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ABSTRACT

Dairy cows may suffer thermal stress during the colder seasons especially due to their open-air housing
systems. Free water temperature (FWT) and feed temperature (FT) are dependent on ambient tempera-
ture (AT) and can be critical for maintaining body and reticulorumen temperature (RT) in cold conditions.
The objective of this study was to determine the effects of FWT and FT on RT fluctuations, and of AT on RT
and drinking and eating behaviors in late-lactation cows during cold exposure. Data were collected from
16 multiparous lactating cows for four 6-d periods during the autumn and winter seasons. The cows
(224 £ 36 days in milk; mean = SD) had an average milk yield (MY) of 24.8 + 4.97 kg/d and RT of 38.8
4 £ 0.163 °C. Daily average AT ranged from 4.38 to 17.25 °C. The effects of the temperature and amount
of the ingested water or feed on RT change and recovery time, and the effect of the daily AT on RT, feed
and water intake, and drinking, eating, and rumination behaviors were analyzed using the generalized
additive mixed model framework. Reticulorumen temperature change and recovery time were affected
by FWT (+0.0596 °C/°C and —1.27 min/°C, respectively), but not by FT. The amount of the ingested free
water and feed affected RT change (—0.108 °C/kg drink size and —0.150 °C/kg meal size, respectively),
and RT recovery time (+2.13 min/kg drink size and + 3.71 min/kg meal size, respectively). Colder AT
decreased RT by 0.0151 °C/°C between 9.91 and 17.25 °C AT. Cows increased DM intake (DMI) by
0.365 kg/d per 1 °C drop in AT below 10.63 °C, but with no increase in MY. In fact, MY:DMI decreased
by 0.0106/°C as AT dropped from 17.25 to 4.38 °C. Free water intake (FWI) was reduced by 0.0856
FWI:DMI/°C as AT decreased from 17.25 to 8.27 °C. Cold exposure influenced animal behavior with fewer
drink and meal bouts (-0.432 and —0.290 bouts/d, respectively), larger drink sizes (+0.100 kg/bout), and
shorter rumination time (—5.31 min/d) per 1 °C decrease in AT from 17.25 °C to 8.77, 12.53, 4.38, and
10.32 °C, respectively. In conclusion, exposure to low AT increased feed intake, reduced water intake,
and changes in eating, drinking and rumination behaviors of dairy cows in late lactation. Additionally,
the consequences of cold exposure on cows may be aggravated by ingestion of feed and free water at
temperatures lower than the body, potentially impacting feed efficiency due to the extra energetic cost

of thermoregulation.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Implications

decreased. Ingestion of cold—free water and feed also leads to
greater fluctuations in reticulorumen temperature, partly explain-

Colder seasons in temperate climates often reach ambient tem-
peratures lower than the body temperature maintained by cows.
The present study demonstrates decreased reticulorumen temper-
ature, increased feed intake, decreased water intake, and decreased
feed efficiency of late lactation dairy cows as ambient temperature
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ing the decreased feed efficiency that was likely due to the higher
energy cost of thermoregulation. These findings provide a potential
guide in practices to mitigate thermal stress, optimizing cow health
and productivity in cold climates, benefiting the livestock industry.

Introduction

Ruminants, including dairy cows, tightly regulate their body
temperature in a wide range of ambient temperature (AT)

1751-7311/© 2024 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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(Collier and Gebremedhin, 2015). Ideally, AT should be lower than
the animal’s body temperature to allow body heat loss. However,
when AT is too low such as during cold exposure, the body may
lose more heat than it produces, leading to a risk of hypothermia.
Modern dairy cows, due to genetic selection for higher milk pro-
duction, have high metabolic activity especially during lactation.
Therefore, they are typically known to be more resistant to cold
temperature and to have a relatively low thermoneutral zone that
ranges from 5 to 20 °C (NASEM, 2021). As a result, there are several
studies related to the effects of heat stress on lactating dairy cows
(Kadzere et al., 2002; Tao et al., 2020) and notably fewer studies
have investigated responses of cows in cold conditions (Young,
1983; Broucek et al., 1991). However, temperate climates during
colder seasons can often fall below their thermoneutral zone, and
far below the standard body temperature they maintain which typ-
ically varies between 38-39 °C (Ammer et al., 2016). Therefore,
cold exposure might also be a problem especially for dairy cows,
especially with the increasingly extreme global weather conditions
(Cohen et al., 2021) and with cows being exposed to outdoor con-
ditions due to the open or semi-open housing of most dairy cow
production systems.

Rumen temperature is essential for maintaining optimal rumen
conditions for microbial fermentation (Linville et al., 2017) and can
serve as a reliable indicator of core body temperature in cows
(Ammer et al., 2016). The use of radiotelemetric ruminal boluses
allows reticulorumen temperature (RT) measurements that show
the variability of the animal’s heat exchange with its environment
throughout the day. Research has already demonstrated that RT
fluctuations are affected by a variety of factors such as AT and
behavioral activities, i.e., drinking, eating, and lying (Bewley
et al., 2008b; Liang et al., 2013; Rutherford et al., 2019). Drinking
activities are reported to cause distinct RT changes (Ipema et al.,
2008; Rutherford et al., 2019), with studies indicating that both
the quantity and temperature of water during drinking events
can impact RT fluctuations (Bewley et al., 2008b; Petersen et al.,
2016; Cantor et al., 2018). However, the immediate effects of eat-
ing events on RT remain underexplored.

