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ABSTRACT

In the present experiment, 10 horned and 10 disbud-
ded mid-lactating Brown Swiss cows were included in
a crossover feeding trial with a hay or hay and concen-
trate diet. The effects of dietary neutral detergent fiber
(NDF) content and horn status on thermoregulatory
responses under thermoneutral and short-term heat
stress conditions were studied, as both are considered
to ease the cow’s thermoregulation under an environ-
mental heat load. Cows received either ad libitum hay
and alfalfa pellets (85:15, C—, NDF content: 41.0%)
or restricted amounts of hay and concentrate (70:30,
C+, NDF content: 34.5%). The level of restriction
applied with the C+ diet was determined from pre-
experimental ad libitum intakes, ensuring that both
diets provided the same intake of net energy for lacta-
tion (NEp). For data collection, cows were housed in
respiration chambers for 5 d. The climatic conditions
were 10°C and 60% relative humidity (RH), considered
thermoneutral (TN) conditions (temperature-humidity
index (THI): 52) for d 1 and 2, and 25°C and 70%
RH, considered heat stress (HS) conditions (THI: 74),
for d 4 and 5. On d 3, the temperature and RH were
increased gradually. Compared with TN, HS conditions
increased the water intake, skin temperature, respira-
tion and heart rates, and endogenous heat production.
They did not affect body temperature, feed intake, or
milk production. Lowering dietary fiber content via
concentrate supplementation lowered methane and in-
creased carbon dioxide production. It did not mitigate
physiological responses to HS. Although the responses
of horned and disbudded cows were generally similar,
the slower respiration rates of horned cows under HS
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conditions indicate a possible, albeit minor, role of the
horn in thermoregulation. In conclusion, future investi-
gations on nutritional strategies must be conducted to
mitigate mild heat stress.
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INTRODUCTION

Due to the high metabolic load related to milk syn-
thesis and the associated endogenous heat production,
dairy cows are sensitive to environmental heat load.
Heat stress (HS) has been given various definitions;
it may refer to any response to external heat load
that helps the animal avoid physiological dysfunction
(Kadzere et al., 2002), or to the increase of the animal’s
optimum core body temperature when external and
internal heat loads exceed the animal’s heat dissipa-
tion capacity (Dikmen and Hansen, 2009; Bernabucci
and Mele, 2014). Heat stress may have negative effects
on animal welfare (Polsky and von Keyserlingk, 2017)
and performance (e.g., reduced feed intake, milk yield
and composition or fertility disorders). The threshold
at which HS begins has been reported differently by
different authors. While the threshold for HS was once
thought to be a temperature-humidity index (THI) of
72 (Armstrong, 1994), later, a threshold of a THI >68
was proposed, as this was shown to increase body tem-
perature and decrease milk production in dairy cows
(Bouraoui et al., 2002; Zimbelman et al., 2009). More
recently, a THI of 47 was determined as the threshold
for certain heat-stress-related behavioral changes in
moderate climate zones (Heinicke et al., 2018). Stud-
ies investigating not only the effect of the heat load
intensity but also of the heat load duration on HS are
relatively new (Foroushani and Amon, 2022). The du-
ration of heat exposure may be relatively short (i.e.,
several hours to one day) to cause behavioral changes
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(Heinicke et al., 2018), of one day to decrease milk
components (Ouellet et al., 2019), and more than 2 d
can decrease feed intake and milk yield (Spiers et al.,
2004) and induce changes in the milk fatty acid profile
(Liu et al., 2017). Obviously, these time spans depend
on environmental conditions, such as temperature, RH,
and solar radiation, as well as animal-related factors,
such as breed, production level, lactation stage, and
genotypes (reviewed by Kadzere et al., 2002). To date,
little is known about the effects of sporadic short-term
exposure to heat load. As short periods of heat load are
more frequent than longer ones (Rodriguez-Venegas et
al., 2022), the effects of short-term heat loads require
investigation to detect HS in its early stages and thus
improve animal welfare.

Forage-based production systems aim to optimize the
valorization of human-inedible resources by ruminants
and thereby minimize feed—food competition. Digestible
fiber, the major type of nutrient in forage-based diets,
is considered to cause a greater heat increment than
other nutrients—that is, starch, proteins, or fat—due
to the greater heat production of acetate metabolism
compared with propionate metabolism (West, 1999).
Consequently, metabolic heat production increases with
greater dietary fiber content (Kadzere et al., 2002),
and therefore, dairy cows in forage-based production
systems are particularly exposed to HS. The risk of
HS may be further aggravated by grazing, because on
pasture, cows may be directly exposed to a great heat
load, including high ambient temperature, humidity,
and solar radiation. It has been shown that decreasing
the content of NDF of total mixed rations containing
60% to 70% of concentrate decreases heat-stress-related
physiological responses and negative effects on animal
performance in high-yielding dairy cows (West, 1999;
Miron et al., 2008). However, it has not been deter-
mined whether the reduction in dietary NDF content
also has a mitigating effect in forage-based diets.

The role of horns in the thermoregulation of cattle
has frequently been discussed. Picard et al. (1994, 1999)
concluded from ex vivo studies that the horns of cattle
may dissipate heat. A more recent study (Baars et al.,
2019), in which differences in single milk fatty acids of
horned and disbudded cows housed under cold ambient
temperatures were observed, revived this hypothesis by
suggesting that the differences might be caused by heat
loss via the horns and a thereby altered metabolism.
In cassowaries, under field conditions, it was found
that their casque, a horned integument appendage,
plays a role in heat dissipation (Eastick et al., 2019).
Increased casque surface temperatures, recorded using
thermography images, identified the casque as the body
part dissipating most heat under high ambient tem-
peratures. Despite these indications, to date, the role of
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horns in thermoregulation under HS conditions has not
yet been investigated. In case horns had a distinct role,
this would be of importance as most dairy cows are
disbudded as calves. Due to earlier described influences
of horn status on stress physiology (Reiche et al., 2019,
2020) and milk fatty acids (Baars et al., 2019), the horn
status was taken into account in the present study to
elucidate possible interferences with responses to HS
and dietary NDF content.

The aim of the present study was to investigate the
influence of the NDF content of hay-based diets and
horn status on the responses, namely feed and water
intake, milk production and composition, indicators of
HS and heat production, of mid-lactating Brown Swiss
dairy cows to short-term HS conditions. We hypoth-
esized that reducing dietary NDF content decreases
endogenous heat production and therefore mitigates
HS. We further hypothesized that the horn, despite its
small size and surface area compared with the surface
area of the whole body, has an influence on the heat
dissipation of dairy cows.

MATERIALS AND METHODS
Animals

This experiment was conducted in accordance with
the Swiss laws of animal protection and was approved
by the cantonal veterinary office of Zurich, Switzerland
(ZH 127/2020).

