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A B S T R A C T

In the course of predicted climate change, the welfare of dairy cows and heat load to which they are exposed
have become increasingly important even under moderate climate conditions. The objective of this study was to
investigate the cow individual activity response to heat load in terms of the heat load duration and intensity in
lactating, high-yielding Holstein-Friesian cows in a moderate climate zone.
The study was conducted from June 2015 to April 2017 in a naturally ventilated barn in Brandenburg,

Germany. The determined temperature-humidity index (THI) inside the barn was used to define the heat load.
The heat load was characterized by the average daily THI as well as the duration and intensity of the defined THI
levels. In addition to the heat load on the measurement day, we studied the cow individual activity response to
the heat load accumulated over the three days preceding the measurement day. The activity of the cows
(n=196) was measured by accelerometers and described the resting behavior and the number of steps per cow
and day. The analysis models included autocorrelations in time series as well as individual cow factors.
An increase in the duration and intensity of heat load on the measurement day led to a decrease in the lying

time and an increase in the number of steps. The cows showed a reduced activity response to heat load when
there was additional heat load accumulation over the three days preceding the measurement day. The cows in an
advanced stage of lactation were more sensitive to heat load than cows in the early lactation stage. Multiparous
cows showed less pronounced activity responses than primiparous cows. Heat load accumulation and individual
cow-related factors should be considered in prediction models for the sensitive animal-specific recognition of
heat load on the basis of activity responses.

1. Introduction

In response to predicted climate change and the growing interest of
consumers in livestock farming, the heat load experienced by dairy
cows and their welfare have become one of the most important chal-
lenges facing the dairy industry. Cows are exposed to heat load con-
ditions for several months of the year, even in the moderate climate of
Central Europe (Gorniak et al., 2014; Heinicke et al., 2018; Lambertz
et al., 2014). In the present study, the term “heat stress”, which has
often been used in cited studies, was purposefully not used because of
the absence of a clear definition for this term in the literature. “Heat
load” describes the situation more clearly and precisely. The term refers
to the influence of or exposure to heat from the environment. To reduce
the adverse effects of heat load, it is important for farmers to know

when cows suffer from heat load and to correspondingly cool cows to
help them effectively offload heat. Animal-based early warning systems
could minimize the risk of heat load and optimize welfare by the au-
tomatic activation of cooling systems at an early stage of heat load. In
addition to physiological thermoregulatory responses to heat load (de
Andrade Ferrazza et al., 2017; Toušová et al., 2017), cows change their
activity (Brzozowska et al., 2014; Endres and Barberg, 2007) to reduce
the production of metabolic heat and to sustain their normal body
temperature. Numerous studies have indicated that the activity of cows
is a sensitive indicator of heat load. The studies found that the total
daily lying time as well as the average duration of each lying bout
decreased and the number of steps taken increased with increasing heat
load (Brzozowska et al., 2014; Cook et al., 2007; De Palo et al., 2005;
Endres and Barberg, 2007; Herbut and Angrecka, 2018b). The use of

https://doi.org/10.1016/j.jtherbio.2019.03.011
Received 15 October 2018; Received in revised form 5 March 2019; Accepted 18 March 2019

∗ Corresponding author.
E-mail addresses: jheinicke@atb-potsdam.de (J. Heinicke), stephanie.ibscher@arcor.de (S. Ibscher), vitaly.belik@fu-berlin.de (V. Belik),

thomas.amon@fu-berlin.de, tamon@atb-potsdam.de (T. Amon).
1 These authors contributed equally.

Journal of Thermal Biology 82 (2019) 23–32

Available online 22 March 2019
0306-4565/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03064565
https://www.elsevier.com/locate/jtherbio
https://doi.org/10.1016/j.jtherbio.2019.03.011
https://doi.org/10.1016/j.jtherbio.2019.03.011
mailto:jheinicke@atb-potsdam.de
mailto:stephanie.ibscher@arcor.de
mailto:vitaly.belik@fu-berlin.de
mailto:thomas.amon@fu-berlin.de
mailto:tamon@atb-potsdam.de
https://doi.org/10.1016/j.jtherbio.2019.03.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtherbio.2019.03.011&domain=pdf


accelerometers for cows is already widespread, particularly because
high peaks in activity are linked to estrus, and the data may help to
determine the optimal time for insemination. Therefore, the use of
additional activity data to detect possible signs of heat load is feasible
and can be easily implemented on farms. In this respect, the absence of
health disorders, such as lameness, must be ensured to avoid the mis-
interpretation of the measured results.

Currently, the temperature-humidity index (THI) at different
thresholds is the standard method to define the intensity of heat load
conditions. The most common are thresholds of 68 THI (Zimbelman and
Collier, 2011) and 72 THI (Armstrong, 1994), which indicate the be-
ginning of heat load based on an initial decrease in milk production. A
study by Heinicke et al. (2018) determined that a similar heat load
threshold (67 THI) led to changes in different activity traits in lactating,
high-yielding dairy cows. Furthermore, this study revealed that the
average daily THI, the heat load duration, and the accumulation of heat
load on the measurement day should be considered to evaluate the heat
load of cows. The heat load duration includes information on how long
the cows are exposed to heat load per day. Furthermore, the daily heat
load duration indirectly shows the variance in the average THI during
the day, and conclusions can therefore be drawn about the heat load
periods and recovery periods of the cows (Heinicke et al., 2018).

West et al. (2003) found that during a hot period, the heat loads two
and three days preceding the measurement day had a greater impact on
milk yield and dry matter intake than the values on the actual mea-
surement day. In this context, it would be interesting to analyze the
activity response following heat load accumulation over several days
preceding the measurement day. The activity response to the accumu-
lation of different intensities of heat load has not been studied thus far.
Similar research was conducted only in the context of declining milk
yields (Herbut et al., 2018).

Generally, the data obtained from activity monitoring systems
should be compared with individual cow factors, such as days in milk
and lactation number, because they influence the activity of individual
cows (Bewley et al., 2010; Brzozowska et al., 2014; Maselyne et al.,
2017). These factors also influence the metabolic heat production of the
cows. Therefore, some cows might be more susceptible to heat load
than others, and their activity changes in response to heat load may
differ (Bernabucci et al., 2010; Das et al., 2016; Koch et al., 2016).
Steensels et al. (2012) found various activity responses to heat load in
dairy cows with different lactation numbers. Other studies concluded
that milk production levels have an impact on the activity changes
under heat load (Heinicke et al., 2018; Tapkı and Şahin, 2006).

The objective of the present study was to investigate the activity
response of lactating, high-yielding Holstein-Friesian cows in a mod-
erate climate zone to heat load in terms of heat load duration and heat
load intensity. Furthermore, we studied individual cow factors (e.g.,
milk production level, lactation number, and lactation stage) and

assumed that the duration and intensity of the heat load would influ-
ence the individual activity responses of the cows.

2. Materials and methods

2.1. Barn design and animals

The experimental farm was located in Brandenburg, Germany (ap-
proximately 56 km west of Berlin, coordinates: 52.4041666° N,
12.7791666° E, 32m above sea level) and situated in a moderate cli-
mate zone between the maritime and continental climates (average
annual temperature 9.9 ± 7.1 °C). The measurements were carried out
in a naturally ventilated dairy barn with a loose housing system. The
detailed barn design is described in the study by Heinicke et al. (2018).
The herd consisted of 51 Holstein-Friesian cows (first to eighth lacta-
tion) that had an average daily milk yield of 40.7 ± 6.8 kg per cow.
The average body weight per cow was 645 ± 28 kg.

2.2. Barn climate measurements

Climate data were recorded from June 2015 to April 2017. The
ambient temperature and relative humidity within the barn were au-
tomatically measured every 10 min using EasyLog USB 2 + sensors
(Lascar Electronics Inc., Erie, Pennsylvania, USA; temperature accuracy
of± 1 °C from −35 °C to +80 °C and relative humidity accuracy
of± 3.5% from 0% to 100% relative humidity in temperatures of
−20 °C to +80 °C). The sensors were positioned at eight locations
inside the barn (Heinicke et al., 2018) 3.4m above the floor.

