Mljekarstvo - Dairy Experts Journal 76 (3) 165-174 (2026)

Original scientific paper UDK: 637.112.2

Heat stress resilience in Holstein cows:
milk yield response to THI

DOI: 10.15567/mljekarstvo.2026.0304

Marko Oroz ™, Nikola RaguZ', Tina Bobi¢', Vladimir BrajKkovic?,
David Kranjac’, Krunoslav Zmaic¢', Boris Lukic!

'Josip Juraj Strossmayer University Osijek, Faculty of Agrobiotechnical Sciences Osijek, V. Preloga 1, 31000 Osijek, Croatia
2University of Zagreb, Faculty of Agriculture, SvetoSimunska 25, 10000 Zagreb, Croatia

Received: 30.03.2026. Accepted: 09.06.2026.

*Corresponding author: moroz@®fazos.hr

Abstract

Heat stress is one of the major challenges for dairy production globally, including Southeast
Europe, therefore, this study analysed the impact of two temperature-humidity index models (THI
and THI,,,.) on milk yield in Holstein cows under the continental climate in Croatia, highlighting
individual variability and delayed heat stress responses. The analysed data set comprised 28,285
daily milk yield records collected from 169 Holstein cows between March and August 2025. The
statistical approach involved random regression model (RRM), and a lagged heat-stress response
model (LHR) evaluating production dynamics from -3 to +5- day window relative to heat events.
Results revealed frequent stress exposure, with THI, . exceeding critical thresholds of 72 and 80 on
48.6 % and 7.3 % of the analysed days, respectively. The RRM indicated pronounced heterogeneity in
individual responses. Despite a slight positive average effect, 53.8 % of cows demonstrated negative
responses toincreased THI, . A strong negative correlation (r=-0.93) between random intercepts and
THI slopes revealed higher susceptibility in highly productive animals. Lagged heat-stress response
analysis detected distinct dose-response effects and temporal lags, with maximum milk yield declines
of 1.07 kg occurring four days after exposure to extreme heat stress (THI,,, = 80). Heat stress
generates significant delayed production losses. The substantial individual variability observed in
stress response likely reflects underlying genetic differences in thermotolerance, indicating potential
for future research on genetic basis of heat stress resilience.
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Introduction

Projected global temperature increases highlight
heat stress as a growing priority within the dairy sector
(Nardone et al., 2010; Ouellet et al., 2019). In dairy cattle,
heat stress occurs when animals fail to release sufficient
heat to maintain physiological body temperature (Moore et
al., 2023; Bernabucci et al.,, 2014). Nowadays, the demand
for high production levels requires increased metabolic
activity, which generates a higher endogenous heat load
and compromises optimal thermal equilibrium (Kadzere
et al.,, 2002). Typical environmental stressors including
air temperature, relative humidity, solar radiation, wind
speed, and precipitation collectively disrupt animal thermal
equilibrium (Bohmanova et al., 2007). For dairy cows, the
thermoneutral zone ranges from 5 to 25 °C (Morgan, 1998;
Roenfeldt, 1998), however, this range is frequently exceeded
in European continental climates during the summer months.
In Eastern Croatia, where summer temperatures are way
above this threshold, results of the study by Gantner et
al. (2011) demonstrate significant reductions in daily milk
yields. Decline in milk yield has also been reported across
various European temperate regions (Hammami et al., 2013;
Brligemann et al., 2012; Bernabucci et al., 2014). Milk protein
and fat content are also negatively affected by heat stress
(Bernabucci et al., 2015; Kekana et al., 2018; Toghdory et al.,
2022; Chavarria et al., 2025). High ambient temperatures also
affect fertility, health status and overall welfare (Nardone et
al., 2010; Tao et al., 2020; Alvarado et al. 2024). In addition to
the previously mentioned disruptors of thermal equilibrium,
temperature-humidity index (THI) represents one of the
main bioclimatic indicators for quantifying heat exposure,
integrating air temperature and relative humidity into a single
value (National Oceanic and Atmospheric Administration,
1976; Armstrong, 1994). Maximum daily temperatures and
minimum relative humidity could also be incorporated in the
calculation of THI, and therefore reflect peak on-farm heat
load even more accurately than average values (Ravagnolo
and Misztal, 2000; Brigemann et al., 2012; Ouellet et
al., 2019). Traditional assessments suggested that milk
production starts to decline at THI values of 72 (Armstrong,
1994), whereas more recent studies indicate that high-
yielding Holstein cows tend to reduce milk production at
THI 68 (Zimbelman et al., 2009; Collier et al., 2012; Bernabucci
et al.,, 2014). In addition to the relationship of THI and milk
production, an important aspect is the temporal lag in a
cow’s response to high THI values. This lag represents the
time between heat exposure and recorded milk yield decline.
These lags are typically observed several days following
high THI events (Collier et al., 1981; Wildridge et al., 2018).
Specifically, maximum production losses occur approximately
four days (Bernabucci et al., 2014), while dynamic temporal
analyses indicate lag periods spanning from 1 to 3 days (Gan
Lietal., 2021). The objective of this study was to analyse the
impact of THI on daily milk yield in Holstein cows within the
Croatian continental climate, focusing on temporal dynamics
and delayed responses following acute heat stress. The
statistical approach comprised two methods: (i) a random
regression model (RRM), used to assess individual variability
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in response to heat stress, and (ii) a lagged heat-stress
response model (LHR), used to evaluate milk yield changes
following acute heat stress across different THI thresholds.