It was carried out between March and July 2021 at
the metabolic research center of AgroVet-Strickhof,
Lindau, canton of Zurich, Switzerland. We used 20
lactating Brown Swiss cows. The Brown Swiss breed
was chosen, because it is the second most prevalent
dairy breed in Switzerland, that has an important per-
centage of horned cows compared with other breeds,
for example Holstein. Therefore, studying the presence
of horns and its potential consequences is relevant to
dairy farming. The cows were selected from the en-
tire Brown Swiss population based on herdbook data
and breeding values of Braunvieh Schweiz (https://
homepage.braunvieh.ch/) and farm visits, according to
the following criteria: they had similar genetic indices
(mean milk index: 109, ranging from 99 to 121), mean
fitness index: 100 (ranging from 90 to 110; Braunvieh
Schweiz, 2020), and body conformation (Table 1). At
the start of the experiment, the animals were pregnant
and in mid-lactation (mean DIM: 161 d) of their second
or third lactation. Half of the cows were horned, and
half were disbudded as calves. During farm visits, one
to 2 mo before the start of the experiment, the cows’
body dimensions—wither height, sternum height, hip
height, hip width, heart girth, and body length—were
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Table 1. Characteristics related to milk production and body dimensions of experimental cows

Horn status’

H" (n=09) H— (n = 10)

Ttem All Mean SD Mean SD
Lactation number 2.3 2.3 0.5 2.2 0.4
DIM 152 150 6.4 153 12.5
Milk yield previous lactation (kg) 5,933 5,998 958 5,869 656
BW (kg) 636 632 44 640 39
Body dimensions (cm)

Withers height 147 148 4 145 4

Hook height 147 149 3 145 3

Sternum height 69 70 4 68 6

Hip width 57 58 3 56 2

Heart girth 203 202 5 204 7

Body length 170 172 5 168 5
Backfat thickness (mm) 0.81 0.81 0.3 0.81 0.2

'H" = horned; H— = disbudded.

measured using a measuring stick (custom-made by
Braunvieh Schweiz, Zug, Switzerland), as described in
Raschka et al. (2016). This selection process resulted in
obtaining 20 cows from 17 different Swiss dairy farms
located in the Uri, Schwyz, Appenzell Innerrhoden,
Sankt Gallen, and Graubiinden cantons. For the ex-
periment, the cows were transported to the metabolic
research center farm and returned to their home farms
afterward. Before the arrival on the experimental farm,
the cows were kept indoors where they were fed forage-
based diets. One cow was not pregnant upon arriving at
the experimental farm but was successfully inseminated
on the sixth day after arrival. Each animal underwent
a medical check before transport and was clinically
healthy upon arrival at the experimental farm. For each
cow, the experiment lasted 35 d.

Experimental Design

The experiment was a crossover study using 2 ex-
perimental diets: (i) a diet composed of hay and alfalfa
pellets (85:15, C—) offered with ad libitum access, al-
lowing for 10% hay orts; and (ii) a diet containing a
restricted amount of hay and concentrate (70:30, C+;
Table 2). All cows received a mineral supplement (150
g/animal/d MINEX 974, UFA, Herzogenbuchsee, Swit-
zerland, and 60 g/animal/d livestock salt). The amounts
of alfalfa pellets in the C— diet were calculated to
meet a crude protein content of 13% of the entire diet.
Aiming for a similar daily energy intake, the restricted
amounts of the C+ diet were calculated based on the
cows’ individual daily NE; intake (Agroscope, 2021)
when receiving the C— diet during the first 5 d after
arrival on the experimental farm (preparation period).
On d 6 after arrival, cows were equally allocated to one
of the 2 experimental diets for the next 15 d (first pe-
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riod). On d 21, the diet was changed from C— to C+ or
from C+ to C— for the next 15 d (second period). Each
period contained a 10-d adaptation and a subsequent
5-d sampling period. For technical reasons, 4 cows went
through the experiment at a time, resulting in 5 blocks,
each containing horned and disbudded cows.

During the 5-d preparation and 10-d adaptation peri-
ods, the cows were housed in a tie-stall on rubber mats,
interspersed with straw. The animals had free access
to fresh water and could physically interact with their
neighbors. The cows were milked at 0600 and at 1700 h,

Table 2. Ingredients and means of chemical composition of
experimental diets
Diet'
Item C— C+
Ingredients (% of total diet)
Hay 85 70
Alfalfa pellets 15 —
Concentrate 30
Wheat — 12.6
Corn 8.9
Oat — 3.0
Barley 2.9
Soybean meal — 1.5
Corn gluten meal 1.1
Analyzed composition
DM (% of original substance) 96.3 93.8
CP (% of DM) 12.8 13.1
NDF (% of DM) 41.6 33.7
Calculated energy and protein supply®
NE;, (MJ/kg DM) 5.7 6.5
APDE (% of DM) 10.2 11.0
APDN (% of DM) 9.1 9.8

!C— = ad libitum hay and alfalfa pellets; C4+ = restricted amounts of
hay and concentrate.

*Calculated according to Agroscope (2021). APDE/APDN = absorb-
able protein at the duodenum consisting of rumen-bypass protein and
microbial protein from fermentable energy/rumen-degradable protein.
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and feed was provided immediately after milking. Hay
was offered using weighing plates (model PFA575, floor
scale, Mettler-Toledo, Greifensee, Switzerland), and
alfalfa pellets and concentrates in a manger mounted in
each individual stall. The ambient temperatures in the
tie-stall barn ranged from 9 to 17°C over the course of
the experiment. Every other day, the cows had access
to an outdoor pen for approximately 30 min.

During the 5-d sampling periods, cows were housed
individually in respiration chambers (RC) with a vol-
ume of 38 m® (No Pollution, Industrial Systems Ltd.,
Edinburgh, UK), described in detail by Zhang et al.
(2022) and Keller et al. (2022), to measure their gaseous
exchange. The gas measurements were continuous, with
a measurement every 10 min for each RC. Zero and
standard gas calibrations of the RC were conducted
daily (between 0700 and 0900 h). In the RC, the light
circle was set from 0600 to 2000 h. Before and dur-
ing the experiment, 3 recovery tests (total system test)
were performed (beginning of March, end of April, and
mid-June 2021). For the recovery tests, gas (CO, and
CH,) was injected individually into each RC using the
same RC settings as for the animal measurements. The
average recovery rates of all chambers were about 88%
for CO, and 99% for CH,. Before the data analysis,
the values of produced CH, and CO, and consumed
O, were corrected with the recovery rates of the cor-
responding RC closest in time.

For the first 48 h of the sampling periods, the THI
conditions (THI-C) of the RC were set to thermoneu-
trality (TIN; ambient temperature: 10°C, relative hu-
midity (RH): 60%, and THI: 52 (calculated following
Dikmen and Hansen, 2009). Afterward, the ambient
temperature and RH were gradually increased over 24
h to reach, at the end of the 24-h period, heat stress
conditions (HS; ambient temperature: 25°C, RH: 70%,
THI: 74). The HS conditions were maintained for 48
h. Afterward, the cows were released from the RC and
returned to the tie-stall. With a THI of 74, a compara-
bly mild but distinct heat load level was chosen, which
has been shown to decrease the milk yield of Holstein
dairy cows in Italy (when the THI ranged from 71 to 76
(Bernabucci and Mele, 2014). On the first day of each
sampling period, the cows entered the RC after the
morning milking at around 0800 h. The gas measure-
ments started at midday to ensure that the gases in
the RC had reached approximately stable values. For
habituation to the RC, each cow spent once 4 to 8 h in
the RC during the first adaptation period.

Sampling and Sample Preparation

Each cow’s body weight was measured in the first,
third, and last experimental week using a livestock
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scale (Ammann Waagen, Ermatingen, Switzerland).
The subcutaneous backfat thickness was measured
during the second adaptation period using an ultra-
sound device with a linear probe (LOGIQ e R8, GE
HealthCare, Tllinois, USA) by the same person follow-
ing Raschka et al. (2016). Throughout the experiment,
the cows’ milk yields and feed intakes were recorded
daily. Both the tie-stall and RC were equipped with
bucket milking systems. The amounts collected in the
bucket were weighed using a scale (preparation and
adaptation periods: PFA575, floor scale model, Met-
tler-Toledo, Greifensee, Switzerland; sampling period:
KC300s, Mettler Instrumente AG, Greifensee, Swit-
zerland). During the adaptation and sampling periods,
milk samples were collected from the milk buckets di-
rectly after each morning and evening milking using a
measuring cup. The sampled milk was transferred into
50 mL tubes containing a bronopol-based preservative
and chilled until analyzed for fat, protein, lactose, and
urea content. For the analysis of milk fatty acids dur-
ing sampling periods, an additional 50 mL of milk was
taken at the last morning milking under TN and HS
conditions. These samples were immediately frozen at
—20°C until analysis.

The amounts of distributed feed and leftovers were
weighed using the same scales as for milk weighing
(KC300s, Mettler Instrumente AG). Feed intake was
calculated by subtracting the amount of leftovers of
each of the 3 feed components from the amount of dis-
tributed feed. For feed analysis, a pooled sample for
each of the 3 feed components—hay, alfalfa pellets, and
concentrate—was taken during each sampling period.
Feed samples were stored until analysis in a dry and
dark place.

