was
observed in r1 in our study. The reduced milk yield on d0 might have been caused by
the presence of an unknown person during milking. This is supported by the reduction
in milk yield being mainly based on a reduction in morning milk yield, whereas evening
milk yield was not reduced. Concerning the reduction in milk yield caused by high tem-
peratures, Brügemann [2] found that changes in milk yield and milk composition under
heat load occur with a time delay of two days. Therefore, the changes in our study might
have occurred after the observed period. On the other hand, Gantner [65] defined a THI
threshold of 77 for a reduction in milk yield in Simmental cows. That threshold was not
reached in r1 in our study. Although a certain reaction towards heat load was shown by an
elevated respiration rate, burden of the weather conditions was not confirmed by a rise in
fecal cortisol level in r1. Heat dissipation through breathing air might have prevented the
animals from experiencing a burden caused by the observed weather conditions.

In contrast to r1, heat load was confirmed by elevated fecal cortisol content, which
could be based on the more extreme and longer excess of heat load thresholds in r2.
Although temperatures decreased after d5, heat load seemed to persist, reflected by a
persisting high level of fecal cortisol on d7. R1 of data collection was conducted in June, after
two months of pasture season, whereas r2 took place in August, when cows had already
been outside for four months. On the one hand, physiological reactions towards heat load
can be expected to be more pronounced at the beginning summer, when animals are not
acclimatized to higher temperatures yet [66]. On the other hand, heat load can accumulate
leading to more extreme reactions to high temperatures at the end of summer [21]. The
observed group of cows (r1: n = 11, r2: n = 13) differed between rounds, and some cows
were unique to one round. Although focal cows had higher DIM in r2 (194 vs. 243), average
milk yield did not differ (19.1 vs. 18.9 kg). Milk yield influences the sensitivity of dairy
cows to heat load [18]. The similar milk yield results in the same thresholds for respiration
rate elevation

In r2, a significant rise in respiration rate was observed between d2 and d3 when
THI changed from 63 to 69 and BGHI from 63 to 69. The change is in line with the THI
threshold for respiration rate elevation of 67 defined by Zimbelman et al. [61] but occurred
at lower BGHI values than expected after the findings of Dalcin et al. [62]. In contrast
to r1, milk yield was reduced on d3 and stayed low until d7 in r2. The decrease in milk
yield was mainly based on a reduction in morning milk yield and was partly compensated
by an elevated evening milk yield. On d3, THI reached a daily mean of 68 and BGHI a
mean of 69. Observed THI threshold for change in milk yield is in line with the findings
of Zimbelman et al. [61], higher than the thresholds determined by Hammami et al. [1]
for Holstein cows in the stable, by Brügemann [2] for Holstein cows on pasture and lower
than the threshold determined by Gantner [65] for Simmental cows in the stable. If a delay
of two days for the heat load induced change in milk yield is considered, as proposed by
Brügemann [2], we observed the same threshold of 62, as determined in the mentioned
study. Milk composition did not differ between the days in r2. Unlike r1, a longer time
period was covered after the days with increased heat load intensity. The lack of change in
milk composition might have been prevented by a reduction in milk yield in general.

4.2. Behavioral Changes

In r1, grazing duration was similar on d1 and d2 but decreased on d3 with higher
index values. The reduction in grazing time corresponds to the findings of Tucker et al. [27]
in Holstein cows. In contrast, Fisher et al. [67] did not observe a reduction in grazing time.
In their study, observations were limited to two 24 h periods and were also conducted with
Holstein cows. In r2, no significant difference was observed in grazing time between the
days, whereas grazing time was numerically lower on d4. In general, significantly more
time was spent grazing during the day than during the night in the second round. However,
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on d4, more grazing was shown during the night than during the day. Feed utilization is
linked to heat production in dairy cows [68]. A shift of grazing behavior towards the cooler
night hours might be a counteraction to heat burdening daytime. In r1, more time was
spent grazing compared to r2. Although milk yield did not differ significantly between
the rounds, it was lower in r2 due to higher DIM. Lower milk yields and thereby energy
requirements could have caused the lower grazing time. Additionally, differences in
pasture quality and availability might have influenced grazing behavior. Rumination time
did not differ significantly between the days in r1 and t2, but more rumination time was
shown during the night than during the day which is in line with previously conducted
studies [69,70]. Additionally, a difference between day- and nighttime rumination behavior
was largest on d4 in r2.

Synchrony of grazing behavior was moderate to high, which is in agreement with the
findings of Flury and Gygax [71] for animals on pasture. In general, rumination behavior
had a lower synchrony. Between the rounds, synchrony of grazing and rumination behavior
only differed slightly (0.66 vs. 0.68 for grazing, 0.35 vs. 0.38 for ruminating in r1 and r2,
respectively). No meaningful development of synchrony was observed in r1. Within r2,
synchrony of rumination behavior decreased steadily. Synchrony of grazing behavior was
decreased on d2 and d3. Only a small subset of the herd (n = 5) was included in the behavior
assessment under heat load. As most of the animals (n = 4) were unique to each round, a
comparison between rounds is difficult. The behavioral dynamics of the whole herd might
also look different, because the development of heat load highly relates to various factors
that are individual for each animal [41].

5. Conclusions

The two periods of data collection differed in extremity of heat load conditions. In
both rounds, elevated respiration rates as a first physiological reaction towards high
temperatures was observed. The burden of weather conditions was confirmed by an
elevated fecal cortisol level only in r2, where temperatures were more extreme. Additionally,
a reduction in milk yield and changes in milk composition as consequences of heat load
only occurred in the second round. Whereas the observed thresholds for THI were in line
with previous literature, physiological heat load reactions were evident at lower BGHI
values than those reported previously. The behavioral changes observed in a subset of
animals included a reduction in grazing duration and a shift of grazing time towards
the night.

Although informative value of reported behavior changes is limited by the small
sample size, they provide the base for further studies on the behavioral reactions of mid-
yielding Simmental cows to heat load on pasture.
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