Material and methods

Animals, housing and management

Data was collected on a commercial farm located in
Eastern Croatia. As the study was based on routinely
recorded farm data, ethical approval was not required. Froma
farm of 1,440 lactating cows, data from the most productive
group of 169 Holstein cows were used in this study. This
specific sub-group was selected in coordination with the
farm management based on its high metabolic demand and
lactation stage, representing the most sensitive physiological
window for evaluating heat stress resilience. Furthermore,
the group was housed in a dedicated barn section equipped
with high-precision biometric monitoring equipment. Cows
were in their second to sixth lactation. Parity distribution
consisted of second (n=93; 55.0 %), third (n=46; 27.2 %),
fourth (n=19; 11.2 %), fifth (n=9, 5.3 %), and sixth (n=2;
1.2 %) lactations. The average daily milk yield in the analysed
group was 38.72 kg, while the average days in milk (DIM) were
124.3 days (median 123.0 days). The study period spanned
from March 1 to August 19, 2025, comprising 28,285 daily
milk yield records. Daily milk yield records were exported
by Delpro herd management software (DeLaval, Tumba,
Sweden). Total daily production was calculated as the sum
of the three individual milkings. Records with missing values
were excluded from the database prior to statistical analysis.
Cows were housed in a free-stall barn with cubicles, allowing
unrestricted movement and ad libitum access to the feed
bunk, automatic waterers, and resting areas. The barn was
equipped with a cooling system comprising fans and misters;
the ventilation system was programmed to activate when
the air temperature exceeded 12 °C, while the misters along
the feed bunk operated according to a predefined schedule.
Milking was performed three times daily in a 64-stall rotary
milking parlour at 06:00, 11:30, and 19:00 h to ensure
consistent milking intervals. Individual cow identification
was performed automatically using neck collars.

Microclimate monitoring and THI
calculation

Air temperature and relative humidity were continuously
monitored using data loggers (ExTech RHT20, Extech
Instruments, USA) positioned at three farm locations: the feed
bunk in the barmn (Location 1), the outdoor passage exposed to
sunlight (Location 2), and the area within the rotary milking
parlour (Location 3). Recorded values were saved every hour,
resulting in 24 daily records for each location. For statistical
analysis, microclimatic data from Location 1 were used as
a representative indicator of the continuous environmental
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exposure in the facility. The use of barn-level measurements
for heat stress analyses is recommended in the literature as a
more realistic indicator of the actual conditions that animals
experience compared to data from external weather stations
(Brigemann et al., 2012; Ouellet et al., 2019). Two forms of
the THI were defined within the analysis, THI and THI, .,
representing standard bioclimatic indicators of heat stress
in dairy cows (Bernabucci et al., 2014; Moore et al., 2023).
These two indicators enabled a comparison between indices
based on average (THI) and extreme daily temperature and
humidity values (THI,,, ), encompassing a wide range of heat
load conditions (Ravagnolo and Misztal, 2000; Briigemann
et al,, 2012). The THI,,,, model relies on the assumption
that daily maximum temperature combined with minimum
relative humidity more accurately reflects the actual heat
load animals are exposed to during the day (Ravagnolo
and Misztal, 2000; Briigemann et al., 2012; Ouellet et al.,
2019). Daily average THI values were calculated according
to the National Research Council (NRC, 1971) formula, using
daily average temperature (T, °C) and daily average relative
humidity (RH, %):