During the 5-d sampling periods, the cows were
equipped with Polar devices (Polar Team Pro, Finland)
to record their heart rates (HR) continuously. The
records lasted for a maximum of 8 h, and the devices
were replaced after each milking to ensure a recording
of 16 h per day. Forty minutes before milking (i.e., at
0520 and 1620 h), the respiratory rate (RR) of each
cow was recorded using visual observation via video
cameras (SNV-L5083RN/P, Samsung, South Korea)
installed in the RC. The RR was counted for 15 s and
multiplied by 4 to obtain the breaths per minute. Ten
minutes before milking, rectal temperature was mea-
sured using a digital thermometer with an accuracy of
2 decimal digits and a flexible tip (Domotherm Rapid,
UEBE Medical GmbH, Eilheim, Germany). To measure
the surface temperature, thermographic images were
collected during the last hour under both TN and HS
conditions (i.e., between 1100 h and midday). Three
body locations were recorded using an infrared camera
(Fluke Ti25, Fluke Corporation, Everett, WA, USA),
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including the neck, the back of the ears, and the back
and front of the horns. All thermographic images were
taken by the same person and from predefined posi-
tions in the RC to ensure similar distances between the
recorded body parts of the cows and the camera. The
thermographic images were analyzed using the software
SmartView (Fluke) to obtain the minimum, mean, and
maximum surface temperatures of the recorded body
locations.

Laboratory Analyses

The analyses for milk fat, protein, lactose, and urea
were carried out on the bronopol-preserved, 50-mL milk
samples by Fourier transformed infrared spectrometry
using a MilkoScan FT6000 (Foss, Hillersd, Denmark)
at SuisseLab (Zollikofen, Switzerland). The milk fatty
acid (FA) composition was analyzed using gas chro-
matography with flame ionization detection (Bér et
al., 2020). In brief, after transesterification, the milk
lipids were extracted with hexane, containing the in-
ternal standard C9 and esterified with Methanol/KOH
solution in methyl ester according to ISO 15884:2002.
Separated on a capillary column (CP-SIL 88, 100m, 250
pm i.d., 0.20 pm film thickness, Agilent J and W Part
No CP958570), the fatty acids were determined using
a gas chromatograph (Agilent 6890 Plus, Agilent Tech-
nologies, Basel, Switzerland) and manually integrated.
Feed samples were analyzed for DM, ADF, NDF, and
N. The contents of DM and OM were determined gravi-
metrically by oven drying at 105°C for 3 h and ashing
at 550°C for 4 h. The NDF and ADF contents were
determined using Fibertherm (Gerhardt, Konigswinter,
Germany; methods ISO 16472:2006 for NDF and ISO
13906:2008 for ADF). The total N content was ana-
lyzed using the Kjeldahl method (AOAC International,
1995; method 988.05) and multiplied by 6.25 to calcu-
late the CP content. The dietary contents of NEL and
absorbable protein in the duodenum were calculated as
described by Agroscope (2021).

Calculations and Statistical Analysis

The daily heat production (HP) per unit of metabol-
ic BW (mBW) was calculated according to Brouwer
(1965), using the volumes of produced CH, (V¢p) and
CO, (Vo) production and consumed O, (Vey):

HP | kJ | 1618V, (L) +5.02x Vi (L) = 2.17 x Vi (L) = 5.99x N, (9)
mBW kg°'75]_ mBW (kg™ ‘

Urinary N excretion (N,) was estimated according to
Weiss et al. (2009):
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N, = —75 + (0.412 x N))

with N; being the daily ingested nitrogen amount (g).
Conductance was calculated according to Klaus et al.
(2005), using the HP, rectal temperature (RT), ambi-
ent temperature (AT), and metabolic BW: C[kJ/(K x
k™) = HP (k))/{[RT(C) — AT(CC)] x mBW}.

Before the experiment, a power analysis was per-
formed on the variable HP using the software G*Power
(Faul et al., 2007). Setting the type-I error to o = 0.01
and the power to 0.80, n = 20 was necessary to detect
effects of an effect size of 0.4 in a repeated measure
model.

Body weight was averaged by cow. Backfat thickness
was measured on the frozen ultrasound images, as de-
scribed by Raschka et al. (2016), using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).
Data on milk yield were obtained by summing up
morning and evening milk yields for each experimental
day. Morning and evening values of the milk composi-
tion were averaged, weighted by milk yield, for every
experimental day. The ECM (kg/d) was calculated as
milk (kg/d) x [0.38 x fat (%) + 0.24 x protein (%)
+ 0.17 x lactose (%)]/3.14 (Agroscope, 2021). Due to
influencing outliers in the data of milk yield and com-
position, only observations within the interval mean +
1.96 x SD, namely 93%, 96%, 99%, 99%, and 96% of
the data for milk yield, ECM, lactose, protein and fat,
respectively, were used for statistical analysis. Due to
the limit of quantification, only FAs with a proportion
of >0.1 g/ 100 g fat are presented.

For the analysis of HR, only 8-h measurements with
a relative standard error <5% were used (Gygax et al.,
2008). The measurements were averaged by cow and an
8-h measurement period. Thermographic images and
ultrasound images of insufficient quality (i.e., images
that were not sharp) were removed from analysis.

For statistical analysis, the R environment was used
(Core, 2018), specifically the package lme4 (Bates et
al., 2014). Only data collected during the sampling
periods were used for analysis. During the experiment,
one horned cow developed endometritis and miscarried,
and was therefore removed from the data analysis. To
investigate the effects of diet, horn status, THI condi-
tion, and their interactions, linear mixed models with
repeated measures were computed with diet, horn sta-
tus, THI-C, diet x THI-C, and horn status x THI-C,
as fixed effects. The interaction of diet x horn status
was not significant and was therefore excluded from
the model. For respiration rate, heart rate, and body
temperature, the time of day (TOD; a.m. vs. p.m.)
was introduced as an additional fixed effect. Animal,
block, and period were used as random effects. Effects
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are presented if they were present in at least 4 blocks,
if not otherwise indicated.

Principal component analyses (PCA) were conducted
using the R package factoMineR (Lé et al., 2008). Only
variables with a cos2 > 0.3 and >0.8 were retained and
presented in the plots, respectively.

RESULTS
Feed and Water Intake

The THI-C did not affect feed intake (P = 0.70). As
intended, the NEL intake did not differ between diet
treatments (P = 0.80; Table 3). Consequently, cows
receiving the C— diet had a greater DMI (P < 0.001),
NDF intake (P < 0.001), and CP intake (P < 0.001)
than C+ cows. Water intake was greater (P < 0.001)
when cows received the C— diet and under HS than
when receiving the C+ diet and under TN. Horn status
did not influence feed and water intakes (all P > 0.47).
No interactions were present (P > 0.32).

Milk Yield and Composition

The THI-C did not affect milk yield and composition
(P > 0.42), except for milk lactose content, which was
greater under TN than under HS conditions (P = 0.020).
Cows receiving the C— diet had lower daily milk and
ECM yields (P < 0.001 and P = 0.023, respectively)
and milk lactose content (P = 0.043) and greater (P =
0.045) protein content than C+ cows (Table 3). Milk
fat content was not affected by diet (P = 0.15). There
was no effect of horn status on milk yield or composi-
tion. The MUN content did not differ by to THI, diet,
or horn status (Table 3). No interactions were present
for milk yield and composition (P > 0.25).