Given that the rumen is directly in physical contact with
ingested feed and water, ingesta characteristics (i.e., amount and
temperature) can likely affect the extent of RT fluctuations. More-
over, free water temperature (FWT) and feed temperature (FT),
which are intrinsically linked to AT, could play vital roles in regu-
lating RT, especially in open barn systems during colder seasons
(e.g., autumn and winter) when AT, FWT, and FT are all substan-
tially lower than RT. These factors are important as they can have
direct implications on drinking and eating behaviors which are
well-known thermoregulatory responses to AT changes
(Bernabucci et al., 2010). In this context, we hypothesized that
ambient temperatures far below body temperature, their corre-
sponding influence on FWT and FT, and the ensuing drinking and
eating events collectively decrease RT and affect the eating and
drinking behaviors of lactating dairy cows. The objectives of the
current study were to determine the effects of FWT and FT on RT
fluctuations, and to evaluate how AT affects RT, drinking and eating
behaviors, and feed efficiency in late-lactation dairy cows during
colder seasons. Preliminary results of the present study were pre-
viously presented in abstract form (He et al., 2023).

Material and methods
Animal experiment, measurements, and data collection
The experiment was conducted from September to December of

2022 at the AgroVet-Strickhof Dairy Farm (Lindau, Switzerland).
This is an observational study using data from another experiment
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designed to achieve a different set of objectives (Ma et al., 2023).
The present study focuses on the analysis of RT and animal behav-
ioral parameters, such as drinking, eating, and rumination, in rela-
tion to AT. The experiment from which the data were taken
included 16 multiparous lactating dairy cows [24.8 + 4.97 kg/d of
milk yield (MY), 224 + 36 days in milk, 727 + 46.6 kg BW;
mean + SD] arranged in a split-plot design, with breed as the main
plot (eight Brown Swiss and eight Holstein Friesian). Within each
subplot, the cows were used in a 4 x 4 Latin Square design with
four dietary treatments and four experimental periods. The four
diets allocated to the cows as total mixed ration (TMR) had similar
nutrient composition (16.0% CP, 43.0% NDF, 3.98% EE, and 22.2%
starch). All cows had ad libitum access to feed, provided at 110%
of the previous day’s intake, and to drinking water. Cows were
individually fed twice daily at 0800 and 1800 h at a 60:40 ratio.
Refusals were collected daily at 0630 h before fresh feed delivery
in the morning. Cows were milked twice daily at 0530 and 1530 h.

Data were collected for a total of 24 d (6 d per period, with each
period spaced 18 d apart) when the animals were in a tie-stall
barn. Feed intake (FI) and free water intake (FWI) of individual
cows were continually measured using calibrated built-in floor
scales (every 10 s; PFA575 Mettler Toledo, Greifensee, Switzerland)
and using flow meters (every 15 min; GWF technology, Kauf-
beuren, Germany), respectively. Additional manual daily record-
ings were made for feed offerings, refusals, FWI (via flow meter
readings), and MY. Radiotelemetric ruminal boluses (smaXtec
bolus, Freienbach, Switzerland) were used to measure RT every
10 min throughout the experiment. RumiWatch (Itin + Hoch
GmbH, Fiitterungstechnik, Liestal, Switzerland) noseband halters
were used to evaluate rumination behavior during the data collec-
tion periods (Zehner et al., 2017). Ambient temperature (AT) and
relative humidity (RH) in the tie-stall barn were recorded at 5-
min intervals (Neatmo smart system, Boulogne-Billancourt,
France). As the source of drinking water was similar for all cows
and a limited number of temperature probes, 3 temperature probes
were randomly placed in different drinking bowls during each data
collection period to measure the drinking water temperature (ev-
ery 15 min; iButtonLink Technology, Whitewater, WI., USA).

Calculations and data processing

Temperatures

The temperature-humidity index was computed using the fol-
lowing formula: THI = 0.8 x AT + RH x (AT - 14.4) + 46.4, with
AT in °C and RH as a proportion (Mader et al., 2006; Nienaber
and Hahn, 2007). Although several hours of drinking water tem-
perature data were missing due to technical problems of the tem-
perature probes, we observed strong positive correlation between
FWT and AT (r = 0.89). Therefore, FWT was calculated from its rela-
tionship with AT using the resulting equation: FWT = 0.12612 + 0.
8998 x AT. Feed temperature was assumed to be equal to AT. For
RT to have a similar resolution with AT, FWT, and FT (in 5-min
interval) and to align with the FWI measurements (in 15-min
interval), RT of each 5 min was considered to be the average
between two consecutive measurements.

Eating and drinking behaviors

An experimental day was defined as the 24-h period from 0701
to 0700 h of the next day. Daily FI was the difference between
offered and refused feed, and daily FWI was summed from flow
meter readings. Feed intake was divided into DM and in-feed water
components. Total water intake (TWI) was calculated as the sum of
FWI and in-feed water intake. In addition, FWI, TWI, and MY were
also expressed per kg DM intake or DMI (FWI: DMI, TWI: DMI, and
MY: DM], respectively), and hourly FWI and FI were calculated as
percentage of the daily total based on the activity of the previous
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hour. For example, the reported intake at 0900 h was aggregated
from 0801 to 0900 h.

Eating behavior parameters were calculated from continuous
weight measurements of the feeding plates on as-fed basis. Two
consecutive feeding visits separated by a time interval not exceed-
ing a certain meal criterion were counted as the same meal. To
identify this criterion, time intervals ranging from 1 to 60 min were
tested that resulted in different average numbers of meal bouts per
day. Similar to the approach of Dado and Allen (1993), pointwise
slopes (derivatives) of the tested time intervals were calculated
to determine the accepted minimum interbout interval. The meal
criterion of this study was determined to be 24 min. Using this
meal criterion, daily eating behavior parameters were calculated
similarly to Niu et al. (2017) including meal bout frequency (n/
d), meal size (kg/bout; amount of FI in kg per meal bout), meal bout
length (min/meal; time interval from the start to the end of a bout),
meal bout interval (min/bout; time interval from the end of a bout
to the start of the consecutive bout), total eating time (min/d; meal
bout frequency x meal bout duration), and eating rate (kg/min;
meal size/meal bout length).