THI= (1.8 x T+ 32) - (0.55 - 0.0055 x RH) x (1.8 x T-26) /1/

THI,,x was calculated using the same mathematical
formula as THI. First, hourly THI values were calculated
from hourly temperature and relative humidity records, after
which the maximum THI value for each day was selected to

represent peak daily heat-stress conditions.
Statistical analyses

Statistical analysis was performed in the R programming
environment (R Core Team, 2025) using two models (RRM
and LHR) on 28,285 filtered observations. RRM analysis was
performed using the Ime4 (Bates et al., 2015) package, while
the LHR analysis was performed using ggeffects package
(LUdecke, 2018). Results were visualized using ggplot2
(Wickham, 2016) package. Statistical significance level
was set at p<0.05. The RRM was used to assess individual
variability in cow responses to heat stress using the following
model:

Yy =H+BiTHI, + BDIM, + Parity, +c,+ bTHI + €, /2/

where V,,represents the daily milk yield of cow i on day
Jj within parity class K, u is the overall mean, THI is the
temperature-humidity index recorded for cow i on day j,
DiM; is days in milk for cow { on day j, Parity, is the fixed
effect of parity class (ranging from the second to the sixth
lactation), B, and S, are regression coefficients for THI and
DIM, respectively, ¢, is the cow-specific random intercept, b,
is the cow-specific random regression coefficient describing
the individual response to THI, and ¢, is the residual error.
THI and THI,,, models were analysecf separately.

The second method, LHR, was used to quantify the time-
lagged response in milk yield following identified periods of
acute heat stress, using the following model:
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_u+day_rel

milk_dev, _ [ +c+e, e, /3

where m[[k_devu.k represents the deviation of daily milk
yield per cow ( on relative day j within heat-stress event
Kk, calculated relative to the reference milk yield on day -1,
M represents the overall mean, day_rel is the fixed effect
of relative day, describing the temporal response pattern
from three days before the event to five days after exposure,
ranging from -3 to +5, ¢jis the random cow effect, accounting
for repeated observations and baseline differences among
cows, e, is the random heat-event effect, accounting for
variability among individual heat-stress episodes, €15 the
residual error.

As previously mentioned, the event window was defined
from day -3 to day +5 to capture both pre-event baseline
stability and delayed post exposure production responses.
Days -3 and -2 were included to evaluate whether milk yield
was already changing before the identified thermal shock. Day
-1 was used as the reference baseline because it immediately
preceded the acute increase in THIor THI, . Days +1 through
+5 were selected to capture delayed biological responses in
milk yield following heat exposure.

An event was defined as a day on which the THI or THI, .
value exceeded a specified threshold while increasing by at
least two units compared with the previous day. Each new
event was identified only after the index first fell below the
threshold and subsequently exceeded it again, ensuring
that repeated days within the same heat episode were not
treated as independent events. The lagged heat-stress
response analysis comprised six thresholds: three based on
THI thresholds (= 66, = 70 and = 74) and three based on THI,
thresholds (=72, =76 and =80).