The ambient temperature and relative humidity data were used to
calculate the THI for each measurement location and each time point.
In this study, the following formula from the National Research Council
(1971) was used define the THI:

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

where T is the dry bulb temperature in °C, and RH is the relative hu-
midity in %.

The THI calculations at all eight measurement locations were
averaged afterwards, so there was one average THI value for the barn
per time point (every 10min). This resulted in 144 THI values per day
to describe the climate conditions inside the barn. In addition, the heat
load intensity (THI level) for each time point was categorized as fol-
lows: THI < 68 (no heat load), 68≤THI < 72 (mild heat load),
72≤THI < 80 (moderate heat load), and 80≤THI (severe heat load)
(Armstrong, 1994; Zimbelman and Collier, 2011). The estimated cli-
mate effects on the average daily THI and the heat load duration (ac-
cumulation of time in hours in a particular THI level over the previous
three day period under consideration) per heat load intensity are de-
scribed in Table 1. Heat load effects were classified as contemporaneous

Table 1
Definition of the estimated climate effects.

contemporaneous heat load effects

THIt average daily temperature-humidity index (THI) on the measurement day (t)

HLDt
THI [68,72) mild heat load duration (number of time points with 68≤THI < 72 on the measurement day (t))

moderate heat load duration (number of time points with 72≤THI < 80 on the measurement day (t))
>HLDt

THI 80 severe heat load duration (number of time points with THI≥80 on the measurement day (t))
delayed heat load effects
THIt-1 average daily THI one day preceding the measurement day (t-1)
THIt-2 average daily THI two days preceding the measurement day (t-2)
THIt-3 average daily THI three days preceding the measurement day (t-3)

HLDt 1,t 2,t 3
THI [68,72) mean mild heat load duration on all three days preceding the measurement day, given that 68≤THI < 72 on at least one time point on each of the three days

(t-1, t-2, t-3)

HLDt 1,t 2,t 3
THI [72,80) mean moderate heat load duration on all three days preceding the measurement day, given that 72≤THI < 80 on at least one time point on each of the three

days (t-1, t-2, t-3)
HLDt 1,t 2,t 3

THI 80 mean severe heat load duration on all three days preceding the measurement day, given that THI≥80 on at least one time point on each of the three days (t-1,
t-2, t-3)

J. Heinicke, et al. Journal of Thermal Biology 82 (2019) 23–32

24



(on the measurement day) or delayed (three days preceding the mea-
surement day).

2.3. Activity measurements

The activity of the dairy cows was recorded from June 2015 to April
2017. Approximately 43 cows per day were each equipped with one
IceTag3D™ activity sensor (IceRobotics, Edinburgh, UK). More details
on the activity measurements are described in a study by Heinicke et al.
(2018). Because of the permanent fluctuations in incoming and out-
going cows within the experimental herd, data on the activity values for
a total of 196 different cows were collected during the entire experi-
mental period.

The analyzed activity traits included the total lying time (LT), the
number of lying bouts (LBs), the lying bout duration (LBD), and the
number of steps (NS) per day (Table 2). Previous studies focused on the
validation of the IceTag3D™ activity sensor. Standing and lying were
identified with high accuracy (Mattachini et al., 2013; Trénel et al.,
2009). Comparison of the NS counted from video recordings with the
step count provided by the IceTag3D™ sensor indicated a strong cor-
relation when the cows were walking. When the cows were standing,
the lifting of a leg would occasionally lead to a single step, but not
always. Thus, the use of the step count directly from the IceTag3D™
does not give an accurate estimate of the number of steps taken while
walking (Nielsen et al., 2010).

2.4. Statistical data analysis

For each activity trait, a (generalized) linear mixed model was used
to test the influence of the contemporaneous and delayed heat load
effects on the activity of the cows. In addition, the following individual
cow factors were included in the models as a single effect and in
combination with the effects that describe the heat load duration: milk
production level (; Milkt

normal; Milkt
high), lactation number (Lt

1; Lt
2,3; Lt

4),
days in milk (DIMt

1 60; DIMt
61 150; >DIMt

150), pregnancy status (Gt
0;

Gt
1 90; Gt

91 180; >Gt
180), and estrus status (It,t 1

estrus). The reference group
included cows that were classified with all of the following factors:,
DIMt

1 60, Milkt
normal, Gt

0, not in estrus. The models incorporated the
random effects of the individual cows, and the within-cow temporal
correlation structure was modeled by autoregressive-moving average
(ARMA) processes. The variables were chosen based on the model di-
agnostics. The model can be written as follows:

= + + + + + +

+ + + + +

+ + +

+ + +

y a THI b THI c THI d THI Milk L

DIM G I f HLD g HLD

h HLD i HLD j HLD

k HLD cow e

µ · · · ·

· ·

· · ·

· ,

ijklmnt t t t t i j

k l m ijkl t
THI

ijkl t
THI

ijkl t
THI

ijkl t t t
THI

ijkl t t t
THI

ijkl t t t
THI

n ijklmnt

1 2 3

[68,72) [72,80)

80
1, 2, 3

[68,72)
1, 2, 3

[72,80)

1, 2, 3
80

where.

yijklmnt is the observed value of the activity trait;
μ is the general mean;
a, b, c, d are the regression coefficients for the average daily tem-
perature-humidity index (THI) on the measurement day (t) and one
(t-1), two (t-2), and three (t-3) days preceding the measurement
day;

Milki is the fixed effect of the i-th level of milk production;
Lj is the fixed effect of the j-th number of lactation;
DIMk is the fixed effect of the k-th stage of lactation;
Gl is the fixed effect of the l-th trimester of pregnancy;
Im is the fixed effect of the m-th stage of estrus;
fijkl, gijkl, hijkl, iijkl, jijkl, kijkl are the regression coefficients for the in-
teractions of the individual cow factors with the heat load duration
(HLD) on the measurement day (t) and in the three days before (t-
1,t-2,t-3) per heat load intensity;
cown is the random effect of the n-th cow;
and eijklmnt is the random residual.

The null hypotheses for all tested traits were defined as the con-
temporaneous and delayed heat load effects as well as the individual
cow factors having no effect on the activity traits of the dairy cows. The
significance level for the (generalized) linear mixed model was 0.05. All
analyses were performed using the free statistical software R version
3.4.2 (R Development Core Team, 2017). The linear mixed models were
estimated using the lme function from the nlme package (Pinheiro
et al., 2014). The generalized linear mixed models were estimated with
the glmmPQL function from the MASS package (Ripley et al., 2018).

3. Results

3.1. Total daily lying time

The significant results of the linear mixed model for LT are pre-
sented in Table 3. The table indicates the strength of the impact of heat

Table 2
Definitions, acronyms and units for the behavioral traits used in the analysis.

behavioral trait acronym unit definition

total lying time LT min d−1 minutes per day the cow is lying (the activity sensor recorded a horizontal position)
number of lying bouts LB n d−1 average number of lying bouts per day based on a continuous lying time of a minimum of 4min
lying bout duration LBD min d−1 average duration of all lying bouts per day based on the exact start and end times
number of steps NS n d−1 summation of the number of times per day the cow lifts her leg based on the amount of force used

Table 3
The significant results of the linear mixed model for the total daily lying time in
seconds per day depending on the average daily temperature-humidity index
(THI), daily heat load duration (HLD) per heat load level, milk production level
(Milk), days in milk (DIM), lactation number (L), gestation status (G) and estrus
days (I) with t=measurement day. Standard errors for the predicted coeffi-
cients are in parentheses.