The THI-C did not alter the FA profile (P > 0.15).
Milk of the C— cows had greater proportions of SFA
C15:0, C16:0, C17:0 and therefore total SFA (all P
< 0.001), of most branched-chain FA (C15:0 iso and
aiso, C16:0 iso, and C17:0 iso), MUFA C14:1 ¢is9 (n-
5), C16:1 ul, C16:1 cis9 (n-7), and C17:1 ¢isl0 (n-7),
and PUFA C18:2 u2, C18:2 trans9,cis12 (n-6), and
C18:3 ¢is9,cis12,cisl5 (n-3) than milk of C+ cows (all
P < 0.026; Table 4). In contrast, the C— cows had
lower proportions of short-chain FA C 8:0 and C10:0
and therefore total SCFA, SFA C18:0, most C18:1 iso-
mers, and certain PUFA (C18:2 u2, C18:2 u3, C18:2
ci89,cis12 [n-6], and C22:5 cis7,cisl0,cisl3,cisl6,cisl9
[n-3]) than C+ cows (all P < 0.016). Overall, the milk
of C— cows contained greater proportions of total
medium-chain and total n-3 FA and lower proportions
of the long-chain FA, oleic (C18:1), linoleic (C18:2),
MUFA, PUFA, total UFA and n-6 FA (all P < 0.001).
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THI-C x diet THI-C x horns

P-value

Horns

Diet

THI-C

SEM

H—

Horn status

H+

C+

Diet

C-

HS

2.4
1.1
110

TN
18.3
14.8

6,986
78.4

2,369

THI condition (THI-C)

152
152
152
152
152
152
152
152

Total DM (kg/d)
Hay
Alfalfa pellets
NE;, (MJ/d)
NDF (g/d)
CP (g/d)
2

Concentrate
Water (L/d)

Milk production

Table 3. Feed and water intake, milk production, and composition as affected by THI condition, diet, and horn status’

Ttem
Intake

Milk yield (kg/d)
ECM (kg/d)

Fat (%)

MUN (mg/dL)

Protein (%)
o

Lactose (%)

ad libitum hay and alfalfa pellets; C+ = restricted amounts of hay and concentrate; H*, horned; H—, disbudded; HS, heat stress; THI, temperature-humidity index; TN,

*Due to influential outliers, only data within the interval mean + 1.96 SD are included.

*Effect present in only <3 blocks.

thermoneutrality.
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The diet-related differences in the C10:0 and C18:2
cis9 and c¢is12 (n-6) proportions were more pronounced
under HS than under TN (interaction effects P = 0.027
and P = 0.004, respectively; Supplemental Table S1).
The milk of H" cows had greater proportions of SFA
C10:0 and C18:0 and branched-chain FA C17:0 iso (all
P < 0.034), and had greater proportions of C18:1 ¢is12
(n-6; P = 0.05) and C18:3 cis9,cis12,cisl5 (n-3; P =
0.087) than the milk of H— cows. Further, the milk of
H* cows had lower proportions of C16:0 (P = 0.039),
C16:1 cis9 (n-7; P < 0.001), C18:2 cis9,transll (n-7; P
= 0.092) than the milk of H— cows. Overall, H" cows
had greater proportions of SCFA, and lower propor-
tions of medium-chain FA, total CLA, and n-6 FA (all
P < 0.10). No interactions of THI-C with horn status
were found (all P > 0.11).

The natural clustering of milk samples of C— and
C+ cows based on fatty acid composition is graphically
illustrated in a PCA plot (Figure 1). The first axis is
strongly related to total n-6 FA, total UFA, total C18:2
FA, and total C18:1 FA, whereas the second axis is
strongly related to total CLA.

Physiological Indicators of HS

In comparison to TN, HS increased the cows’ respira-
tion rates (P < 0.001), HR (P = 0.014), and surface
temperatures (P < 0.001; Table 5), but had no effect
on body temperature. Cows receiving the C— diet had
lower HR than C+ cows (P = 0.013; Table 5). Diet
had no influence on respiration rate or body and sur-
face temperatures. Horn status had no overall effect on
the physiological indicators. Under TN conditions, horn
surface temperatures were greater in horned C— cows
than horned C+ cows (interaction effect: P < 0.001;
Supplemental Table S1). Under HS conditions, H*
cows showed lower respiration rates (30.5 £ 1.0 bpm)
than H— cows (36.6 + 1.3 bpm; interaction effect: P =
0.015; Supplemental Table S1). No other interactions of
horn status and THI-C on physiological indicators were
found, and no interactions were found for heart rate
or body temperature (all P > 0.10). Heart rates were
slower (P < 0.001) and body temperatures were lower
(P < 0.001) for a.m. than for p.m. measurements.

Gas Exchange and Heat Production

Under TN conditions, cows consumed less oxygen
(P < 0.001) and produced less heat (P < 0.001) than
under HS conditions. Cows receiving the C— diet pro-
duced more carbon dioxide (P = 0.002) and methane
(P < 0.001) per day than C+ cows (Table 5). The HP
was not influenced by diet (P = 0.72). Horn status did

Journal of Dairy Science Vol. TBC No. TBC, TBC

not influence the gas exchange or HP of the cows. No
interactions were found (P > 0.10).

DISCUSSION

We investigated the responses of horned and disbud-
ded dairy cows to HS conditions over 2 d while being
fed 2 diets that differed in their NDF content. Individu-
ally, the 3 experimental factors—THI conditions, diet,
and horn status—influenced the cows’ physiology and
milk production in different ways. However, the mostly
lacking interactions illustrate that neither variations in
dietary NDF content nor horn status altered the cows’
responses to the imposed HS conditions.

In response to the imposed HS conditions, the cows
increased their respiration and HR, skin surface tem-
perature, water intake, and HP. These adaptive physi-
ological responses are in line with many previous stud-
ies and are part of the thermoregulatory mechanisms
that become activated under conditions of increased
environmental heat load (Kadzere et al., 2002, Sejian
et al., 2018). Thermoregulatory responses aim at main-
taining homeostasis (i.e., a steady body temperature),
which, in the case of an increased heat load, includes
the dissipation of heat from the body. An immediate
heat dissipation mechanism is peripheral vasodilata-
tion, which aims to transport heat via blood to the
skin, where it is lost through radiation, convection, and
conduction, or evaporatively by sweating. In response
to increased skin blood flow, the heart rate increases to
maintain blood pressure (Kadzere et al., 2002; Sejian
et al., 2018; Hoffmann et al., 2020; Henderson et al.,
2021). An increased respiration rate aims to increase
evaporative heat loss via exhaled air and to increase the
O, supply in response to greater cellular O, demand for
cardiac activity and accelerated metabolic rate (Ames
et al., 1971; Henderson et al., 2021). In turn, the in-
creased respiration rates also increase the O, demand
(for breathing muscles; Henderson et al. (2021). Finally,
to compensate for the water losses due to evaporation
through respiration and sweating, the animal increases
its water intake. The thermoregulatory physiological
changes generate heat, and the heat-stress-related
greater O, consumption and CO, production lead to
greater HP, as found in the present study.

In this study, short-term HS conditions did not in-
crease the cows’ body temperatures, suggesting that
thermoregulatory responses were effective in maintain-
ing a steady body temperature. In a previous study
(Garner et al., 2017) with late-lactating Holstein dairy
cattle of a similar daily milk yield (~18 kg) housed in
climate chambers under similar THI conditions for 4
d, the cows’ rectal temperatures increased at a THI
of 74 to 84 (daytime: 80-84, nighttime: 74) compared
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with a THI of 55-61 on each of the 4 d of this experi-
ment. It can be assumed that the greater daytime THI
used in Garner et al.’s (2017) study—that is, a greater
heat load—was responsible for this different observa-
tion. This assumption is supported by the markedly
greater increase in RR (~80 breaths per min) found in
Garner et al.’s (2017) cows, which indicates a stronger
thermoregulatory response under HS conditions than in
the present study (~30 breaths per min). Alternatively,
the cows in the present study might have been less
sensitive to the imposed heat load, as the Brown Swiss
breed is considered to be more heat-tolerant than other
dairy breeds (Mylostyvyi et al., 2021). The lack of an
increase in body temperature could also be related to
the experimental design, namely, the relatively short
exposure (48 h) to HS conditions, which might cor-
respond to a first (effective) phase of the onset of ther-
moregulatory responses preceding an increase in body
temperature (D. Rico, personal communication). As
previously stated, depending on the author, HS may be
defined as any heat load-related response that helps the
animal maintain physiological functioning (Kadzere et
al., 2002). Therefore, and in view of the lack of increase
in body temperature, we consider that the cows in the
present work experienced mild or beginning HS while
being exposed to a constant THI of 74 for 48 h. This
statement is supported by the marked increase in heat
production (+90%) under HS conditions, as the HP is
considered to increase with increasing heat load and to
subsequently decrease once the animal has acclimatized
to a thermal environment (reviewed by Galdn et al.
(2018).