X

Results and discussion

Microclimatic analyses

During the analysed period of nearly six months, significant
seasonal variability in microclimatic conditions was observed.
Daily ambient temperatures averaged 18.70 °C (S =6.52),
while the average maximum daily temperature reached
23.91 °C (SD=7.17 °C; max=41.80 °C). Bioclimatic indices
showed that average THI values were recorded at 63.40
(SD =9.29; range 37.98-78.37), whereas average THI , was
69.70 (SD=8.81; range 45.92-86.71). Higher values for THI .
compared to average THI directly support the assumption
that utilizing maximum daily temperature and minimum
relative humidity results in possibly more suitable bioclimatic
indicator values (Ravagnolo and Misztal, 2000; Ouellet et al.,
2019). Seasonal dynamics clearly illustrated a progression in
heat load, with average THI values increasing systematically
from51.06 inMarch to 71.31in August, while extreme THI,,
peaks reached 86.71. Based on heat stress classifications,
THI values between 68 and 74 indicate mild stress, while
levels exceeding 75 indicate high stress which leads to a
sharp decline in production performance (Armstrong, 1994;
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Polsky and von Keyserlingk, 2017; Herbut et al., 2018). Early
studies established a THI of 72 as the critical threshold for
milk yield decline (Armstrong, 1994) whereas subsequent
research has identified a lower onset of 68 in high-yielding
Holstein cows (Zimbelman et al., 2009; Collier et al., 2012;
Bernabucci et al., 2014). THI=66 was exceeded on 87 days
(48.6 % of the study period), THI=70 on 57 days (31.8 %), and
THI=74 on 12 days (6.7 %). THI, ,, was above the threshold
of =72 on 87 days (48.6 %), THI . >76 on 49 days (27.4 %),

and THI >80 on 13 days (7.3 %),

MAX™

Assessment of THI effect
on daily milk yield

The first analytical approach, based on RRM, revealed
substantial heterogeneity within the analysed high-
production group of our study. The herd-level coefficient for
THIwas estimated to be numerically positive (3=0.180+0.017
Kg; t=10.41), and a similar trend was observed for THI,,,
(B=0.152+0.015 kg; t=10.25). Although this positive
association may initially appear counterintuitive, a more
detailed interpretation confirms that it reflects a temporal
confounding between lactation-related changes in milk
yield and the seasonal progression of environmental indices
(Bernabucci et al., 2014).

DIM, representing the current stage of lactation in days,
provided a significant explanation for the observed milk yield
dynamics. As advancing lactation is naturally associated with
a gradual decline in daily production, DIM was included in
the model as a fixed continuous covariate to account for
the lactation curve, showing a significant negative influence
(B=-0.054+0.002; t=-30.59). The observed result is further
explained by the distribution of 28,285 records across all
lactation phases. Phase 1 (0-100 DIM), indicating the absolute

peak of lactation (average milk yield 40.5 kg), contributed with
11,010 records, while Phase 2 (101-200 DIM), representing
a sustained high-production phase associated with stable
milk yield (average 38.6 Kg), was the most prevalent with
14,318 records. Conversely, Phase 3 (>200 DIM), where milk
production naturally declines (average 33.7 kg), was the least
represented with only 3,877 records. The average DIM in the
analysed period was 124.3 days, confirming that the herd was
predominantly in its peak or stable high-production stages
during the observation period.

Furthermore, the environmental context of the study likely
contributed to the positive statistical momentum. The study
started in March (average THI=51.06), a period already within
the thermoneutral zone and characterized by relatively stable
spring conditions without extreme winter cold. Due to the
absence of very low THI values (winter data), the model
lacked a cold-weather counterbalance. Since conditions
remained largely stable and thermoneutral from March
through early June, lactation-related increases in milk yield
numerically outweighed the heat-induced declines recorded
later during the summer window (NRC, 1971). While the
aggregate herd-level trend remained numerically positive,
this momentum was challenged during the summer months
of the study when acute thermal stress events became more
frequent.

Beyond these average effects, the RRM successfully
identified that 53.8 % of individual cows in the THI,,,, model
actually suffered significant yield losses as indices increased,
with individual slope deviations ranging from -0.447 to
+0.628 kg (Figure 1). Notably, the strong negative correlation
between intercepts and slopes (r=-0.93) confirmed that cows
with higher production exhibit stronger negative responses
torising THI indices. Such findings imply that high-production
cows, specifically those at the peak or in stable production
phases, were the most sensitive to heat stress. This pattern
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Figure 1. Distribution of cow-specific responses in daily milk yield to THI and THI,
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aligns with the biological mechanism linking elevated milk
production to increased metabolic heat production and
reduced thermoregulatory capacity (Kadzere et al., 2002;
Berman, 2005; Lambertz et al., 2014).