Drinking behavior was analyzed by considering a single 15-min
log with a recorded FWI as one drinking bout. Key parameters cal-
culated daily included drink bout frequency (n/d), drink size (kg/
bout), and drink bout interval (min/bout). For rumination behavior,
data were processed into 10-min intervals using RumiWatch con-
verter software (version 0.7.4.13). Due to the rhythmic nature and
extended duration of rumination activities, two or more consecu-
tive 10-min recordings with a recoded rumination activity were
considered to belong to one rumination bout. Based on this crite-
rion, daily rumination parameters were calculated, including rumi-
nation bout frequency (n/d), rumination bout length (min/bout),
rumination bout interval (min/bout), and total rumination time
(min/d).

Reticulorumen temperature features related to ingestion events

Fluctuations of RT were analyzed in relation to ingestion events,
encompassing both individual drinking and eating instances (col-
lectively termed as ingestion events) and were identified as previ-
ously described in the context of drinking and eating (meal) bouts.
Specific details captured for each event included timing, and
respective amount and temperature of free water or feed con-
sumed. Fig. 1 visually illustrates the RT parameters derived from
these ingestion events. For each event, continuous RT measure-
ments were taken starting from 15 min prior to drinking (predrink)
or 5 min prior to eating (pre-eat) until the occurrence of the next
consecutive event. From this continuous data, three critical points
were identified for each event: pre-event RT (Point A; Fig. 1), poste-
vent minimum RT (Point B), and recovery RT (Point C; the moment
when RT recovered to within = 0.10 °C of the pre-event level). The
RT dynamics were then characterized using two specific parame-
ters: (1) RT change, defined as the temperature difference between
Point B and Point A (B - A), and, (2) RT recovery time, defined as the
duration required to recover from Point B to Point C.

Drinking and eating events were processed separately and fil-
tered to reduce confounding effects related to quantity or temper-
ature of the ingesta, as detailed in the filtration flowchart in Fig. 2.
Out of the initially identified 3 025 drinking (with > 1 kg drink size)
and 3 338 eating events, 50 and 62% were excluded due to missing
or unidentified Points A, B, and/or C. Such exclusions were linked to
undetected RT drop or failure to recover RT before the next event.
Further filtration was conducted for overlapping events, specifi-
cally, 61% of drinking events coinciding with a meal or eating activ-
ity, and 44% of eating events coinciding with a drinking activity.
Additionally, 11% of drinking events occurring as part of two or
more consecutive drink bouts were also excluded. From these
remaining observations, events that contained outliers (values
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with less than or greater than 1.5 times the interquartile range)
of drink or meal size, FWT or FT, RT change and RT recovery time
parameters were excluded. Ultimately, 490 drinking and 618 eat-
ing events were retained representing 16 and 19%, respectively,
of the total observations identified.

Modeling the effect of ambient temperature in dairy cows

Reticulorumen temperature fluctuations trigged by ingestion events
The two response variables describing RT dynamics, namely RT
change and RT recovery time, were analyzed using a generalized
additive mixed model framework using gam procedure of mgcv
package (Wood, 2011) in R. The model was developed as shown:

Y=p8,+s(T)+s(S)+Ci+e€

where Y denotes the response variable, f, is the intercept, s(T)
denotes the fixed smooth term of free water or feed temperature,
s(S) denotes the fixed smooth term of drink or meal size, and C;
denotes the random effect of cow (i = 1-16), and € denotes the ran-
dom residual error. The smooth term used was thin plate regression
splines, which are low—rank isotropic smoothers (Wood, 2017). The
restricted maximum likelihood method was used for the estimation
of smoothing parameters. A P-value of < 0.05 was considered statis-
tically significant.

Eating and drinking behaviors

To describe intraday variations in drinking and eating behav-
iors, hourly FWI and FI (expressed as % of total daily intake) were
analyzed using a mixed effect model using the Imer (Bates et al.,
2015) procedure of R statistical language (R Core Team, 2023; R
version 4.3.0) with time of day, period, diet, and breed as the fixed
effects and cow as random effect. Data points with studentized
residuals outside of + 3 were considered outliers and were
removed from the analysis (< 5% and < 3% data points removed
for FWI and FI, respectively).

For modeling the effect of AT, the dataset for eating, drinking,
and rumination behavioral parameters was on the cow-day basis,
as different days had variable AT. Similarly, the random effect of
cow was included in the model as different days. Incomplete
records caused by technical issues such as lost connection or bat-
tery problem were removed. Specifically, rumination data from d
1 of each data collection period were considered as adaptation
and excluded from further analyses. As a result, a total of 384,
367, 367, 234, and 211 observations were included for analyzing
daily DMI, FWI, TWI, drinking, eating, and rumination behaviors,
respectively. The summary statistics of related variables are
detailed in Table 1. All the response variables except for FWI,
TWI, and MY were fitted to a generalized additive mixed model
using gam procedure in R. The model was developed as shown,

Y:ﬁ0+S(AT)+Di+Bj+Pk+CI+€

where Y denotes the response variable, B, is the intercept, s(AT)
denotes the fixed smooth term of the average ambient temperature
of the day (AT), D; denotes fixed effect of the diet (i = 1-4), B;
denotes the fixed effect of breed (j = 1 and 2), P, denotes the random
effect of period (k = 1-4), C; denotes the random effect of cow (1=1-
16), and € denotes the random residual error. For FWI, TWI, and MY,
a similar generalized additive mixed model was used with an addi-
tional smooth term of the DMI, s(DMI). The smooth term and
parameter estimation method used were similar as described
above.