Contemporaneous heat load effects and
interactions

Individual cow factors

THIt −192.8∗∗∗ (13.6) Milkt
low 1141.4∗∗ (540.1)

HLDt
THI [68,72) −23.8∗∗∗ (3.7) DIMt

61 150 133.7 (290.5)

HLDt
THI [72,80) −47.6∗∗∗ (3.2) >DIMt

150 1142.3∗∗∗ (432.2)

HLDt
THI 80 −58.9∗∗∗ (12.7) Lt

4 3115.0∗∗∗

(1102.6)
× DIMt

61 150 −40.1∗∗∗ (16.1) 1417.7∗∗∗ (342.4)

x >DIMt
150 −58.3∗∗∗ (17.4) Gt

91 180 1088.8∗∗ (553.7)
Delayed heat load effects and interactions It,t 1

estrus −5506.7∗∗∗

(282.9)
THIt-1 109.1∗∗∗ (13.4)
THIt-3 19.1∗∗ (9.7)

HLDt 1,t 2,t 3
THI [72,80) 30.2∗∗∗ (6.9)

x Lt
4 −25.7∗∗∗ (9.6)

HLDt 1,t 2,t 3
THI 80 67.7∗∗ (27.4)

x Lt
4 −80.5∗∗ (36.3)

Intercept 41797.4∗∗∗

(1016.5)

∗∗∗p < 0.01, ∗∗p < 0.05 THI values: 99648 activity values: 22221
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load effects and individual cow factors. Within the following sub-
chapters, the impact of the individual cow factors, the con-
temporaneous and delayed heat load effects and the interaction effects
between the heat load effects and individual cow factors are described.

3.1.1. Individual cow factors
Under conditions without heat load on the measurement day and

the days before the measurement day,2 the LT of the cows in the re-
ference group (, DIMt

1 60, Milkt
normal, Gt

0, not in estrus) was approxi-
mately 647min (Fig. 1). If the characteristics of the cow differed from
those of the cows in the reference group, the significant individual cow
factors must also be taken into account to determine the estimated LT
(Table 3). Low-producing cows were found to lie down more than cows
with a normal or high level of milk production. The LT of Lt

4 cows
increased by 52min compared with the LT of cows in an earlier stage of
lactation. Cows with >DIMt

150 laid down approximately 19min longer
than cows with less than 150 DIM (Fig. 1). This was also reflected by
the increasing LT with increasing gestation status. Cows in estrus laid
down significantly less than cows that were not in estrus.

3.1.2. Contemporaneous heat load effects
The average daily THI and the tested effects of heat load duration on

the measurement day were negatively correlated with LT (Table 3). In
addition to the general negative effect of THIt, the LT in the herd de-
creased with the increasing intensity of the heat load. The longer the
heat load duration on the measurement day was, the stronger this
correlation was. The LT was 479min (Fig. 1) for cows in the reference
group with heat load on the measurement day and without heat load on
the days before.3

3.1.3. Delayed heat load effects
In contrast to the contemporaneous heat load effects, the delayed

heat load effects were positively related to LT. The LT of cows in the
reference group increased to 568min (Fig. 1) when there was heat load
on the measurement day and additional heat load over the three days
preceding the measurement day.4

3.1.4. Interaction effects between the heat load effects and individual cow
factors

The contemporaneous heat load effects of mild and moderate heat
load duration were independent of any individual cow factors, whereas
the reduction in LT in response to severe heat load duration was de-
pendent on the DIM. The predicted reduction in LT when the severe
heat load duration was increased by 10min was higher in cows with
and >DIMt

150 than in cows with DIMt
1 60 (Table 3; Fig. 2(a)). This re-

sulted in a reduction in the LT for cows with >DIMt
150under heat load

on the measurement day of approximately 194min (reduction in the LT
of cows in the reference group: 168min) (Fig. 1).

The delayed heat load effects of moderate and severe heat load
duration were dependent on the lactation number. The cows with Lt

4

reacted less strongly to increasing moderate heat load duration than the
cows in earlier stages of lactation (Fig. 2(b)). In response to the delayed
heat load effect of severe heat load duration, the cows with Lt

4 reduced
their LT, whereas the other cows showed an increase in LT (Table 3,
Fig. 2(c)). Consequently, LT increased only by approximately 51min
(increase in LT for cows in the reference group: 90min) when there was
an additional day with heat load over the three days preceding the
measurement day (Fig. 1).

3.2. Number of lying bouts

The significant results of the generalized linear mixed model for LBs
are presented in Table 4. The model was estimated using a log link
function. The table indicates the strength of the impact of the heat load
effects and the individual cow factors. Within the following sub-
chapters, the impact of the individual cow factors, the con-
temporaneous and delayed heat load effects and the interaction effects
between the heat load effects and individual cow factors are described.

3.2.1. Individual cow factors
The cows in the reference group had a predicted number of LBs of

approximately 15 bouts under conditions without heat load on the

Fig. 1. Predicted total daily lying time (min d−1) of cows in the reference group
(Lt

1, Milkt
normal, Gt

0, not in estrus) in lactation≥4 and with DIM > 150 under
different heat load conditions.

Fig. 2. Significant interactions in the linear mixed model for the daily lying
time. Figure (a) shows the effects of the duration of severe heat load exposure
for each lactation stage category. Figure (b) shows the effect of the mean
duration of severe heat load exposure on all three days preceding the mea-
surement day depending on the lactation number. The blue lines correspond to
the respective reference group in the model. The colored lines at the x-axis
indicate where measurement data are actually contained to model the esti-
mated values.

2 THIt= 46; THIt-1= 46; THIt-3= 46.
3 THIt= 73; THIt-1= 46; THIt-3 = 46; HLDt

THI [68,72) =26; HLDt
THI [72,80) =56;

HLDt
THI 80 =27.

4 THIt= 73; THIt-1= 70; THIt-3 = 69; HLDt
THI [68,72) =26; HLDt

THI [72,80) =56;
HLDt

THI 80 =27; HLDt 1,t 2,t 3
THI [72,80) =43; HLDt 1,t 2,t 3

THI 80 =15.
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measurement day and on the days before.5 The DIM and lactation
number individual cow factors had a significant effect on the number of
LBs. Cows with and >DIMt

150 laid down approximately 6.7% and 7.98%
less often, respectively, than cows withDIMt

1 60. In cows in Lt
2,3 and Lt

4,
the number of LBs decreased by 28.85% and 15.69%, respectively,
compared with the number of LBs in cows in Lt

1. The cows in estrus laid
down less frequently than the cows that were not in estrus (Table 4).

3.2.2. Contemporaneous heat load effects
The average daily THI had no significant effect on the number of

LBs. However, the number of LBs was negatively affected by the heat
load duration on the measurement day (Table 4). Each additional
10min of mild and moderate heat load duration reduced the number of
LBs by a small percentage. As a consequence, the number of LBs de-
creased to 14.4 bouts for cows in the reference group experiencing heat
load on the measurement day but not on the days before.6

3.2.3. Delayed heat load effects
The delayed heat load effects of THIt-2 and mild and the severe heat

load duration were positively related with the number of LBs (Table 4).
This resulted in a predicted increase in the number of LBs to 16 bouts
for cows in the reference group with heat load on the measurement day
and additional heat load over the three days before the measurement
day.7

3.2.4. Interaction effects between the heat load effects and individual cow
factors

The contemporaneous heat load effects due to mild and moderate
heat load were independent of any individual cow factors.

The delayed heat load effect of severe heat load duration depended
on the lactation number. Cows in Lt

4 reacted less to increasingly severe
heat load duration over the three days before the measurement day
than cows in earlier stages of lactation (Fig. 3).

3.3. Lying bout duration

The significant results of the linear mixed model for LBD are pre-
sented in Table 5. The model was estimated using a log link function.
The table indicates the strength of the impact of the heat load effects
and the individual cow factors. Within the following subchapters, the
impact of the individual cow factors, the contemporaneous and delayed
heat load effects and the interaction effects between the heat load ef-
fects and individual cow factors are described.