In the present study, the imposed HS conditions did
not affect feed intake or milk yield. A reduction in
feed intake is a thermoregulatory strategy to reduce
HP related to ingestion, digestion, and metabolization
(Galan et al., 2018). As the described physiological
thermoregulatory responses were effective, as suggested
by the stable RT, reducing feed intake was probably
not (yet) necessary. The unchanged milk yield under
HS conditions partly resulted from the unchanged feed
intake and the experienced “only” mild or beginning
heat stress, showing that despite the onset of energy-
consuming thermoregulatory responses, manifested
in almost twice as high metabolic energy losses via
HP, the metabolizable energy for milk synthesis was
still sufficient within 48 h of exposure to heat stress
(Baumgard and Rhoads, 2013). However, the seemingly
negligibly decreased milk lactose content under HS
(—1%) may indicate that the uptake of glucose into the
mammary gland was limited, probably due to its use
in any thermoregulatory/acclimatization mechanisms
or changes in the endocrine profile that regulate ana-
bolic and catabolic pathways (Wheelock et al., 2010;



.. EFFECTS OF DIETARY FIBER AND HORNS ON THERMOREGULATION

Reiche et al

'S$)P0[q ¢ Auo ut quesard 109134
"PoAOWIDI SeM 1) G LE> dT[RA AU,
“A)IPeIInououLIay) ‘N J, SXopul AYIpruny-aIny

-erodwoy ‘TH T, *$S919s Yed ‘SH -PIPPNYSIP ‘—[ ‘PIWIOY ‘, [ :9)RIjU0U0d Pur ARY JO SIUNOWR PaIdINsar = +1) ‘sjo[[od ejejre pue Aey wnjiq pe = ‘—) jnurw rod syeaq ‘wdq,
(g Ml
- 01°0 6.0 1€0 8L°0  T1000> 987F - - 099 8°0L 8°L9 L'89 0'0ct L91 (48! L/ 0) @oamﬂm:wqoo
5 oM d
L0

- 070 190 ¥80 L0 1000>  69F 00F'T  €0F'T €8¢'T 02T 6281 6.6 491 Sy/p3) wononpoxd Teopy
- 090 8T°0 8¢'0  T1000> 620 9L - - 614 L6S 197 964 489 e (4538 uoronpord "D
- €8°0  4¢80°0 ¥6°0 €000 1.0 9y - - €979 0059 L0€9 0999 arr'9 6149 ¢4l uorjonpord €0
- ¥9°0 060 990 ¢L0  10000> L1996 — - €9€°6 8076 L8T'6 L8T'6 TeL'Tl G800 TSl uondumsuod ¢
(p/1) e8ueyoxe sex)

- — 10000 — ©00'0  TOO'0> 860 - - - ¢'9¢ €9¢ ¢'9¢ 8'6¢ 1'¢e L9 SWIOH

- 01°0 €10 ¢€0 050 1000> &80 — — L'Le 1'8¢ V'Le €'8¢ 6'1¢ 9'€c cel SIeH

- 18°0 08°0 160 68°0  T000> 970 - - €0€ 1°0¢ (U (U 8'¢ce 9'Le 161 APON
(D,) amyeradure) sovyImg
100°0> 180 ¢c’0 LE0 €10 68°0 00 '8¢ T8¢ 7'8€ G'8¢ V'8¢ §'8e G'8¢ G'8¢ 81C (D.) dmyeraduray Apog
100°0> 090 890 4.0 €100  ¥I00 9L°0 €468 L'LL 918 6°08 978 €'8L €78 9'8L 0ve AEAEV.ES HEOH
65°0 G10°0 €€°0 660 1€°0  10000>  ¥<°0 1'se  19¢ 6°9¢ 1've §'Ge 9'Ge L€e V6l ¥0€ (dq) ayer Lroyendsoy
SI0JRIIPUIT [ROISO[OISAT J
AOL swoy X I X swiof  9iq  DIHL WIS uwd e —H +H +D o) SH N.L u Rl

O-THL O-IHL
sonyeA-J (aox) snje)s WO 11 (D-THL)
Aep jo suury, uonipuos JH.I,

[Snye)s WIOY pue ‘301 ‘UOIPUOD JH T, Aq pajddge se uoronpold jesay pue ‘9Fueyoxo ses ‘SI0JedIpul ssaI)s 1eay] [edIS0[0ISAYJ G d[qe],

Journal of Dairy Science Vol. TBC No. TBC, TBC



Reiche et al.: EFFECTS OF DIETARY FIBER AND HORNS ON THERMOREGULATION

Baumgard and Rhoads, 2013). In a humid continental
climate, milk lactose content was found to be nega-
tively correlated to the THI of the second day before
milk sampling but not to that of the day before or the
sampling day (Ouellet et al., 2019). Further investiga-
tion is needed regarding the suitability of a decrease in
milk lactose content as an early indicator of beginning
HS. Milk protein and fat contents were not altered by
THI conditions, which is consistent with some and in
contrast with other earlier studies (reviewed by Tao et
al., 2018).

As given by the experimental design, feeding restrict-
ed amounts of hay and concentrate, compared with
feeding ad libitum hay and alfalfa pellets, decreased
the DM, NDF, and CP intakes but not the calculated
NE;, supply. The greater water intake of ad libitum
hay-fed cows relates to their greater DM intake (Ban-
nink et al., 1999; Kume et al., 2010, Khelil-Arfa et al.,
2012). The differences in the fatty acid profile of C+
and C— fed cows are consistent with known dietary
effects on fatty acid profiles, including the greater con-
tents of unsaturated and n-3 FA in the milk of hay-fed
cows (Dewhurst et al., 2006). For example, feeding hay
and increased hay:concentrate ratios increased n-3 and
branched-chain FA and reduced oleic acid contents
(Loor et al., 2004; Riuzzi et al., 2021). Cows receiving
concentrate supplementation showed faster HR than
ad libitum hay-fed cows, which might reflect a hunger
stress-related increased activity due to feed restriction
(De Paula Vieira et al., 2008).

The concentrate supplementation slightly increased
ECM and milk lactose content and decreased milk
protein content. The around 1 kg greater milk and
energy-corrected milk yield of C+ cows, despite a
similar calculated energy intake, might be related to
an overestimation of metabolizable energy of the hay.
The lower milk protein percentages of concentrate
supplemented cows are explained by their lower crude
protein intake. Due to their greater fiber intake, cows
receiving the C— diet produced more methane than
C+ cows (reviewed by Beauchemin et al., 2020). The
C— cows further produced more CO,, probably due to
the combination of greater DMI intake and lower milk
production (Jentsch et al., 2009).