Quantifying the significant changes in response variables

From the fitted generalized additive mixed models, the AT
range with significant changes was identified for each response
variable as described by Larsen et al. (2020). In brief, the pointwise
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Fig. 1. Illustration of the dairy cow reticulorumen temperature (RT) change and RT recovery time calculations.
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Fig. 2. Data filtering flowchart depicting a number of ingestion events identified and used in the final analysis of event-based reticulorumen temperature changes in dairy

cows. IQR = interquartile range. Obs. = observations.
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Table 1
Summary statistics of daily climatic parameters, reticulorumen temperature, intake, and behavior of the dairy cows'.
Item n’ Mean Median Min Max SD
Climatic parameters
Ambient temperature, °C 24 125 13.0 4.38 173 3.99
Relative humidity, % 24 73.3 72.8 69.2 78.1 2.02
Temperature-humidity index 24 55.0 55.7 42.7 62.3 6.10
Reticulorumen temperature, °C 384 38.84 38.83 38.47 39.41 0.163
Milk yield, kg/d 377 24.8 25.0 25.0 39.1 4,968
Intake
Water intake, kg/d
From feed 384 254 253 15.6 38.5 4.15
Free water 367 85.8 86.0 44.0 130 16.43
Total 367 111 111 66.1 161 17.9
DM intake, kg/d 384 24.7 246 13.9 379 3.52
Drinking parameters
Bouts, n/d 367 11.8 11.0 4.00 230 3.91
Size, kg/bout 367 7.97 7.36 4.00 20.3 2.787
Interval, min/d 367 97.8 86.0 255 268 43.59
Meal parameters
Bouts, n/d 234 11.8 11.0 7.00 19.0 2.20
Size, kg/bout 234 4.00 3.97 1.78 7.41 1.088
Length, min/bout 234 28.9 28.0 133 69.4 8.60
Interval, min/bout 234 93.1 91.5 46.5 167 19.73
Total eating time, min/d 234 330 321 167 647 83.5
Eating rate, kg/min 234 0.147 0.143 0.0925 0.234 0.0294
Rumination parameters
Bouts, n/d 211 15.0 15.0 8.00 240 2.60
Length, min/bout 211 325 32.7 15.1 48.2 6.30
Interval, min/bout 211 63.4 61.3 375 122 11.71
Total rumination time, min/d 211 476 489 265 639 84.9

1 Except for climatic parameters, all measurements were from 16 lactating dairy cows, four non-consecutive 6-d data collection periods during the fall and winter seasons.
The values reported are summarized from the daily average production and behavioral parameters of the cows.

2 Number of observations for respective variables.

derivatives (i.e., the slopes) of the fitted means were determined
based on the partial effects of AT and the 95% confidence intervals
of these slopes were calculated using the derivatives function of
the gratia package (Simpson, 2023) in R. For parameters relating
to intake and behavior, the AT range showing significant change
was defined as areas where the simultaneous confidence interval
of the derivative (slope) did not include zero. If the response vari-
able within the significant AT range had a relatively linear response
to AT, all fitted mean values of the response variable within the
identified AT range were analyzed using a linear model to estimate
the marginal effect of AT. For the drinking and eating events, a sim-
ilar statistical procedure was conducted to extract the ranges of the
free water or feed temperature and the drink or meal size with sig-
nificant effect on the RT parameters, and to estimate their marginal
effects on the RT parameters.

Results
Eating and drinking behaviors

The daily average AT and RH during the study are presented in
Fig. 3, and the summary statistics for AT, RH, and THI are outlined
in Table 1. The daily average AT during the study ranged from 4.38
to 17.3 °C. The RH remained relatively stable throughout the exper-
iment, registering at 73.3 + 2.02%, and the daily average THI was
55.0 £ 6.10. The statistics summarizing eating and drinking behav-
iors are detailed in Table 1. Cows in the present study had, on aver-
age (mean £ SD), a DMI of 24.7 + 3.52 kg/d and a TWI of 111 £ 17.
9 kg/d (with 77% from free water and 23% from the water compo-
nent of feed). Frequencies of drink and meal bouts were similar, at
11.8 £3.91 and 11.8 + 2.20 bouts per day, respectively, and so were
the drinking and meal intervals (97.8 + 43.59 and 93.1 + 19.73 min/
bout, respectively). Drink sizes were larger than meal sizes (7.97

+ 2.787 kg/drink bout vs 4.00 + 1.088 kg as-fed/meal bout). Rumi-
nation bout frequency was 15.0 £ 2.60 per day with an average
interval of 63.4 + 11.71 min between bouts. The cows spent an
average of 330 + 83.5 min eating and 476 + 84.9 ruminating per
day, with each bout having an average duration of 28.9 + 8.60 mi
n and 32.5 + 6.30 min, respectively. Time spent drinking was not
measurable in this experiment due to the limited resolution of
the water intake recording system (one log every 15 min is the
sum of the water intake recorded after the previous consecutive
log).

The hourly variations in drinking and eating behaviors are dis-
played in Fig. 4. The cows consumed around 70% of their total daily
FI between 0800 and 1900 h, with 2 main peaks of eating activity
at 0900 and 1900 h. These peaks corresponded with the morning
and afternoon fresh feed delivery, accounting for 11.9 and 9.0% of
daily FI, respectively. The highest peak of drinking activity
occurred at 0900 h after morning feeding, where the cows drank
8.0% of their daily FWI. Similar to FI, the majority of the total
FWI (61%) was consumed during the day between 0800 and
1900 h. Increased drinking activities were also observed after
morning and afternoon milkings with 2.7% of their daily FWI
observed at 0600 h and 6.1% at 1600 h, respectively.

Individual drinking and eating events

The summary statistics for drinking and eating events and the
corresponding RT parameters included in the final analysis can
be found in Table 2. In the observations utilized, the ingested
FWT ranged from 2.31 to 19.0 °C with an average (mean + SD), of
12.9 + 3.60 °C, while the ingested FT spanned 0.85-20.10 °C, aver-
aging 12.0 + 4.32 °C. Drink sizes ranged from 2.00 to 20.0 kg, aver-
aging 8.60 + 4.211 kg, and meal sizes ranged from 0.35 to 7.27 kg,
with an average of 2.68 + 1.549 kg. Reticulorumen temperature
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change averaged —1.74 + 1.182 °C after a drinking event with a
range of —0.110 to —5.23 °C, and averaged —1.01 + 1.073 °C after
an eating event with a range of —0.100 to —4.23 °C. Upon reaching
the minimum RT after an ingestion event (Point B; Fig. 1), it took an
average of 44.9 + 35.50 min for the RT to recover and to reach pre-
drink level and 34.5 + 25.55 min to reach pre-eat level. The shortest
and longest durations of RT recovery time were 10 and 160 min,
respectively, for the drinking events, and 5 and 130 min, respec-
tively, for the eating events.