3.3.1. Individual cow factors
The predicted LBD of cows in the reference group without heat load

on the measurement day and three days before8 was approximately
48.07min (Fig. 4). Independent of the heat load, the individual cow
factors had significant effects on the LBD (Table 5). Cows with more
DIM had a longer LBD than those with fewer DIM. The LBD of cows
with >DIMt

150 increased by 5.28min compared with the LBD of cows in
the reference group (Fig. 4). Cows in Lt

2,3 and Lt
4 had a longer LBD

compared with cows in Lt
1. This was also reflected in the increasing LBD

within the gestation status. During estrus days, LBD was shorter than
when the cows were not in estrus.

3.3.2. Contemporaneous heat load effects
The average daily THI and the heat load duration on the measure-

ment day were negatively correlated with LBD (Table 5). A longer
duration of mild, moderate and severe heat loads resulted in a shorter
LBD, in addition to the general negative effect of THIt. The effect of heat
load duration depended on the intensity of the heat load. The cows in
the reference group had a reduced LBD of 39.31min (Fig. 4) under heat
load on the measurement day and without heat load the days before.9

3.3.3. Delayed heat load effects
The delayed heat load effects of THIt-1 and moderate heat load

duration had a positive effect on LBD. In contrast, THIt-2 was negatively
related to LBD (Table 5). The LBD of cows in the reference group in-
creased slightly to approximately 40.32min (Fig. 4) under heat load on
the measurement day and additional heat load over the three days
before.10

Table 4
The significant results of the generalized linear mixed model for the logarith-
mized number of lying bouts per day depending on the average daily tem-
perature-humidity index (THI), daily heat load duration (HLD) per heat load
level, days in milk (DIM), lactation number (L) and estrus days (I) with
t=measurement day. Standard errors for the predicted coefficients are in
parentheses.

Contemporaneous heat load effects and
interactions

Individual cow factors

HLDt
THI [68,72) −0.0003∗∗ (0.0001) DIMt

61 150 −0.0670∗∗∗

(0.0124)

HLDt
THI [72,80) −0.0004∗∗∗ (0.0001) >DIMt

150 −0.0798∗∗∗

(0.0182)
Delayed heat load effects and interactions Lt

2,3 −0.2885∗∗∗

(0.0437)
THIt-2 0.0022∗∗∗ (0.0004) Lt

4 −0.1569∗∗∗

(0.0530)

HLDt 1,t 2,t 3
THI [68,72) 0.0004∗∗ (0.0002) It,t 1

estrus −0.0618∗∗∗

(0.0106)
HLDt 1,t 2,t 3

THI 80 0.0033∗∗∗ (0.0008)

x Lt
4 −0.0024∗∗ (0.0011)

Intercept 2.5991∗∗∗

(0.0443)

∗∗∗p < 0.01, ∗∗p < 0.05 THI values: 99648 activity values: 22227

Fig. 3. Significant interactions in the generalized linear mixed model for the
number of lying bouts. Figure shows the effects of the mean duration of severe
heat load on all three days preceding the measurement day depending on the
lactation number. The blue line shows the slopes for the respective reference
group in the model. The colored lines at the x-axis indicate where measurement
data are actually contained to model the estimated values.

5 THIt-2= 46.
6 THIt-2= 46; HLDt

THI [68,72) =26; HLDt
THI [72,80) =56.

7 THIt-2= 71; HLDt
THI [68,72) =26; HLDt

THI [72,80) =56; HLDt 1,t 2,t 3
THI [68,72) =12;

HLDt 1,t 2,t 3
THI 80 =15.

8 THIt= 46; THIt-1= 46; THIt-2= 46.
9 THIt= 73; THIt-1= 46; THIt-2= 46; HLDt

THI [68,72) =26; HLDt
THI [72,80) =56;

HLDt
THI 80 =27.

10 THIt= 73; THIt-1= 70; THIt-2= 71; HLDt
THI [68,72) =26;

HLDt
THI [72,80) =56; HLDt

THI 80 =27; HLDt 1,t 2,t 3
THI [72,80) =43.
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3.3.4. Interaction effects between the heat load effects and individual cow
factors

The contemporaneous heat load effects of mild and moderate heat
load duration were independent of any individual cow factors, whereas
the reduction in LBD in response to severe heat load duration was de-
pendent on DIM. The predicted reduction in LBD with increasing severe
heat load duration by 10min was higher in cows with DIMt

61 150 and
>DIMt

150 compared to cows with DIMt
1 60 (Table 5; Fig. 5(a)). This re-

sulted, for example, in a reduction of LBD for cows with by approxi-
mately 11.68min (reduction of LBD for cows in the reference group:
8.76min) under heat load on the measurement day (Fig. 4).

The delayed heat load effect of severe heat load duration was de-
pendent on the milk production level. The most pronounced decrease in
LBD with increasing severe heat load duration occurred for the low-
producing cows (Table 5; Fig. 5(b)). Consequently, the LBD of low-
producing cows only slightly decreased, whereas the LBD of the other
cow groups increased when there was heat load on the measurement
day and additional heat load over the three days preceding the mea-
surement day (Fig. 4).

3.4. Number of steps

The significant results of the linear mixed model for NS are pre-
sented in Table 6. The model was estimated using a log link function.
The table indicates the strength of the impact of the heat load effects
and the individual cow factors. Within the following subchapters, the
impact of the individual cow factors, the contemporaneous and delayed
heat load effects and the interaction effects between the heat load ef-
fects and individual cow factors are described.

3.4.1. Individual cow factors
The cows in the reference group had an NS of approximately 2062

steps under conditions without heat load on the measurement day and
on the days before11 (Fig. 6). Independent of the climatic conditions,
the individual cow factors had significant effects on the predicted NS
(Table 6). The NS decreased with increasing DIM, increasing lactation
number, and increasing gestational status. For example, the cows in Lt

4

took approximately fewer 665 steps than the cows in the reference
group (Fig. 6). In contrast, the cows in estrus took significantly more
steps than the cows not in estrus.

3.4.2. Contemporaneous heat load effects
In general, an increase in the average daily THI and the heat load

duration on the measurement day led to an increase in the NS (Table 6).
As a result, the NS increased to 2482 steps when the cows in the re-
ference group were exposed to heat load on the measurement day

Table 5
The significant results of the linear mixed model for the logarithmized lying
bout duration measured in seconds per day depending on the average daily
temperature-humidity index (THI), daily heat load duration (HLD) per heat
load level, milk production level (Milk), days in milk (DIM), lactation number
(L), gestation status (G) and estrus days (I) with t=measurement day. Standard
errors for the predicted coefficients are in parentheses.

Contemporaneous heat load effects and
interactions

Individual cow factors

THIt −0.0041∗∗∗ (0.0005) Milkt
low 0.0100 (0.0206)

HLDt
THI [68,72) −0.0004∗∗∗ (0.0001) DIMt

61 150 0.0682∗∗∗

(0.0110)

HLDt
THI [72,80) −0.0009∗∗∗ (0.0001) >DIMt

150 0.1042∗∗∗

(0.0164)
HLDt

THI 80 −0.0011∗∗ (0.0005) Lt
2,3 0.2466∗∗∗

(0.0346)
x DIMt

61 150 −0.0016∗∗∗ (0.0006) Lt
4 0.2273∗∗∗

(0.0424)
x >DIMt

150 −0.0017∗∗∗ (0.0006) Gt
1 90 0.0492∗∗∗

(0.0130)
Delayed heat load effects and interactions Gt

91 180 0.0579∗∗∗

(0.0210)
THIt-1 0.0025∗∗∗ (0.0006) It,t 1

estrus −0.0805∗∗∗

(0.0102)
THIt-2 −0.0019∗∗∗ (0.0005)

HLDt 1,t 2,t 3
THI [72,80) 0.0003∗∗ (0.0001)

HLDt 1,t 2,t 3
THI 80 −0.0003 (0.0006)

x Milkt
low −0.0027∗∗ (0.0012)

Intercept 8.1280∗∗∗

(0.0377)

∗∗∗p < 0.01, ∗∗p < 0.05 THI values: 99648 activity values: 22221

Fig. 4. Predicted lying bout duration (min) for cows in the reference group (Lt
1,

DIMt
1 60, Milkt

normal, Gt
0, not in estrus) with a lower milk yield level and with

DIM > 150 under different heat load conditions.