Greater NDF intakes did not engender a greater HP
in C— fed cows in the present study. This is in contrast
to findings in beef heifers, where a lower forage-to-con-
centrate ratio and consequently reduced dietary NDF
content at a similar ME supply was found to reduce
DMI and HP concomitantly (Reynolds et al., 1991).
An explanation might be that the greater NDF intake
in the present study did not increase digested NDF
proportionally. Indeed, albeit with an equal estimated
NE;, supply, the hay-fed cows produced less ECM than
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the cows supplemented with concentrate, suggesting an
unexpectedly lower fiber digestibility for the hay diet.
As rumen fermentation (acetate metabolism) is consid-
ered to be the reason for the greater heat increment of
fiber, a greater intake of raw NDF, but not digestible
NDF, would not influence the cow’s HP, as shown in
the present study. The same phenomenon might have
been present in an earlier study that did not find dif-
ferences in HP when comparing Holstein dairy cows fed
diets differing in their roughage NDF content (12% vs.
18%) under heat load conditions (Adin et al., 2008).
The increased roughage NDF content did not engender
a greater HP, which might have been partly related to
the lower in vitro digestibility (59 vs. 69% for the 18%-
and 12%-roughage NDF diets, respectively), apart from
the lower DMI and milk production of the cows fed the
diet with greater NDF contents. An unchanged HP has
also been reported by other studies (Miron et al., 2008,
Kanjanapruthipong et al., 2015) that lowered rough-
age NDF but not total NDF content in high-yielding
dairy cows under moderate and severe HS conditions.
However, in the 3 abovementioned studies, decreased
NDF content reduced respiration rates and rectal tem-
peratures. These studies used nonforage fiber sources,
mainly soy hulls, to lower the roughage NDF content.
The NDF fraction of soy hulls contains less lignin and
more galactose, pectin, and glucan, and is therefore
considered to be more digestible (“readily digestible
NDF”) and to have a faster passage rate than NDF
fractions of forage (Ipharraguerre and Clark, 2003). If
the heat-stress-mitigating potential of supplementing
soybean hulls and thereby decreasing roughage NDF
was related to a decrease in “work spent in eating,”
rumen activity, or the acetate/propionate ratio (due to
different carbohydrate/sugar fractions), we could ex-
pect that supplementing concentrate would have simi-
lar consequences. However, this was not the case in the
present study. Explanations may relate to the possible
counteracting influences of DMI and milk production,
lower digestibility, or too small difference in NDF pro-
portions between diets (34.5% vs. 41%). Finally, none
of these earlier and the present work investigated the
true heat increment, but only the HP. This is why we
cannot conclusively reject the general assumption that
digestible fiber leads to a greater heat increment than
other nutrients (West, 1999, Conte et al., 2018). To
study the true heat increment, i.e., the increase in HP
following the consumption of feed, the energy partition-
ing would need to be investigated in detail.

In the present study, horn status did not substantially
affect heat stress indicators, except for respiration rates
being lower, albeit not significantly, in horned than in
disbudded cows under HS conditions. Although the
horn is vascularized and is therefore—by force—able
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to dissipate heat into the environment under conditions
in which the horn surface temperature exceeds ambient
temperatures, it has a very small surface area compared
with the surface of the whole body of a cow. Peripheral
vasodilatation, and consequently radiation and convec-
tion, are assumed to be of minor importance among
heat dissipation mechanisms. Further, the greater the
heat load, the more important evaporative heat loss
becomes (Li et al., 2021), a mechanism that cannot
take place on the horn surface (Picard et al., 1999).
Therefore, the heat dissipation capacity of the horn is
likely very limited, which was confirmed in the present
study. Given the inherent important isolation proper-
ties of keratin (Lazarus et al., 2021), we would—also a
priori—expect that the horn dissipates heat less eas-
ily than the skin and hair coat. Our findings are in
contrast to the observations of Piccard et al. (1999),
who estimated, based on ex vivo studies, considerable
heat loss via horns. However, the horns’ small contribu-
tion to heat dissipation in the present study might be
related to the lower heat dissipation capacity of horns
in temperate climate zones, where Brown Swiss cows
originate, and from the relatively small horn surface
area (horn length of the present study’s cows: approxi-
mately 20-30 cm). Horns of greater surface area and
thinner keratin sheaths might dissipate more heat, as
has been described in cows from tropical climate zones
(Piccard et al., 1999).

The FA profile of the milk differed according to the
horn status of the cows, independently of the THI
condition. Apart from nonsignificant differences, the
milk of horned animals had greater proportions of
total short-chain FA, C18:0 and C17:0 iso, and lower
amounts of C16:0, of 2 C16-MUFA, and of 1 C18-
PUFA. These results do not indicate a general trend.
Rather, they indicate that only single fatty acids dif-
fered by horn status. This is in contrast with earlier
studies, where under low ambient temperatures and in
an on-farm study comparing pooled samples of milk of
horned and disbudded cows, milk of horned cows had
lower proportions of odd-chain SFA (C7:0, C9:0, C11:0,
and C13:0) and greater proportions of 2 n-3 FA (C18:
3n-3 and C18:4n-3), the branched-chain FA C17 iso,
and cis-vaccenic acid (C18:1n-7 cis-11) than disbudded
cows (Baars et al., 2019). The present study did not
confirm these observations, except for C17:0 iso, which
was of slightly greater proportions in the milk fat of
horned cows than disbudded cows. C17:0 iso originates
from the membrane lipids of rumen bacteria and may
therefore reflect ruminal flora or the duodenal flow of
microbial matter (Vlaeminck et al., 2005). In view of a
lack of shift in the FA profile, the biological relevance of
the slight differences in single FA between horned and
disbudded cows is questionable.
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CONCLUSIONS

In the present study, mild HS conditions engendered
various physiological reactions in Brown Swiss dairy
cows, but this did not alter the animals’ body tem-
perature or milk yield, suggesting that the cows were in
mild or beginning HS. Further investigation is required
with regard to the suitability of decreased milk lactose
content as an early sign of beginning HS. In contrast
to expectations, lowering dietary NDF content and the
presence of horns mostly did not mitigate cows’ re-
sponses to the imposed short-term HS conditions. This
might be different to reducing dietary NDF content
under severe or long-term HS. Future investigations of
nutritional strategies must include information about
digestibility and the source of NDF. Moreover, it needs
to be clarified whether nutritional measures have an
effect on mild HS of longer duration and whether feed-
ing measures can reduce mild HS at all. Due to its
low proportion of the body surface and its inability for
evaporation, the horn is not likely to fulfill a major role
in HS mitigation.

ACKNOWLEDGMENTS

This study was financially supported by the Foun-
dation Sur-la-Croix, Basel, Switzerland. The authors
thank the 17 Swiss farmers who participated in the
study and rented us Brendeli, Mina, Carla, Reh, Pisa,
Nadine, Marina, Gresta, Amora, Pia, Chica, Julia,
Blanca, Malibu, Astrid, Nicolina, Sunneblueme, Suena,
Sonja, and Sybille. We are grateful to the team of
AgroVet-Strickhof, Lindau, Switzerland, especially Tina
Stiefel and Andreas Etter, for their support in taking
care of the animals, and Raphael Jendly for technical
support with the RC. Many thanks to Stefanie Kucera
from the Division of Livestock Science of the University
of Natural Resources and Life Sciences, Vienna, for her
irreplaceable help during the study, and to Sébastien
Dubois and René Badertscher and their teams of the
research groups Feed Chemistry and Components of
Agroscope for sample analysis. Many thanks to Braun-
vieh Schweiz for providing herdbook data and for the
support in cow selection. The authors have not stated
any conflicts of interest.

REFERENCES

Adin, G., R. Solomon, E. Shoshani, I. Flamenbaum, M. Nikbachat, E.
Yosef, A. Zenou, 1. Halachmi, A. Shamay, A. Brosh, S. J. Mab-
jeesh, and J. Miron. 2008. Heat production, eating behavior, and
milk yield of lactating cows fed two rations differing in roughage
content and digestibility under heat load conditions. Livest. Sci.
119:145-153. https://doi.org/10.1016/j.livsci.2008.03.012.

Agroscope. 2021. Feeding Recommendations and Nutrient Tables for
Ruminants (in German).



Reiche et al.: EFFECTS OF DIETARY FIBER AND HORNS ON THERMOREGULATION

Ames, D. R., J. E. Nellor, and T. Adams. 1971. Energy balance during
heat stress in sheep. J. Anim. Sci. 32:784-788. https://doi.org/10
.2527/jas1971.324784x.