These findings highlight substantial individual variability
in heat stress resilience. The discrepancy between the
marginal R?(0.063) and conditional R?(0.304) in the THI,,.
model suggests that fixed herd-level effects explained only
a limited proportion of the variance, whereas cow-specific
random effects accounted for a substantial additional part
of the variability in milk yield (over 30 %). This supports the
presence of marked individual differences in both baseline
milk production and sensitivity to increasing THI, ,, values.

To further investigate individual response patterns across
different exposure levels, the following section applies
a lagged heat-stress approach to quantify delayed yield
declines following acute thermal spikes.

Temporal response dynamics

The second analytical approach, LHR, based on lagged
heat-stress response modelling, was used to analyse the
temporal dynamics of daily milk yield response following
identified acute heat stress episodes. These episodes were
defined by two criteria: the corresponding index (THI or THI, )
had to exceed a predefined threshold while simultaneously
exhibiting an acute increase (spike) of at least 2 units
compared to the previous day. The applied approach,
based on the methodological framework of Ravagnolo and
Misztal (2000) and Briigemann et al. (2012), was chosen to
isolate the physiological impact of sudden heat shocks from
general seasonal trends, ensuring that each identified event
represented a distinct period of acute stress. Production
deviations were analysed within a dynamic temporal window

spanning from three days before the event (Day -3) to five
days post-exposure (Day +5), using the day prior to the shock
as the reference baseline for all comparisons. Results of this
analysis are summarized in Table 1 and Figures 2 and 3, which
visualize daily milk yield response dynamics across relative
days.

The analysis indicated no immediate negative production
response on the day of the thermal event (Day 0) across
any of the analysed thresholds. At the peak exposure level
(THI,, = 80), a temporary increase of +0.53 kg was observed
on Day 0, as shown in Table 1. However, this slight increase
indicates that the biological response to acute heat stress
is delayed rather than instantaneous, reflecting temporary
metabolic adaptation before the actual onset of production
decline. Values recorded on Day -3 and Day -2 provided a
basis for assessing baseline production stability and model
validity. In most threshold scenarios, pre-event deviations
remained close to zero and were not statistically significant,
such as 0.01 kg and -0.01 kg in the THI = 66 model. In
contrast, significant negative deviations were detected at the
THI,,, =72 threshold on Day -3 (-0.53 kg) and Day -2 (-0.38 kg).
This response suggests a potential pre-exposure effect,
as described by Ouellet et al. (2019), implying that animals
exposed to lower stress thresholds may have already
experienced unfavourable environmental conditions before
the identified two-unit THI spike. Moreover, pre-event values
at the most extreme threshold (THI,,, =80) were positive
and non-significant (0.50 and 0.06 Kg), indicating that these
animals entered the acute stress period from a period of
stable high productivity.

Results across average THI thresholds revealed a
progressive increase in the negative impact of heat stress
as threshold intensity increased. At the THI=66 threshold
(n=22), anegative trend was observed from Day +3 (-0.37 kg)
and became statistically significant on Day +4 at -0.50

Table 1. Temporal dynamics of daily milk yield changes (kg) following heat stress events at different THI and THIMAX thresholds

THI>66 THI>70 THI>74 THl, 2 TH;%AXZ THI,, > 80
N events 22 16 6 27 15 5
N cows 168 169 169 168 169 169
N observations 33,155 24,225 9,126 40,675 22,715 7,605
Cow variance 1094 1609 3.902 0.858 1166 5.151
Event variance 0.706 0.207 0215 0373 0.065 0.021
Residual SD 8.478 8.338 7.471 8.466 7.846 7.454
Maximum decline (kg) -050 -0.76 -1.08 -066 -097 -1.07
Day -3 001 -0.12 0.05 -053* 0.19 050
Day -2 -001 0.03 0011 -038* 0.07 0.06
Day -1 0.00 0.00 0.00 0.00 0.00 0.00
Day 0 0.02 0.01 021 0.3 0.16 053
Day +1 0.22 0.12 -061 -0.19 -0.16 -034*
Day +2 0.02 -0.15 -053 0.03 027 -0.11
Day +3 -037 027 -065* 033 -039* -050
Day +4 -050* -0.76* -1.08* -059* -097* -107*
Day +5 -049* -063* 092" -066* -0.77* -060*