Effects of ambient temperature and ingestion events on rumen
temperature

The influence of AT on the daily RT is presented in Fig. 5a, with
detailed information (i.e., pointwise slopes of the fitted model, the
identified AT range with a significant effect on RT, and the esti-
mated marginal effect of AT within this range) provided in
Table S1. Additionally, Figs. 6 and 7 illustrate the impact of individ-
ual drinking and eating events on RT fluctuations (RT change and

y.

RT recovery time), with corresponding details in Tables S2 and
S3, respectively.

The daily RT declined approximately 0.0151 °C for every 1 °C
decrease in AT within the range of 9.91-17.25 °C (Fig. 5a;
P < 0.01). Regarding drinking events, both the quantity (drink size)
and temperature (FWT) influenced the RT change and recovery
time (P < 0.01). Consuming colder water resulted in a greater RT
drop by 0.0596 °C (P < 0.01; Fig. 6a) and in a longer RT recovery
time by 1.27 min (P < 0.01; Fig. 6b) for every 1 °C decrease in the
FWT. Each additional kg increase in drink size also increased the
magnitude of RT drop by 0.108 °C (P < 0.01; Fig. 6¢) and the recov-
ery time by 2.13 min (P < 0.01; Fig. 6d). While the effect of FWT on
RT change was consistent across the entire AT range studied (2.31-
18.98 °C FWT), its impact on RT recovery time was only significant
between 12.34 and 14.52 °C AT. The effect of drink size on both RT
change and recovery time was observed between 2.00-12.0 kg and
2.00-14.0 kg, respectively, but the responses became more vari-
able with larger drink sizes.

In contrast to FWT, FT only tended to affect RT change (P = 0.07;
Fig. 7a) and did not affect RT recovery time (P = 0.32; Fig. 7b). How-
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Table 2
Summary statistics of ingestion events and of reticulorumen temperature parameters of the dairy cows .
Item he Mean Median Min Max SD
Drinking events
Free water temperature®, °C 490 12.9 135 231 19.0 3.60
Drink size*, kg 490 8.60 8.00 2.00 20.0 4211
RT change °, °C 490 -1.74 -1.68 -0.110 -5.23 1.182
RT recovery time®, min 490 44.9 35.0 10.0 160.0 35.50
Eating events
Feed temperature’, °C 618 12.0 12.6 0.85 20.1 432
Meal size®, kg 618 2.68 2.38 0.35 7.27 1.549
RT change, °C 618 -1.01 -0.378 —0.100 —4.32 1.073
RT recovery time, min 618 345 25.0 5.000 130.0 25.55

! Independent drinking and eating events were identified from 16 lactating dairy cows (eight Brown Swiss and eight Holstein Friesian) observed for four non-consecutive

6-d data collection periods during the autumn and winter seasons.
2 Number of observations included in the analyses.
3 Temperature of the ingested water at the time of a specific drinking event.

4 Amount of water ingested at a specific drinking event.
5

Temperature of the ingested feed at the time of a specific eating event.
Amount of feed ingested at a specific eating event.

6

7

8
ever, the meal size influenced both RT change (—0.150 °C/kg FI;
P < 0.01; Fig. 7c¢) and RT recovery time (+3.71 min/kg FI;
P < 0.01; Fig. 7d). The effect of meal size on RT change was consis-
tent across the entire meal size range (0.35-7.27 kg), but its impact
on RT recovery time was observed in a narrower AT range and
exhibited a wider confidence interval when meal size exceeded
4.63 kg.

Effect of ambient temperature on intake and behavior

The effects of the AT on daily DMI, FWI, and TWI are illustrated
in Fig. 5, on MY in Fig. 8, and on eating, drinking, and rumination
behaviors in Fig. 9, with corresponding details in Tables S1, S4,
and S5, respectively. Cows consumed more feed in colder temper-
atures, particularly below 10.63 °C AT, with DMI increasing by
approximately 0.365 kg/d for each 1 °C reduction in AT (P < 0.01;
Fig. 5b). The pointwise slopes revealed that this change in DMI
was greater with decreasing AT (e.g., 0.435 vs 0.201 kg DM/d per
—1°C at 4.38 °C and 10.57 °C AT, respectively; Table S1). In the
AT range of 4.38-10.63 °C, neither meal bouts nor sizes were
affected, as demonstrated by a wide confidence interval of the
smooth function (Fig. 9c to 9d). However, cows had fewer meal
bouts in colder environment within the 12.53-17.25 °C AT range
(—0.290 meal bouts/d per —1°C AT; P < 0.05; Fig. 9¢). This increased
DMI did not lead to an improvement in MY, as the cows had lower
MY per DMI (—-0.0106 MY: DMI; P < 0.01) for every 1 °C decrease in
AT (Fig. 8). Cold ambient temperatures negatively impacted water
intake (Fig. 5¢ to 5f), with cows drinking less when AT was lower,
as evidenced by a decrease in FWI and TWI by 1.97 kg/d (P < 0.01)
and 2.44 kg/d (P < 0.01), respectively, per unit decrease in the AT
range from 17.25 to 8.94 or 8.72 and °C, respectively. Similar
effects were observed when water intake was expressed per DMI,
with cows drinking less per kg DMI by 0.0862 FWI: DMI
(P < 0.01) and 0.0873 kg TWI: DMI per unit decrease in the AT
range of 8.28 or 7.49-17.25 °C, respectively. While FWI and TWI
still continued to decrease below the aforementioned AT ranges,
the effect of AT was less significant as indicated by a wider confi-
dence interval. This negative impact of colder temperatures on
FWI was accompanied with fewer drinking bouts by 0.432 bout/d
per —1°C AT (P < 0.01) between 8.77 and 17.25 °C AT (Fig. 9a). Con-
versely, drink sizes increased by 0.100 kg/drink bout per —1°C AT
(P = 0.02) across the entire AT range tested (4.38-17.25 °C AT)
(Fig. 9b). Regarding rumination behavior, AT had no significant
effect on the number of rumination bouts (P = 0.57; Fig. 9e), but