Armstrong, D. V. 1994. Heat stress interaction with shade and cool-
ing. J. Dairy Sci. 77:2044-2050. https://doi.org/10.3168/jds.S0022
-0302(94)77149-6.

Baars, T., G. Jahreis, S. Lorkowski, C. Rohrer, J. Vervoort, and K.
Hettinga. 2019. Short communication: Changes under low ambient
temperatures in the milk lipodome and metabolome of mid-lacta-
tion cows after dehorning as a calf. J. Dairy Sci. 102:2698-2702.
https://doi.org/10.3168/jds.2018-15425.

Bar, C., M. Sutter, C. Kopp, P. Neuhaus, R. Portmann, L. Egger, B.
Reidy, and W. Bisig. 2020. Impact of herbage proportion, animal
breed, lactation stage, and season on the fatty acid and protein
composition of milk. Int. Dairy J. 109:104785. https://doi.org/10
.1016/].idairyj.2020.104785.

Bates, D., M. Méchler, B. Bolker, and S. Walker. 2014. Fitting linear
mixed-effects models using Ime4. arXiv:1406.

Baumgard, L. H., and R. P. Rhoads Jr.. 2013. Effects of heat stress
on postabsorptive metabolism and energetics. Annu. Rev. Anim.
Biosci. 1:311-337. https://doi.org/10.1146 /annurev-animal-031412
-103644.

Beauchemin, K. A., E. M. Ungerfeld, R. J. Eckard, and M. Wang. 2020.
Review: Fifty years of research on rumen methanogenesis: Lessons
learned and future challenges for mitigation. Animal 14:s2-s16.

Bernabucci, U., and M. Mele. 2014. Effect of heat stress on animal pro-
duction and welfare: the case of dairy cow. Agrochimica 58:53-60.

Bouraoui, R., M. Lahmar, A. Majdoub, M. N. Djemali, and R. Belyea.
2002. The relationship of temperature-humidity index with milk
production of dairy cows in a Mediterranean climate. Anim. Res.
51:479-491. https://doi.org/10.1051/animres:2002036.

Braunvieh Schweiz. 2020. Reglement tiber die Zuchtwertschatzung und
Nachzuchtpriiffung bei Braunvieh Schweiz vom 16.09.2020 (Stand
19.02.2021). Vol.

Brouwer, E. 1965. Energy metabolism of farm animals. Third sympo-
sium on energy metabolism.

Core, T. R. 2018. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria.

De Paula Vieira, A., V. Guesdon, A. M. de Passillé, M. A. G. von Key-
serlingk, and D. M. Weary. 2008. Behavioural indicators of hunger
in dairy calves. Appl. Anim. Behav. Sci. 109:180-189. https://doi
.org/10.1016/j.applanim.2007.03.006.

Dewhurst, R. J., K. J. Shingfield, M. R. F. Lee, and N. D. Scollan.
2006. Increasing the concentrations of beneficial polyunsaturated
fatty acids in milk produced by dairy cows in high-forage systems.
Anim. Feed Sci. Technol. 131:168-206. https://doi.org/10.1016/j
.anifeedsci.2006.04.016.

Dikmen, S.; and P. J. Hansen. 2009. Is the temperature-humidity in-
dex the best indicator of heat stress in lactating dairy cows in
a subtropical environment? J. Dairy Sci. 92:109-116. https://doi
.org/10.3168/jds.2008-1370.

Eastick, D. L., G. J. Tattersall, S. J. Watson, J. A. Lesku, and K. A.
Robert. 2019. Cassowary casques act as thermal windows. Sci.
Rep. 9:1966. https://doi.org/10.1038 /s41598-019-38780-8.

Faul, F., E. Erdfelder, A.-G. Lang, and A. Buchner. 2007. G¥*Power 3:
A flexible statistical power analysis program for the social, behav-
ioral, and biomedical sciences. Behav. Res. Methods 39:175-191.
https://doi.org/10.3758 /BF03193146.

Foroushani, S., and T. Amon. 2022. Thermodynamic assessment of
heat stress in dairy cattle: Lessons from human biometeorology.
Int. J. Biometeorol. 66:1811-1827. https://doi.org/10.1007/s00484
-022-02321-2.

Galén, E., P. Llonch, A. Villagra, H. Levit, S. Pinto, and A. del Prado.
2018. A systematic review of non-productivity-related animal-
based indicators of heat stress resilience in dairy cattle. PLoS One
13:€0206520. https://doi.org/10.1371/journal.pone.0206520.

Garner, J. B., M. Douglas, S. R. O. Williams, W. J. Wales, L. C. Ma-
rett, K. DiGiacomo, B. J. Leury, and B. J. Hayes. 2017. Responses
of dairy cows to short-term heat stress in controlled-climate cham-
bers. Anim. Prod. Sci. 57:1233-1241. https://doi.org/10.1071/
AN16472.

Journal of Dairy Science Vol. TBC No. TBC, TBC

Gygax, L., I. Neuffer, C. Kaufmann, R. Hauser, and B. Wechsler. 2008.
Restlessness behaviour, heart rate, and heart-rate variability of
dairy cows milked in two types of automatic milking systems and
auto-tandem milking parlours. Appl. Anim. Behav. Sci. 109:167—
179. https://doi.org/10.1016/j.applanim.2007.03.010.

Heinicke, J., G. Hoffmann, C. Ammon, B. Amon, and T. Amon. 2018.
Effects of the daily heat load duration exceeding determined heat
load thresholds on activity traits of lactating dairy cows. J. Therm.
Biol. 77:67-74. https://doi.org/10.1016/j.jtherbio.2018.08.012.

Henderson, M. E. T., D. Brayson, and L. G. Halsey. 2021. The cardio-
respiratory effects of passive heating and the human thermoneu-
tral zone. Physiol. Rep. 9:¢14973. https://doi.org/10.14814/phy2
.14973.

Hoffmann, G., P. Herbut, S. Pinto, J. Heinicke, B. Kuhla, and T.
Amon. 2020. Animal-related, non-invasive indicators for determin-
ing heat stress in dairy cows. Biosyst. Eng. 199:83-96. https://doi
.org/10.1016/j.biosystemseng.2019.10.017.

Ipharraguerre, I. R., and J. H. Clark. 2003. Soyhulls as an alternative
feed for lactating dairy cows: A review. J. Dairy Sci. 86:1052-1073.
https://doi.org/10.3168/jds.S0022-0302(03)73689-3.

Jentsch, W., B. Piatkowski, and M. Derno. 2009. Relationship between
carbon dioxide production and performance in cattle and pigs.
Arch. Tierzucht 52:485-496. https://doi.org/10.5194/aab-52-485
-2009.

Kadzere, C. T., M. Murphy, N. Silanikove, and E. Maltz. 2002. Heat
stress in lactating dairy cows: A review. Livest. Prod. Sci. 77:59—
91. https://doi.org/10.1016,/S0301-6226(01)00330-X.

Kanjanapruthipong, J., W. Junlapho, and K. Karnjanasirm. 2015.
Feeding and lying behavior of heat-stressed early lactation cows
fed low fiber diets containing roughage and nonforage fiber sourc-
es. J. Dairy Sci. 98:1110-1118. https://doi.org/10.3168/jds.2014
-8154.

Keller, M., M. Kreuzer, B. Reidy, A. Scheurer, A. Liesegang, and K.
Giller. 2022. Methane emission, nitrogen, and energy utilisation of
beef cattle when replacing or omitting soybean meal in a forage-
based diet. Anim. Feed Sci. Technol. 290:115362. https://doi.org/
10.1016/j.anifeedsci.2022.115362.

Klaus, S., B. Rudolph, C. Dohrmann, and R. Wehr. 2005. Expres-
sion of uncoupling protein 1 in skeletal muscle decreases muscle
energy efficiency and affects thermoregulation and substrate oxi-
dation. Physiol. Genomics 21:193-200. https://doi.org/10.1152/
physiolgenomics.00299.2004.