Fig. 5. Significant interactions in the linear mixed model for the lying bout
duration. Figure (a) shows the effects of the duration of severe heat load ex-
posure for each lactation stage category. Figure (b) shows the effect of the mean
duration of severe heat load exposure on all three days preceding the mea-
surement day depending on the milk production level. The blue lines show the
slopes for the respective reference group in the model. The colored lines at the
x-axis indicate where measurement data are actually contained to model the
estimated values.

11 THIt= 46; THIt-1= 46; THIt-2= 46.
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without heat load on the days before12 (Fig. 6).

3.4.3. Delayed heat load effects
The delayed effects of THIt and moderate and severe heat load

duration were negatively correlated with the NS. However, THIt-2 was
positively correlated with to the NS (Table 6). Consequently, the pre-
dicted NS for the cows in the reference group decreased to 2207 steps
under heat load on the measurement day with additional heat load over
the three days preceding the measurement day.13

3.4.4. Interaction effects between the heat load effects and individual cow
factors

The contemporaneous heat load effects of mild and moderate heat
load duration were dependent on the lactation number. The cows in
and Lt

4 showed a smaller increase in the NS with increasing heat load
duration on the measurement day (Table 6) than primiparous cows. In
contrast, cows in >Gt

180 reacted more strongly to moderate heat load
duration; the cows in Lt

4 increased their NS by approximately 153
steps, whereas the cows in >Gt

180 increased their NS by 708 steps under
heat load on the measurement day (increase in the NS taken by cows in
the reference group: 420) (Fig. 6).

The delayed heat load effect of mild heat load duration was de-
pendent on the milk production level, and the effect of moderate heat
load duration was dependent on the lactation number. When the mild
heat load duration increased over the three days preceding the mea-
surement day, only the low-producing cows responded and increased
their NS (Table 6; Fig. 7 (a)). In response to the delayed heat load effect
of moderate heat load duration, the cows in Lt

2,3 reacted less strongly
and exhibited a lower NS than the cows in the reference group. Under
the same conditions, the cows in Lt

4 even showed a slight increase in
the NS (Fig. 7 (b)).

4. Discussion

In the present study, cow individual activity responses to heat load
in terms of the heat load duration and intensity were investigated. A
large number of climate measurements inside the barn were collected to
represent the climate conditions over a long period of almost two years.
The wide range of climate differences inside a naturally ventilated barn
necessitates several measurement points in the barn (Hempel et al.,
2018; Schüller and Heuwieser, 2016). For long-term measurement, we
collected data on a large number of heat load days (number of days
with THIε[68,72), 202 d; THIε[72,80), 116 d; THI≥80, 6 d). Therefore,
the heat load conditions were modeled accurately. The corresponding
activity data of the cows were recorded for an average of seven months
per cow. The management of the dairy barn unfortunately made it
impossible to record longer data sets per cow.

4.1. Individual cow factors

The results of the present study indicated that individual produc-
tion-related cow factors influence the activity of cows independent of
barn climatic conditions.

The LT increases with increasing days in milk (Bewley et al., 2010;
Endres and Barberg, 2007; Gomez and Cook, 2010; Maselyne et al.,
2017) and increasing lactation number (Steensels et al., 2012). Bewley
et al. (2010) recognized a trend of decreasing LT with increasing milk
production. This finding was confirmed by the significantly higher LT of
cows with lower milk production levels than that of cows with higher
milk production levels in the present study. An increase in the lactation
number resulted in decreased LB and increased LBD, which was con-
firmed by the results of Brzozowska et al. (2014). Moreover, it has been

Table 6
The significant results of the linear mixed model for the logarithmized number of steps per day depending on the average daily temperature-humidity index (THI),
daily heat load duration (HLD) per heat load level, milk production level (Milk), days in milk (DIM), lactation number (L), gestation status (G) and estrus days (I)
with t=measurement day. Standard errors for the predicted coefficients are in parentheses.

Contemporaneous heat load effects and interactions Individual cow factors

THIt 0.0013∗∗ (0.0006) Milkt
low −0.0218 (0.0216)

HLDt
THI [68,72) 0.0014∗∗∗ (0.0003) DIMt

61 150 −0.0453∗∗∗ (0.0112)

× Lt
2,3 −0.0007∗∗ (0.0004) >DIMt

150 −0.0609∗∗∗ (0.0169)

× Lt
4 −0.0012∗∗∗ (0.0004) Lt

2,3 −0.1164∗∗∗ (0.0365)

HLDt
THI [72,80) 0.0015∗∗∗ (0.0003) Lt

4 −0.3892∗∗∗ (0.0448)

× >Gt
180 0.0024∗∗ (0.0012) Gt

1 90 −0.0509∗∗∗ (0.0134)

× Lt
2,3 −0.0006∗∗ (0.0003) Gt

91 180 −0.0532∗∗ (0.0219)

× Lt
4 −0.0009∗∗ (0.0004) >Gt

180 −0.0928∗ (0.0498)

HLDt
THI 80 0.0011∗∗∗ (0.0003) It,t 1

estrus 0.5204∗∗∗ (0.0118)

Delayed heat load effects and interactions
THIt-1 −0.0022∗∗∗ (0.0007) HLDt 1,t 2,t 3

THI [72,80) −0.0019∗∗∗ (0.0003)

THIt-2 0.0016∗∗ (0.0007) x Lt
2,3 0.0009∗∗∗ (0.0003)

HLDt 1,t 2,t 3
THI [68,72) 0.0001 (0.0003) x Lt

4 0.0020∗∗∗ (0.0004)

x Milkt
low 0.0014∗∗∗ (0.0005) HLDt 1,t 2,t 3

THI 80 −0.0013∗∗ (0.0005)

Intercept 7.5993∗∗∗ (0.0410)

∗∗∗p < 0.01, ∗∗p < 0.05 THI values: 99648 activity values: 22221

Fig. 6. Predicted daily number of steps (n d−1) taken by cows in the reference
group (Lt

1, DIMt
1 60, Milkt

normal, Gt
0, not in estrus) with lower milk yield level in

lactation≥4 and with Gest > 180 under different heat load conditions.

12 THIt= 73; THIt-1= 46; THIt-2= 46; HLDt
THI [68,72) =26;

HLDt
THI [72,80) =56; HLDt

THI 80 =27.
13 THIt= 73; THIt-1= 70; THIt-2= 71; HLDt

THI [68,72) =26;
HLDt

THI [72,80) =56; HLDt
THI 80 =27; HLDt 1,t 2,t 3

THI [72,80) =43; HLDt 1,t 2,t 3
THI 80 =15.
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verified that the LB and NS decrease, but LBD increases with an in-
creasing number of days in milk (Brzozowska et al., 2014; Steensels
et al., 2012). Furthermore, it was already known that cows react by
increasing their NS and decreasing their LT during their days in estrus
(Arney et al., 1994; Firk et al., 2002). It is particularly important to take
this into account when changes in activity are interpreted.

Our results once again confirmed how important it is to evaluate the
activity of individual groups of cows on the basis of different cow
factors. In future studies, it would be conceivable to analyze the activity
response of each individual cow with machine learning algorithms or
image recognition procedures to monitor the daily activity pattern of
the cows.