Difference between pre-event reticulorumen temperature (RT) and the postevent minimum RT.
Time elapsed from the time of the postevent minimum RT until the time at which the RT recovered to within + 0.10 °C of the pre-event RT.

the total rumination time was influenced by AT (P < 0.01) espe-
cially within the AT range of 10.32-17.25 °C, where it decreased
by 5.31 min/day for each 1 °C drop in AT.

Discussion

This study aimed to assess the effects of AT on RT, and on drink-
ing and feeding behaviors of late-lactation dairy cows when the
ambient temperature was considerably lower than the body.
Although both AT and THI are valid indicators of an animal’s per-
ceived thermal environment (Bohmanova et al., 2007; Dikmen
and Hansen, 2009), the indoor location of the experimental barn
ensured a relatively constant RH. In addition, the temperatures of
ingested feed and water exhibited a close relationship to AT. There-
fore, AT was primarily used to depict the thermal environment,
especially since the results were similar whether AT or THI was
applied. The daily AT range in the present study (4.38-17.25 °C)
was still within the generally accepted thermoneutral zone for
dairy cows of around 5-20 °C AT (NASEM, 2021). However, the
AT range in this study was consistent with the objectives, being
at least 21-34 °C colder than the body temperature maintained
by dairy cows.

Effect of ambient temperature on reticulorumen temperature

The mean RT in this study (38.84 °C) was similar to previous
studies (AlZahal et al., 2008; Rutherford et al., 2019). However, this
value was lower when compared to mean RT calculated without
values associated with drinking activities (39.28-40.14 °C) as
reported by other studies (Bewley et al., 2008a; Liang et al,
2013). It is well-documented that drinking activities can cause dis-
tinct fluctuations of RT (Ipema et al., 2008; Rutherford et al., 2019),
leading to significant decreases that may reach up to 8.5 °C (Dracy
and Kurtenbach, 1968; Bewley et al., 2008b). Our observations of
RT change following a drinking event agrees with previous findings
(Bhattacharya and Warner, 1968; Bewley et al., 2008b; Cantor
et al., 2018), with RT declining and then gradually recovering. Even
though there are no studies to our knowledge about the RT changes
immediately after eating events, the pattern of RT fluctuations
observed in this study was similar whether the cows were drinking
or eating. In previous studies with controlled water intake and
temperature, RT recovery times related to drinking activities varied
greatly from 20 to 103 min (Cunningham et al., 1964; Cantor et al.,
2018) and even up to an extrapolated value of 210 min (Bewley
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significantly different from zero (P < 0.05).

et al., 2008b). Our data, ranging from 10 to 160 min, follow this
trend. Discrepancies in these findings may be due to differences
in water intake recording systems and recovery time definitions.
In our study, we calculated RT recovery time from the postevent
minimum RT, not from the start of drinking event, owing to our
measurement system’s constraints in identifying the exact time
of drinking. Another distinction in our study was the uncontrolled
variables such as water temperature and intake. We included
observations with various free water and feed temperatures, and
drink and meal sizes, throughout the day in the analyses for each
event due to the animals’ unrestricted access to water and feed.
Therefore, we had a different pre-event or baseline RT for each
ingestion event unlike in previously mentioned studies with pre-
determined baseline RT value (> 38 °C). Nevertheless, our study
successfully demonstrated that both drinking and eating events
influence RT fluctuations, as reported in earlier research

(Bhattacharya and Warner, 1968; Bewley et al., 2008b; Cantor
et al., 2018).

Meanwhile, effects on RT changes and recovery times are influ-
enced by the temperature and amount of the ingesta of the drink-
ing and eating events. This effect was observed with FWT wherein
colder drinking water resulted in greater change in RT and longer
recovery time, which is consistent with earlier studies (Dracy
and Kurtenbach, 1968; Bewley et al., 2008b; Cantor et al., 2018).
Although eating events still caused a decrease in RT, feed temper-
ature per se did not affect RT recovery time and only tended to
affect RT change. This might be explained by the faster passage rate
of liquid fractions with large amounts of drinking water bypassing
the rumen (Garza et al., 1990; Zorrilla-Rios et al., 1990). Tempera-
tures of ingested free water possibly remained unchanged from
before ingestion until coming in direct contact with the reticuloru-
men. This was in contrast to feed that was chewed and swallowed,
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(P < 0.05). Abbreviation: FWI = free water intake.

and was likely already warmer than the feed’s pre-ingestion tem-
perature before reaching the reticulorumen. Therefore, FT may
have been all similar upon reaching the reticulorumen regardless
of its temperature before ingestion, partly explaining the lack of
FT effect on RT parameters.

Meanwhile, for the amount of ingesta, both drink and meal
sizes positively affected the degree of RT drop and the length of
RT recovery time. While there are no studies to our knowledge
to compare the results related to the effect of meal sizes on RT,
our results regarding drink size agree with previous studies
(Bewley et al., 2008b; Cantor et al., 2018) wherein larger drink
sizes cause more substantial drops in RT. However, the effect of
the amount of ingesta on RT changes may also depend on their
temperature. As Bewley et al. (2008b) observed, large quantities
of water intake only have minimal impact on RT drop and recov-
ery time when provided at 38.9 °C. Indeed, there would be zero
net heat exchange between the reticulorumen and the ingesta
if they have similar temperatures. Previous studies (Petersen
et al., 2016; Grossi et al., 2021) have already demonstrated how
cows with access to heated drinking water during winter had
fewer instances of RT dropping below 37-38 °C compared to
those with access to only cold or ambient temperature water.
This indicates that only when feed or drinking water is colder
than body temperature will it cause significant disturbances to
the RT. This was the case in our study as FWT ranged from 2.31
to 19.0 °C, and FT from 0.85 to 20.1 °C (i.e., around 18-38 °C
colder than the RT). This confirms our hypothesis that colder sea-
sons can be detrimental in maintaining a stable rumen environ-
ment caused by ingestion of free water and feed that are colder
than the body.