Lazarus, B. S., C. Chadha, A. Velasco-Hogan, J. D. V. Barbosa, I.
Jasiuk, and M. A. Meyers. 2021. Engineering with keratin: A func-
tional material and a source of bioinspiration. iScience 24:102798.
https://doi.org/10.1016/.isci.2021.102798.

Lé, S., J. Josse, and F. Husson. 2008. FactoMineR: An R package for
multivariate analysis. J. Stat. Softw. 25:1-18. https://doi.org/10
.18637/jss.v025.i01.

Li, J., V. Narayanan, E. Kebreab, S. Dikmen, and J. G. Fadel. 2021.
A mechanistic thermal balance model of dairy cattle. Biosyst.
Eng. 209:256-270. https://doi.org/10.1016/j.biosystemseng.2021
.06.009.

Loor, J. J., K. Ueda, A. Ferlay, Y. Chilliard, and M. Doreau. 2004. Bio-
hydrogenation, duodenal flow, and intestinal digestibility of trans
fatty acids and conjugated linoleic acids in response to dietary
forage:concentrate ratio and linseed oil in dairy cows. J. Dairy Sci.
87:2472-2485.  https://doi.org/10.3168/jds.S0022-0302(04)73372
-X.

Miron, J., G. Adin, R. Solomon, M. Nikbachat, A. Zenou, A. Shamay,
A. Brosh, and S. Y. Mabjeesh. 2008. Heat production and retained
energy in lactating cows held under hot summer conditions with
evaporative cooling and fed two rations differing in roughage con-
tent and in vitro digestibility. Animal 2:843-848.

Mylostyvyi, R., O. Lesnovskay, L. Karlova, O. Khmeleva, O.
Kalinichenko, O. Orishchuk, S. Tsap, N. Begma, N. Cherniy, B.
Gutyj, and O. Izhboldina. 2021. Brown Swiss cows are more heat
resistant than Holstein cows under hot summer conditions of the
continental climate of Ukraine. J. Anim. Behav. Biometeorol.
9:2134. https://doi.org/10.31893/jabb.21034.



Reiche et al.: EFFECTS OF DIETARY FIBER AND HORNS ON THERMOREGULATION

Ouellet, V., V. E. Cabrera, L. Fadul-Pacheco, and E. Charbonneau. ORCIDS
2019. The relationship between the number of consecutive days
with heat stress and milk production of Holstein dairy cows raised A M. Reiche ® https: / Jorcid.org/0000-0003-2985-2672
in a humid continental climate. J. Dairy Sci. 102:8537-8545. https: S. L. Amelchanka ® https://orcid.org/0000-0001-5334-3769

//doi.org/10.3168/jds.2018-16060. B.B L ‘dore
. . . . H °id. 000-0001-6807-6712
p K., D. W. Thomas, M. Festa-Bianchet, F. Bellevill A. apst @ https://orcid.org/0
fcard, K., w oas, esta-Blanchet, elleville, and M. Terranova ® https://orcid.org/0000-0003-4152-8429

Laneville. 1999. Differences in the thermal conductance of tropi- )
cal and temperate bovid horns. Ecoscience 6:148-158. https://doi M. Kreuzer https://orcid.org/0000-0002-9978-1171
.org/10.1080,/11956860.1999.11682515. B. Kuhla ® https://orcid.org/0000-0002-2032-5502

Polsky, L., and M. A. G. von Keyserlingk. 2017. Invited review: Effects ~ F. Dohme-Meier ® https://orcid.org/0000-0002-1693-2246
of heat stress on dairy cattle welfare. J. Dairy Sci. 100:8645-8657.
https://doi.org/10.3168/jds.2017-12651.

Raschka, C., L. Ruda, P. Wenning, C.-I. von Stemm, C. Pfarrer, K.
Huber, U. Meyer, S. Danicke, and J. Rehage. 2016. In vivo deter-
mination of subcutaneous and abdominal adipose tissue depots in
German Holstein dairy cattle. J. Anim. Sci. 94:2821-2834. https:/
/doi.org/10.2527 /jas.2015-0103.

Reiche, A.-M., A. K. Hankele, H. D. Hess, F. Dohme-Meier, and S. E.
Ulbrich. 2020. The ACTH challenge and its repeatability in fatten-
ing bulls-influences of physiological state, challenge time standard-
ization, and horn status. Domest. Anim. Endocrinol. 72:106360.
https://doi.org/10.1016/j.domaniend.2019.03.001.

Reiche, A. M., J. L. Oberson, P. Silacci, J. Messadéne-Chelali, H. D.
Hess, F. Dohme-Meier, P. A. Dufey, and E. M. C. Terlouw. 2019.
Pre-slaughter stress and horn status influence physiology and meat
quality of young bulls. Meat Sci. 158:107892. https://doi.org/10
.1016/j.meatsci.2019.107892.

Reynolds, C. K., H. F. Tyrrell, and P. J. Reynolds. 1991. Effects of
diet forage-to-concentrate ratio and intake on energy metabolism
in growing beef heifers: Whole body energy and nitrogen balance
and visceral heat production. J. Nutr. 121:994-1003. https://doi
.org/10.1093/jn/121.7.994.

Riuzzi, G., H. Davis, 1. Lanza, G. Butler, B. Contiero, F. Gottardo,
and S. Segato. 2021. Multivariate modelling of milk fatty acid
profile to discriminate the forages in dairy cows’ ration. Sci. Rep.
11:23201. https://doi.org/10.1038 /s41598-021-02600-9.

Sejian, V., R. Bhatta, J. B. Gaughan, F. R. Dunshea, and N. Lacetera.
2018. Review: Adaptation of animals to heat stress. Animal
12(s2):5431-s444.

Spiers, D. E., J. N. Spain, J. D. Sampson, and R. P. Rhoads. 2004. Use
of physiological parameters to predict milk yield and feed intake in
heat-stressed dairy cows. J. Therm. Biol. 29:759-764. https://doi
.org/10.1016/j.jtherbio.2004.08.051.

Tao, S., R. M. Orellana, X. Weng, T. N. Marins, G. E. Dahl, and J.
K. Bernard. 2018. Symposium review: The influences of heat stress
on bovine mammary gland function. J. Dairy Sci. 101:5642-5654.
https://doi.org/10.3168/jds.2017-13727.

Vlaeminck, B., C. Dufour, A. M. van Vuuren, A. R. J. Cabrita, R.
J. Dewhurst, D. Demeyer, and V. Fievez. 2005. Use of odd and
branched-chain fatty acids in rumen contents and milk as a poten-
tial microbial marker. J. Dairy Sci. 88:1031-1042. https://doi.org/
10.3168/jds.S0022-0302(05)72771-5.

West, J. W. 1999. Nutritional strategies for managing the heat-
stressed dairy cow. J. Anim. Sci. 77(Suppl 2):21-35. https://doi
.org/10.2527/1997.77suppl_221x.

Wheelock, J. B., R. P. Rhoads, M. J. Vanbaale, S. R. Sanders, and L.
H. Baumgard. 2010. Effect of heat stress on energetic metabolism
in lactating Holstein cows. J. Dairy Sci. 93:644-655. https://doi
.org/10.3168/jds.2009-2295.

Zhang, X., Y. Li, M. Terranova, S. Ortmann, S. Kehraus, C. Gerspach,
M. Kreuzer, J. Hummel, and M. Clauss. 2022. Effect of induced
saliva flow on fluid retention time, ruminal microbial yield, and
methane emission in cattle. J. Anim. Physiol. Anim. Nutr. (Berl.)
107:769-782.

Zimbelman, R., R. Rhoads, M. Rhoads, G. Duff, L. Baumgard, and R.
Collier. 2009. A Re-evaluation of the Impact of Temperature Hu-
midity Index (THI) and Black Globe Humidity Index (BGHI) on
Milk Production in High Producing Dairy Cows. Proc 24th Annual
Southwest Nutrition and Management Conference.

Journal of Dairy Science Vol. TBC No. TBC, TBC