4.2. Contemporaneous heat load effects

The present study investigated the activity of dairy cows and the
influence of the average daily THI and the effects of heat load duration
and intensity on the measurement day. The main advantage of this
study is the novel inclusion of how long the cows had been exposed to
heat load per day and how strong that heat load was.

The effect of the average daily THI indicated activity responses of
the cows similar to those described in previous studies. The decrease in
LT observed during heat load conditions agrees with findings from the
literature (Cook et al., 2007; Endres and Barberg, 2007; Herbut and
Angrecka, 2018a). The same result was observed by Brzozowska et al.
(2014) and Steensels et al. (2012) and decreased LT was reported
during the summer months. A decrease in LT with increasing heat load
duration on the measurement day was observed. This observation
confirmed our previous results (Heinicke et al., 2018), in which the

activity responses increased with increasing daily THI, and the longer
the heat load duration on the measurement day lasted, the stronger this
correlation became. This study was based on the same dataset but in-
cluded other models with different tested effects. Heinicke et al. (2018)
determined heat load thresholds of the average daily THI that led to
changes in different activity traits and examined the influence of in-
creases in the daily heat load duration on the activity traits. The present
study analyzed the activity in more detail with the help of auto-
correlations in time series, different heat load intensities, heat load
accumulation over several days, and individual cow factors. The reason
for the decrease in LT under heat load is that a standing posture exposes
a larger surface area of the skin to the surrounding air than a lying
posture does, and, consequently, a greater heat dissipation rate can be
achieved (Bouraoui et al., 2002; Hillman et al., 2005).

The less pronounced activity response of the number of LBs to heat
load agreed with the findings reported by Endres and Barberg (2007)
and by Zähner et al. (2004). According to Brzozowska et al. (2014) and
Steensels et al. (2012), the number of LBs was not associated with the
season.

As a result of the decreased LT and constant number of LBs during
heat load, the LBD decreased as the heat load increased (Brzozowska
et al., 2014; De Palo et al., 2005; Endres and Barberg, 2007).

The increase in the NS with increasing heat load, which is perhaps
an indication of restlessness and stress, agrees with the findings of
Endres and Barberg (2007). Similar results were observed in studies by
Brzozowska et al. (2014) and Steensels et al. (2012), who found that the
NS was higher in summer than in the winter months. Further studies
indicated that increased activity during heat load increased body tem-
perature (i.e., increased the heat load), which led to an increase in
standing time (Allen et al., 2015), and according to the results of Cook
et al. (2007), the time spent standing in the alley increased. A more
recent paper by Abeni and Galli (2017) also noted an increase in the
activity index during heat load conditions. An increase in the time spent
standing or walking might be an important behavioral thermoregula-
tion strategy that allows the cows to increase the movement of air
around their body. Since cows lose a considerable amount of their body
heat from their underside, they may reduce heat load by standing or
walking (Tucker and Schütz, 2009).

The contemporaneous heat load had a large direct effect on the
resting behavior and activity since cows seek immediate relief from
unpleasant environmental conditions. The activity traits influenced by
the different heat load durations and intensities on the measurement
day showed the same correlations as the effect of the average daily THI
on the measurement day. However, it would be possible to make more
precise predictions concerning the activity under heat load if additional
information on the heat load duration at different intensities was
available.

4.3. Delayed heat load effects

Our approach to analyze the activity response after heat load ac-
cumulation over several days preceding the measurement day is in-
novative and has not been performed before. The results therefore
cannot be compared to data from the literature. An exception is a study
by Herbut et al. (2018), who analyzed long-term heat waves in the
context of milk performance. Our findings show that the accumulation
of heat load over the three days preceding the measurement day led to
less pronounced activity responses on the measurement day than con-
ditions with heat load only on the measurement day. This indicates that
with the accumulation of persistent heat load, the cows become ex-
hausted and exhibit signs of tiring, which implies a compensatory effect
on the initial activity response of cows to heat load, even if they are still
exposed to the heat load. We assume that when the cows were exposed
to heat load on all three days preceding the measurement day, they
could not further increase their activity response beyond a limit and
had adapted on the measurement day.

Fig. 7. Significant interactions in the linear mixed model for the number of
steps. Figure (a) shows the effect of the mean duration of mild heat load ex-
posure on all three days preceding the measurement day depending on the milk
production level. Figure (b) shows the effect of the mean duration of moderate
heat load exposure on all three days preceding the measurement day for each
lactation number. The blue lines show the slopes for the respective reference
group in the model. The colored lines at the x-axis indicate where measurement
data are actually contained to model the estimated values.
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Previous studies that analyzed the reactions of cows subjected to
lying deprivation illustrated the motivation for increased lying and the
compensatory reactions (Cooper et al., 2007; Norring and Valros,
2016). They recognized that the cows recovered some of their lost lying
time by rescheduling feeding and standing times. These new results
confirm that the contemporaneous climate conditions as well as the
delayed climate conditions significantly affected the activity response
of dairy cows.

4.4. Interaction effects between the heat load effects and individual cow
factors

The lactating, high-yielding Holstein-Friesian cows examined in the
present study individually reacted with a more or less pronounced ac-
tivity response to the heat load conditions inside the barn. The study
carried out by Purwanto et al. (1990) demonstrated that heat produc-
tion in cows with high milk productivity is greater than that in other
groups. For this reason, differences in metabolic activity and hormonal
control are mentioned.

The results of the present study suggested that the cows in an ad-
vanced stage of lactation reacted more strongly by decreasing LT and
the LBD than the cows in an early stage of lactation. Generally, cows in
an advanced stage of lactation have a longer LT and a longer LBD than
other cows under climate conditions without heat load, but the differ-
ences decrease as the exposure time to heat load increases. Another
study found similar results concerning activity and milk yield, in which
cows in the early phase of lactation were less susceptible to heat load
than cows in a more advanced phase. This is probably because the
former partially rely on body energy mobilization for milk yield, where
the latter rely only on dry matter intake, which is particularly depressed
during heat stress (Abeni and Galli, 2017).

The multiparous cows showed a smaller increase in the NS with
contemporaneous heat load effects compared with the primiparous
cows. It is possible that a higher body weight, larger number of claw
horn lesions, and higher ranking could explain the decreased activity of
multiparous cows compared to that of primiparous cows. Steensels et al.
(2012) also included the effect of lactation number in their analysis and
found that the number of LBs was significantly higher in summer (11.2
n d−1) than in winter (10.8 n d−1) for dairy cows in their second lac-
tation. However, the number of LBs was significantly lower in summer
(11 n d−1) than in winter (11.4 n d−1) for cows with three or more
lactations. These findings could not be confirmed in the present study
but still emphasize the individual cow activity responses to heat load.

In a previous study, we found that cows with higher milk production
levels reacted most sensitively by decreasing the LT to increasing heat
load to a greater extent than cows with normal and lower milk pro-
duction levels (Heinicke et al., 2018). This is consistent with the con-
clusions of Tapkı and Şahin (2006), who found that high-producing
dairy cows were more sensitive to resting activity than low-producing
dairy cows.

Individual cow activity responses to heat load must be investigated
more intensively in further studies to identify the most suitable in-
dicator animals that show early and clear activity responses to heat
load. Coat color and genetic parentage could possibly be included in
further studies.

5. Conclusions

Our study confirmed that an increase in the duration and intensity
of heat load led to a decrease in the LT and an increase in the NS. In
addition to earlier studies, we included a novel assessment of the in-
fluence of delayed heat load effects and individual cow factors under
heat load on dairy cow activity. The cows showed a reduced activity
response to heat load when there was additional heat load accumula-
tion over the three days preceding the measurement day. Our study
found cow individual activity responses to heat load. Primiparous cows

and cows in an advanced stage of lactation were the most sensitive to
heat load. Heat load accumulation as well as individual cow factors
should be considered in predictive models for the sensitive animal-
specific recognition of heat load based on activity responses.