Previous studies have associated prolonged exposure to cold
and reduced RT with decreased rumen functions (Christopherson,
1976; Brod et al., 1982; Kennedy, 1985). An in vitro study also
demonstrated that decreasing RT from 39 °C to 35 °C led to a
reduction in microbial diversity and richness, resulting in lower
DM digestibility and methane production (Duarte et al., 2017).
However, we did not observe an impact of daily RT on nutrient
digestibility or on the methane production of cows in the present
study (Fig. S1). As previously discussed, the effects of drinking
and eating events on RT were transient, and RT consistently strived
to recover and maintain a stable temperature. Aside from the cur-
rent study not being designed to evaluate the effect of AT or RT on
nutrient digestibility specifically, the AT range along with the asso-
ciated FWT and FT may not have been cold enough to illicit notable
effects on rumen functions. Nevertheless, our results suggest that
providing warmer or heated drinking water might be a way to
minimize disruptions in the reticulorumen environment during
colder seasons.

Ambient temperature not only contributed to the fluctuations
in RT but also had an overall effect on daily RT. In this study, the
daily RT in cows decreased with colder temperatures, at a rate of
0.0151 °C per degree of AT, within the range of 9.91-17.25 °C AT.
The effect of AT on RT was less pronounced below this range, which
can be partially attributed to the observed increase in DMI below
10.63 °C that could have resulted in greater heat production in
the rumen, thereby offsetting the effect of AT on RT. This is in con-
trast with findings by Liang et al. (2013), who reported stable daily
RT in cows from —5 to around 23 °C AT. However, in their study, RT
data potentially influenced by drinking events were excluded from
analysis, explaining the discrepancy with the present study. While
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Abbreviation: FI = feed intake.
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many studies have suggested removing drinking activities from
daily RT analysis due to its impact on RT fluctuations (Ipema
et al.,, 2008; Bewley et al., 2008a), it was important to include these
drinking and eating events given the objective of the current study
and the close relationships between AT, FWT, and FT. Even when
considering only drinking bouts, these events already accounted
for at least 9 h per day of data with the cows in this study having
~12 drinking bouts/d with an average RT recovery time of ~45 min
for each event. Thus, removing them would ignore the discussed
effects of drinking and eating activities on RT when FWT and FT
are below body temperature.

10

Effect of ambient temperature on feed and water intake

Cows in this study were affected by their thermal environment
especially when the AT dropped below 10.63 °C (< 52 THI). Even
though still above the accepted lower critical zone of the ther-
moneutral zone, the cows increased their DMI by 0.365 kg/d per
degree of AT drop (equivalent to 0.24 kg/d increase per unit
decrease in THI). This value is greater than the relative change
reported by NRC (1981) which was + 0.20 kg/d between 5 and
10 °C (or + 0.04 kg/d per —1°C AT). However, this reported value
was an average across several days and may have underestimated
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the effect of daily AT changes. Indeed, the effect of AT on DMI in
our study was greater at colder AT (+0.435 vs + 0.201 kg DM/d
per —1°C AT at 4.38 °C and 10.57 °C AT, respectively; Table S1).
The increased DMI as a consequence of cold exposure may be
related to previous reports of increased ruminal passage rate
and/or to a greater maintenance energy requirement to maintain
body temperature in cold conditions (Christopherson and
Kennedy, 1983; Young, 1983; Fox and Tylutki, 1998). It also agrees
with the long-established concept that changes in feed intake are
thermoregulatory responses, depending on the animal’s need for
heat in order to maintain a stable body temperature (Brobeck,
1997). The increased energy needs with lower AT is supported by
the decrease in feed efficiency of the cows in the present study
by —0.0106 MY:DMI per —1°C AT. Based on these results, a cow
producing 25 kg/d of milk would need to eat around 2.65 kg more
DM/d when AT is at 5 °C compared to when it is at 15 °C. Other

11

studies have reported similar results on lower productivity despite
increased feed intake during colder conditions (Broucek et al.,
1991; Kang et al., 2016; Wang et al., 2023). Our findings suggest
that, for the cows in this study, AT below 10 °C may already be
at the lower critical zone of their thermoneutral zone as their
increased energy intake is already being used for increasing heat
production and maintaining body temperature homeostasis, rather
than for milk production. However, it must be noted that the cows
in the present study were already in late lactation and had rela-
tively low production level (average of 224 days in milk and of
24.8 kg MY/d, respectively). This can indicate a relatively low
metabolic heat production and might explain their need for higher
DMI at only 10 °C AT.

Water intake of the cows in the present study was negatively
affected by colder temperatures. The FWI change of —1.97 kg/d
per degree decrease in AT is slightly greater than values reported
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in other studies ranging from —0.76 to —1.52 kg/d FWI (Stockdale
and King, 1983; Meyer et al., 2004; Appuhamy et al., 2016). How-
ever, the effect of AT on FWI might be confounded with its effect on
DMI (Appuhamy et al., 2016). When expressed per kg DMI, the
cows in this study had an average of 3.54 FWI:DMI in line with val-
ues reported by NRC (1981). Similar to the trend on FWI, FWI:DMI
decreased with colder AT, which can be associated with changes in
the body’s evaporative losses (Khelil-Arfa et al., 2014). Since the
main drinking motivation of animals is the need to maintain body
water homeostasis (McKinley and Johnson, 2004; McKinley et al.,
2009), a reduced water intake suggests limited evaporative heat
losses which is a classic response in cold conditions in order to con-
serve more body heat (Diesel et al., 1990). The AT had a weaker
effect on both free and total water intake < 8 °C (less steep slope),
which might be explained by the previously discussed increasing
DMI when AT was below 10.63 °C. The cows may have been pro-
ducing more body heat from the thermic effect of feed and thus
no longer needed to limit their evaporative losses as much even
though AT was still decreasing.