Cow variance = cow random effect variance (kg?); Event variance = heat stress event random effect variance; Residual SD = residual standard

deviation; Maximum decline (kg) = maximum statistically significant milk yield decline; *p<0,05.
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Figure 2. Milk yield response to heat stress events at different THI thresholds (THI = 66, 70 and 74)
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Figure 3. Milk yield response to heat stress events at different THI thresholds (THIMAX = 72, 76 and 80)

kg (p<0.05). Production losses intensified at the THI=70
threshold (n=16), reaching -0.76 kg (p<0.05) on Day +4.
Maximum production loss among THI models was observed
at the THI=74 threshold (n=6), where milk yield declined by
-1.08 kg on Day +4. Across all THI levels, production decline
consistently occurred four days after exposure, indicating
that higher thermal loads resulted in more substantial and
prolonged production losses. Further evidence was provided
by the continued significant depression on Day +5 (-0.92 kg)
in the THI=74 model.

Comparable, but more acute, response patterns were
observed for THI,,,, thresholds. According to Ouellet et al.
(2019), THI, ,, values more precisely capture short-term peak
heat intensity than average THI values. Negative responses
at the THI, =72 model developed progressively, reaching
-0.59 kg on Day +4 and -0.66 kg on Day +5 (p<0.05). At higher
thresholds, production losses became more pronounced, with
maximum declines reaching -0.97 kg at THI,,, =76 and -1.07
kg at THI,,,,=80 on Day +4. Unlike average THI thresholds,
the THI,,, models showed earlier indications of production
decline, including a significant reduction already observed on
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Day +1(-0.34kg) at THI,,, =80. The persistence of significant
reductions on Day +5, including -0.77 kg at THI,,, =76 and
-0.60 kg at THI,,,,=80, additionally indicates incomplete
recovery following high-intensity acute heat stress. Overall,
the findings indicate that more intense thermal exposure was
associated with greater milk yield losses and a slower return
to pre-event production levels.

Across all models, the maximum statistically significant
production decline consistently occurred four days after the
thermal exposure (Day +4). The observed delay is slightly
longer than the 1-to-3-day lag responses reported by Gan Li
et al. (2021) in similar dynamic temporal analyses following
peak thermal exposure. Physiologically, this 4-day lag
effect appears to reflect the time required for heat-induced
disruptions to fully impair milk synthesis, consistent with
findings by Bernabucci et al. (2014). Although the thermal
load is immediate, subsequent reductions in dry matter intake
(DMI) and alterations in endocrine signalling, as discussed by
Tao et al. (2018) and Morales- Pifieyrda et al. (2022), require
several days to fully manifest in mammary gland metabolism

and milk production.
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Variance components presented in Table 1, revealed a
progressive increase in individual animal variability at higher
heat-stress intensities, providing important insights into
individual resilience. Cow variance increased from 1.094 kg?
(SD=1.05 kg) at THI=66 to 3.902 (SD=1.98kg) at THI=74, and
further to 5.15Tkg? (SD=2.27 kg) at the THI,,, = 80 threshold.
Conversely, event-level variance declined noticeably at higher
thresholds, decreasing from 0.706 kg? (SD=0.8402) to as low
as 0.021 kg?(SD=0.14 kg) in the THI,,,280 model. Event-level
variance reflects the proportion of variation associated with
the environmental conditions of individual heat events, such
as event duration or nocturnal cooling. The results indicate
that under extreme thermal conditions, differences among
individual heat events become less determinant than the
biological response of the animal itself. The marked increase
in cow-specific variability under intense heat stress indicates
that differences in thermal tolerance become the dominant
source of variation, highlighting the potential for selecting
cows with enhanced phenotypic resilience to acute heat
stress.