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgements

This project was funded by the “Optimized animal-specific barn
climatization facing temperature rise and increased climate variability”
(OptiBarn) project of the FACCE ERA-NET Plus Initiative “Climate
Smart Agriculture” in Brussels and the “Projektträger Bundesanstalt für
Landwirtschaft und Ernährung” (ptble) (funding code: 315-06.01-
2814ERA02C) in Bonn. The authors gratefully acknowledge the staff of
the “LVAT Groβ Kreutz” dairy farm in Brandenburg, where the ex-
periments were carried out.

References

Abeni, F., Galli, A., 2017. Monitoring cow activity and rumination time for an early de-
tection of heat stress in dairy cow. Int. J. Biometeorol. 61, 417–425.

Allen, J., Hall, L., Collier, R.J., Smith, J., 2015. Effect of core body temperature, time of
day, and climate conditions on behavioral patterns of lactating dairy cows experi-
encing mild to moderate heat stress. J. Dairy Sci. 98, 118–127.

Armstrong, D.V., 1994. Heat stress interaction with shade and cooling. J. Dairy Sci. 77,
2044–2050.

Arney, D., Kitwood, S., Phillips, C., 1994. The increase in activity during oestrus in dairy
cows. Appl. Anim. Behav. Sci. 40, 211–218.

Bernabucci, U., Lacetera, N., Baumgard, L.H., Rhoads, R.P., Ronchi, B., Nardone, A.,
2010. Metabolic and hormonal acclimation to heat stress in domesticated ruminants.
Animal 4, 1167–1183.

Bewley, J.M., Boyce, R.E., Hockin, J., Munksgaard, L., Eicher, S.D., Einstein, M.E., Schutz,
M.M., 2010. Influence of milk yield, stage of lactation, and body condition on dairy
cattle lying behaviour measured using an automated activity monitoring sensor. J.
Dairy Res. 77, 1–6.

Bouraoui, R., Lahmar, M., Majdoub, A., Djemali, M.N., Belyea, R., 2002. The relationship
of temperature-humidity index with milk production of dairy cows in a
Mediterranean climate. Anim. Res. 51, 479–491.

Brzozowska, A., Łukaszewicz, M., Sender, G., Kolasińska, D., Oprządek, J., 2014.
Locomotor activity of dairy cows in relation to season and lactation. Appl. Anim.
Behav. Sci. 156, 6–11.

Cook, N.B., Mentink, R.L., Bennett, T.B., Burgi, K., 2007. The effect of heat stress and
lameness on time budgets of lactating dairy cows. J. Dairy Sci. 90, 1674–1682.

Cooper, M., Arney, D., Phillips, C., 2007. Two-or four-hour lying deprivation on the be-
havior of lactating dairy cows. J. Dairy Sci. 90, 1149–1158.

Das, R., Sailo, L., Verma, N., Bharti, P., Saikia, J., 2016. Impact of heat stress on health
and performance of dairy animals: a review. Vet. World 9, 260.

de Andrade Ferrazza, R., Garcia, H.D.M., Aristizábal, V.H.V., de Souza Nogueira, C.,
Veríssimo, C.J., Sartori, J.R., Sartori, R., Ferreira, J.C.P., 2017. Thermoregulatory
responses of Holstein cows exposed to experimentally induced heat stress. J. Therm.
Biol. 66, 68–80.

De Palo, P., Tateo, A., Padalino, B., Zezza, F., Centoducati, P., 2005. Influence of tem-
perature-humidity index on the preference of primiparous Holstein Friesians for
different kinds of cubicle flooring. Ital. J. Anim. Sci. 4, 194–196.

Endres, M.I., Barberg, A.E., 2007. Behavior of dairy cows in an alternative bedded-pack
housing system. J. Dairy Sci. 90, 4192–4200.

Firk, R., Stamer, E., Junge, W., Krieter, J., 2002. Automation of oestrus detection in dairy
cows: a review. Livest. Prod. Sci. 75, 219–232.

Gomez, A., Cook, N., 2010. Time budgets of lactating dairy cattle in commercial freestall
herds. J. Dairy Sci. 93, 5772–5781.

Gorniak, T., Meyer, U., Südekum, K.-H., Dänicke, S., 2014. Impact of mild heat stress on
dry matter intake, milk yield and milk composition in mid-lactation Holstein dairy
cows in a temperate climate. Arch. Anim. Nutr. 68, 358–369.

Heinicke, J., Hoffmann, G., Ammon, C., Amon, B., Amon, T., 2018. Effects of the daily
heat load duration exceeding determined heat load thresholds on activity traits of
lactating dairy cows. J. Therm. Biol. 77, 67.

Hempel, S., König, M., Menz, C., Janke, D., Amon, B., Banhazi, T.M., Estellés, F., Amon,
T., 2018. Uncertainty in the measurement of indoor temperature and humidity in
naturally ventilated dairy buildings as influenced by measurement technique and
data variability. Biosyst. Eng. 166, 58–75.

Herbut, P., Angrecka, S., 2018a. The effect of heat stress on time spent lying by cows in a
housing system. Ann. Anim. Sci. 18, 825–833.

Herbut, P., Angrecka, S., 2018b. Relationship between THI level and dairy cows' beha-
viour during summer period. Italian J. Anim. Sci. 17, 226–233.

Herbut, P., Angrecka, S., Godyń, D., 2018. Effects of the duration of high air temperature
on cow's milking performance in moderate climate conditions. Ann. Anim. Sci. 18,

J. Heinicke, et al. Journal of Thermal Biology 82 (2019) 23–32

31

http://refhub.elsevier.com/S0306-4565(18)30458-3/sref1
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref1
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref2
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref2
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref2
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref3
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref3
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref4
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref4
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref5
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref5
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref5
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref6
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref6
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref6
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref6
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref7
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref7
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref7
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref8
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref8
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref8
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref9
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref9
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref10
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref10
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref11
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref11
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref12
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref12
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref12
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref12
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref13
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref13
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref13
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref14
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref14
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref15
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref15
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref16
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref16
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref17
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref17
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref17
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref18
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref18
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref18
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref19
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref19
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref19
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref19
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref20
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref20
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref21
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref21
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref22
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref22


195–207.
Hillman, P., Lee, C., Willard, S., 2005. Thermoregulatory responses associated with lying

and standing in heat-stressed dairy cows. T. ASAE 48, 795–801.
Koch, F., Lamp, O., Eslamizad, M., Weitzel, J., Kuhla, B., 2016. Metabolic response to heat

stress in late-pregnant and early lactation dairy cows: implications to liver-muscle
crosstalk. PLoS One 11, e0160912.

Lambertz, C., Sanker, C., Gauly, M., 2014. Climatic effects on milk production traits and
somatic cell score in lactating Holstein-Friesian cows in different housing systems. J.
Dairy Sci. 97, 319–329.

Maselyne, J., Pastell, M., Thomsen, P.T., Thorup, V.M., Hänninen, L., Vangeyte, J., Van
Nuffel, A., Munksgaard, L., 2017. Daily lying time, motion index and step frequency
in dairy cows change throughout lactation. Res. Vet. Sci. 110, 1–3.

Mattachini, G., Riva, E., Bisaglia, C., Pompe, J.C.A.M., Provolo, G., 2013. Methodology
for quantifying the behavioral activity of dairy cows in freestall barns. J. Anim. Sci.
91, 4899–4907.

Norring, M., Valros, A., 2016. The effect of lying motivation on cow behaviour. Appl.
Anim. Behav. Sci. 176, 1–5.

National Research Council, N.R.C., 1971. A Guide to Environmental Research on Animals.
Natl. Acad. Sci., Washington, DC.