Ingested water below body temperature can serve as a heat
sink, with cows losing theoretically 4.184 k] per kg of ingested
water that is 1 °C lower than the body temperature (specific heat
of water). This increased energy requirement caused by consuming
ambient temperature water during cold seasons can thereby par-
tially explain the increased DMI in colder environments. This
agrees with Bhattacharya and Warner (1968), who reported a
24% increase in feed intake when rumen was infused with 5 vs
30 °C water, and with Petersen et al. (2016) on how consumption
of water at temperatures less than the body temperature can
increase energy needs of cattle. Therefore, the negative effect of
cold environment on FWI may not only be related to the daily AT
per se but also to the temperature of drinking water provided to
animals. While this cannot be confirmed since drinking water tem-
perature was not controlled in the present study, other studies
have reported that provision of heated water (>30 vs < 15 °C)
increased FWI in cattle (Osborne et al.,, 2002; Petersen et al.,
2016). Provision of heated water during winter has also been
reported to improve ruminal pH and temperature stability
(Petersen et al., 2016; Grossi et al., 2021), which can be beneficial
to the cows, especially given the reported negative impact of RT
fluctuations on rumen microbial activity (Duarte et al., 2017),
and the increased energy costs related to the consumption of cold
water. Nevertheless, our results show that the detrimental effects
of low AT are intrinsically linked to the low temperatures of
ingested free water and feed during colder seasons. This can fur-
ther increase the energy needs of the animal during colder seasons,
with potential consequences on feed efficiency.

Effect of ambient temperature on animal behavior

The cows in our study had an average of 11.8 meal bouts/d, sim-
ilar to previous reports for cows housed in a tie-stall barn having
10-13 meal bouts/d (Dado and Allen,1993; Niu et al., 2017). Ambi-
ent temperature increased the number of meal bouts of cows when
AT was between 12.53 and 17.25 °C, while meal size seemed unaf-
fected by AT. While DMI increased at AT lower than 10.63 °C, this
effect was not as clearly associated with the feeding behavior of
cows in our study. This discrepancy might be due to fewer obser-
vations in the feeding behavior data compared with DMI data.
Additionally, using average daily AT may not capture the immedi-
ate effect of AT on feeding behavior of cows since AT is not con-
stant throughout the day. Looking at individual eating events
(Fig. S2b), it is evident that cows had larger meal sizes when FT
(also based on AT at the time of eating) was lower. Therefore, cows
might eat less frequently but with larger meal sizes as ambient and
feed temperatures decrease. Previous studies reported more fre-
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quent meal bouts and smaller meal sizes with higher AT (Shiao
et al,, 2011; Eslamizad et al., 2015), which aligns with our findings
(>12 °C AT). Studies on the effect of cold exposure on feeding
behavior are limited, but some have shown increased time spent
eating in colder temperatures (Fu et al., 2022; Wang et al., 2023).
Further research might be needed to elucidate the effect of cold
temperatures on feeding behavior.

Regarding drinking behavior, the previously discussed decline
in FWI in response to the decreasing AT corresponded with fewer
drinking bouts but larger drink sizes in our study. The effect of
lower AT on increasing drink size was clearly observed on both a
daily level (Fig. 8b) and an individual event level (Fig. S2a). This
trend is similar to the pattern of larger meal sizes when FT was
colder. As shown in the current and in previous studies (Nocek
and Braund, 1985; Andersson, 1987), drinking activities are highly
correlated with eating activities. A behavioral study reported that
most eating bouts were followed by a drinking bout within
15 min, and half of the cows drank water in between their eating
bouts (Miller and Wood-Gush, 1991). This is consistent with our
results, where 44% of eating activities coincided with a drinking
bout. Moreover, meal sizes of dairy cows have also been reported
to decrease when water intake was restricted (Burgos et al.,
2001), further demonstrating the positive relationship between
free water and feed intake even on a meal level. This increase in
drink size with a larger meal size may be due to a reduced ruminal
osmolality which can stimulate water intake, or to increased water
needs for facilitating ingestion via saliva which dairy cows excrete
at large quantities during feeding and/or chewing (Bailey and
Balch, 1961; Allen, 1997; Beauchemin et al., 2008).

In the present study, rumination time decreased with colder
temperatures but plateaued when the AT was below 10.32 °C, pos-
sibly related to the negative effect of AT on water intake which has
been reported to negatively influence rumination (Gordon, 1965).
A review on the link between rumen function and feeding behavior
found that ingestion of larger meals (as observed in cows when FT
is lower) and a decrease in meal frequency could negatively impact
rumination time and salivary secretion (Gonzalez-Rivas et al.,
2018). While the current study did not aim to determine the rela-
tionships between these parameters, the results still demonstrated
that AT below 17 °C, along with their subsequent effects on FWT
and FT, can induce changes in drinking, eating, and even rumina-
tion behaviors of dairy cows.

Conclusion

Cold exposure can illicit thermoregulatory responses such as
increased feed intake, reduced water intake, and alterations in
feeding, drinking and rumination behaviors of late-lactation dairy
cows with an average production of ~25 kg MY/d. The present
study also demonstrated how drinking and eating events con-
tribute to RT fluctuations, specifically to the magnitude of RT
change and length of RT recovery time. Furthermore, our data sug-
gest that the effect of cold exposure may be partially exacerbated
by the ingestion of feed and free water at temperatures signifi-
cantly lower than the body. These effects may have subsequent
consequences on feed efficiency, likely due to the additional ener-
getic demands placed on the animal.
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