Despite the high resolution of the individual records and
the application of an advanced dynamic framework, several
limitations of this study should be acknowledged. The
analysis was conducted on a single commercial farm over
a six-month period, primarily due to the predefined research
timeline and technical limitations of the research project. The
focus on a specific group of 169 high-producing cows enabled
the use of high-precision monitoring that was not available
for the entire herd. Although data were collected from a
single herd, minimizing the herd-year-season effect and
improving environmental consistency, the findings may have
limited applicability across different management systems.
Replication across multiple herds and varied production
environments is recommended to validate and extend these
results. Nevertheless, the high-resolution individual-level
data from this study, provide a valuable foundation for future
multi-herd studies and for the development of more targeted
strategies to improve heat-stress resilience in high-producing
dairy cows.

Conclusion

Application of the LHR approach enabled precise
guantification of delayed milk yield responses to heat
stress, with Day +4 consistently identified as the period of
maximum production decline across all analysed THI and
THI,, thresholds. The observed response patterns indicated
that greater heat stress intensity was associated with larger
and more prolonged production losses. Combined evaluation
of average and extreme thermal indicators enabled a
comprehensive assessment of heat stress effects, with
THI,,, proving to be a particularly sensitive indicator of
acute heat load under commercial conditions. Substantial
individual variability in response patterns, together with
increasing individual cow variance at higher thresholds,
further highlighted phenotypic differences in thermal
tolerance across high-producing Holstein cows. Overall,

MLJEKARSTVO

these findings provide an empirical foundation for future
research on individual heat stress resilience and support
the development of precision dairy management strategies
in commercial dairy herds.
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Otpornost mlijecnih krava na toplinski stres: utjecaj THI-a na dnevne
kolicine mlijeka
SaZetak

U ovom radu procijenjen je utjecaj THI i THI,, pokazatelja na mlijeCnost holstein krava u kontinentalnim Klimatskim
uvjetima Hrvatske, s naglaskom na individualnu varijabilnost i odgodene proizvodne odgovore na toplinski stres. Analiza je
provedena na 28. 285 dnevnih zapisa mlijecnosti prikupljenih od 169 krava u razdoblju od 1. oZujka do 19. kolovoza 2025.
godine. Statisticki pristup obuhvatio je model slucajne regresije (RRM) i model odgodenog odgovora na toplinski stres (LHR),
kojim su procijenjene promjene u proizvodniji mlijeka u vremenskom okviru od -3 do +5 dana u odnosu na pojavu toplinskog
stresnog dogadaja. Rezultati su pokazali Cestu izloZenost stresnim uvjetima, pri ¢emu su vrijednosti THI premaSile ili bile
jednake Kriti¢nim pragovima od 72 i 80 tijekom 48,6 %, odnosno 7,3 % istraZivanog razdoblja. RRM je ukazao na izraZenu
heterogenost odgovora na razini pojedinacnih krava. Unato€ blago pozitivnom prosje¢nom ucinku, 53,8 % krava pokazalo je
negativan odgovor na povecanje vrijednosti TH, .. SnaZzna negativna korelacija izmedu slu€ajnog intercepta i nagiba za THI
odgovor (r=-0,93) ukazala je na to da su krave s viSom pocetnom razinom proizvodnje pokazivale izraZeniji negativan odgovor
na porast toplinskog opterecenja. Analiza odgodenog odgovora na toplinski stres pokazala je da veci intenzitet toplinskog
opterecenja prati izraZeniji i vremenski odgoden pad mlijec¢nosti, pri ¢emu je najvece smanjenje, od -1,07 Kg, zahiljeZzeno
Cetvrtog dana nakon izloZenosti ekstremnom toplinskom stresu (THI=80). Dobiveni rezultati potvrduju da toplinski stres
mozZe uzrokovati znacajne odgodene proizvodne gubitke, dok izraZena individualna varijabilnost u odgovoru krava upucuje na
potrebu daljnjih istraZivanja genetske osnove otpornosti na toplinski stres.

Kljucne rijeci: toplinski stres; THI indeks; temperatura; mlje¢nost; holstein krave
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