Nielsen, L.R., Petersen, A.R., Herskin, M.S., Munksgaard, L., 2010. Quantifying walking
and standing behaviour of dairy cows using a moving average based on output from
an accelerometer. Appl. Anim. Behav. Sci. 127, 12–19.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., 2014. Linear and Nonlinear Mixed Effects
Models. R package version 3.

Purwanto, B., Abo, Y., Sakamoto, R., Furumoto, F., Yamamoto, S., 1990. Diurnal patterns
of heat production and heart rate under thermoneutral conditions in Holstein Friesian
cows differing in milk production. J. Agric. Sci. 114, 139–142.

R Development Core Team, R., 2017. A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria3-900051-07-0
(accessed 10.10.18). https://www.R-project.org/.

Ripley, B., Venables, B., Bates, D.M., Hornik, K., Gebhardt, A., Firth, D., 2018. Support
Functions and Datasets for Venables and Ripley's MASS. Package MASS (accessed
10.10.18). http://cran.r-project.org/web/packages/MASS/index.html.

Schüller, L.K., Heuwieser, W., 2016. Measurement of heat stress conditions at cow level
and comparison to climate conditions at stationary locations inside a dairy barn. J.
Dairy Res. 83, 305–311.

Steensels, M., Bahr, C., Berckmans, D., Halachmi, I., Antler, A., Maltz, E., 2012. Lying
patterns of high producing healthy dairy cows after calving in commercial herds as
affected by age, environmental conditions and production. Appl. Anim. Behav. Sci.
136, 88–95.

Tapkı, İ., Şahin, A., 2006. Comparison of the thermoregulatory behaviours of low and
high producing dairy cows in a hot environment. Appl. Anim. Behav. Sci. 99, 1–11.

Toušová, R., Ducháček, J., Stádník, L., Ptáček, M., Pokorná, S., 2017. Influence of tem-
perature-humidity relations during years on milk production and quality. Acta Univ.
Agric. Silvic. Mendelianae Brunensis 65, 211–218.

Trénel, P., Jensen, M.B., Decker, E.L., Skjøth, F., 2009. Quantifying and characterizing
behavior in dairy calves using the IceTag automatic recording device. J. Dairy Sci. 92,
3397–3401.

Tucker, C., Schütz, K., 2009. Behavioral responses to heat stress: dairy cows tell the story.
In: Western Dairy Nutrition Conference, Tepme, AZ February, (accessed 10.10.18).
http://cdrf.org/wp-content/uploads/2013/09/review-from-the-University-of-
California.pdf.

West, J., Mullinix, B., Bernard, J., 2003. Effects of hot, humid weather on milk tem-
perature, dry matter intake, and milk yield of lactating dairy cows. J. Dairy Sci. 86,
232–242.

Zähner, M., Schrader, L., Hauser, R., Keck, M., Langhans, W., Wechsler, B., 2004. The
influence of climatic conditions on physiological and behavioural parameters in dairy
cows kept in open stables. Anim. Sci. 78, 139–147.

Zimbelman, R., Collier, R., 2011. Feeding strategies for high-producing dairy cows during
periods of elevated heat and humidity. In: Proceedings of the 20th Annual Tri-state
Dairy Nutrition Conference, Grand Wayne Center, Fort Wayne, Indiana, USA, 19-20
April, 2011. Ohio State University, pp. 111–126.

Julia Heinicke is an agricultural scientist and works as
PhD student at the Leibniz Institute for Agricultural
Engineering and Bioeconomy (ATB) in Potsdam, Germany.
She studied agricultural science and did her Bachelor of
Science and her Master of Science in Berlin, Germany. In
October 2015, she started her PhD study at the ATB in the
Department Engineering for Livestock Management. Her
topic is the activity behavior of lactating dairy cows in re-
lation to the climate conditions in the experimental barn.

In 2018, Stephanie Ibscher completed the joint Statistics
master program of the Humboldt-Universität zu Berlin, the
Freie Universität Berlin, the Technische Universität Berlin
and the Charité-Universitätsmedizin Berlin with the spe-
cializations Statistics in the Life Science and Statistical
Inference. She finished her Economics studies at the Freie
Universität Berlin with a Master of Science degree in 2015,
where she specialized in Quantitative Methods and
Economic Policy.

Vitaly Belik is an assistant professor at the institute for
veterinary epidemiology and biostatistics at the Freie
University Berlin. He is the head of the group system
modeling. He studied physics and biophysics at the Moscow
Lomonosov University and Humboldt University Berlin. He
got his Dr. rer. nat. degree in theoretical physics from the
Georg August University Göttingen for the thesis on the
mathematical epidemiology performed at the Max Planck
Institute for Dynamics and Selforganization. Before joining
the Freie University Berlin he woyrked at the Massachusetts
Institute of Technology and Technical University Berlin. His
research interests include mathematical epidemiology, an-
imal wellbeing, complex networks, system biology, sto-
chastic processes, numerical simulations, statistical and

machine learning analysis of animal surveillance and genetic data.

Since 2012, Thomas Amon is the head of Department
“Engineering for Livestock Management” at the Leibniz
Institute for Agricultural Engineering and Bioeconomy
(ATB) in Potsdam, Germany. His research focusses on mi-
tigation of ammonia and greenhouse gasses, airborne zoo-
noses and sustainable manure management, and research
on advanced precision livestock farming systems regarding
animal welfare, environmental, and hygienic issues.
Simultaneously, he holds a W2 professorship for “Livestock
– Environment – Interactions” at the Department of
Veterinary Medicine, Freie Universität Berlin, Germany. He
did his dissertation at the Technical University of Munich-
Weihenstephan, Germany and his habilitation at University
of Natural Resources and Life Science, Vienna.

J. Heinicke, et al. Journal of Thermal Biology 82 (2019) 23–32

32

http://refhub.elsevier.com/S0306-4565(18)30458-3/sref22
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref23
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref23
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref24
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref24
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref24
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref25
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref25
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref25
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref26
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref26
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref26
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref27
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref27
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref27
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref28
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref28
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref29
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref29
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref30
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref30
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref30
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref31
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref31
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref32
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref32
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref32
https://www.R-project.org/
http://cran.r-project.org/web/packages/MASS/index.html
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref35
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref35
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref35
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref36
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref36
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref36
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref36
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref37
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref37
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref38
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref38
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref38
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref39
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref39
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref39
http://cdrf.org/wp-content/uploads/2013/09/review-from-the-University-of-California.pdf
http://cdrf.org/wp-content/uploads/2013/09/review-from-the-University-of-California.pdf
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref41
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref41
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref41
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref42
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref42
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref42
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref43
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref43
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref43
http://refhub.elsevier.com/S0306-4565(18)30458-3/sref43

	Cow individual activity response to the accumulation of heat load duration
	Introduction
	Materials and methods
	Barn design and animals
	Barn climate measurements
	Activity measurements
	Statistical data analysis

	Results
	Total daily lying time
	Individual cow factors
	Contemporaneous heat load effects
	Delayed heat load effects
	Interaction effects between the heat load effects and individual cow factors

	Number of lying bouts
	Individual cow factors
	Contemporaneous heat load effects
	Delayed heat load effects
	Interaction effects between the heat load effects and individual cow factors

	Lying bout duration
	Individual cow factors
	Contemporaneous heat load effects
	Delayed heat load effects
	Interaction effects between the heat load effects and individual cow factors

	Number of steps
	Individual cow factors
	Contemporaneous heat load effects
	Delayed heat load effects
	Interaction effects between the heat load effects and individual cow factors


	Discussion
	Individual cow factors
	Contemporaneous heat load effects
	Delayed heat load effects
	Interaction effects between the heat load effects and individual cow factors

	Conclusions
	Conflicts of interest
	Acknowledgements
	References




