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Abstract

Milk production and quality are increasingly affected worldwide by rising ambient tem-
peratures associated with climate change, with heat stress (HS) representing one of the
major environmental challenges for dairy cattle. HS alters physiological and metabolic
processes, leading to significant changes in milk composition, particularly in regions ex-
posed to prolonged summer heat. The Temperature-Humidity Index (THI) is widely used
to assess the degree of thermal discomfort and its impact on dairy performance. This study
investigated the effects of heat stress on milk quality parameters in a dairy herd managed
under identical conditions, comprising Romanian Black Spotted (RBS, Holstein strain) and
Romanian Spotted (RS, Simmental strain) cows. Descriptive statistics were performed
using the SAVC for Windows program, while differences between means were evaluated
using the t-test in GraphPad Prism 9. Milk quality traits were significantly affected when
THI values exceeded 73, with a consistent decline observed from early summer onwards. In
the RBS breed, milk protein content decreased significantly compared with spring values,
reaching 3.25% (p < 0.0001) in 2023 and 3.35% (p < 0.01) in 2024. Similar trends were
recorded in the RS breed, with minimum protein values of 3.10% (p < 0.0001) and 3.19%
(p < 0.0001). Fat content, casein concentration, and milk urea levels also showed highly
significant HS-related changes (p < 0.0001). Overall, heat stress negatively affected milk
quality, while the RS breed appears less affected under the studied conditions than the
RBS breed.

Keywords: thermal stress; dairy cow performance; milk composition; THI; lactation;
milk yield
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Milk quality is adversely affected under thermal stress conditions, as its principal
components are directly influenced by heat-induced physiological and metabolic alterations.
The reduction in milk protein and casein content is primarily attributed to decreased protein
synthesis in the mammary gland, as amino acids are redirected toward alternative metabolic
pathways, such as gluconeogenesis, in order to meet the increased energetic demands of
the cow [6,7]. Consequently, the decline in protein concentration leads to impaired milk
coagulation properties, negatively affecting its technological quality [8]. Variations in milk
fat content under heat stress have been reported inconsistently in the literature, with some
studies indicating an increase in fat percentage, while others describe a decrease, likely due
to a reduced availability of ruminal fermentation precursors, such as acetate and butyrate,
resulting from altered ruminal activity [9].

Climate change constitutes a major contemporary challenge with substantial im-
plications for animal productivity and welfare. Predictive climate models suggest that
average air temperatures may increase by up to 2 °C by 2050 [10], thereby exacerbat-
ing thermal stress conditions in dairy production systems. This is of particular concern
given that the thermal comfort zone for dairy cows generally ranges between 5 and
25 °C. In European dairy breeds, the thermoneutral zone is narrower, extending from
approximately —0.5 to 20 °C, under relative humidity levels of 40-60% [11-13]. Heat stress
occurs when elevated ambient temperatures are combined with high humidity, impairing
the animal’s ability to dissipate excess body heat. The capacity to maintain physiological
homeostasis under such conditions, defined as heat tolerance, largely depends on the
efficiency of metabolic heat dissipation mechanisms [14,15]. Across the European continent,
recent years have been characterized by annual temperature increases exceeding 1 °C, and
since the beginning of the 21st century, prolonged and recurrent summer heat waves have
been increasingly reported [16]. Under Romania’s climatic conditions, the year 2023 ranked
among the warmest recorded in recent history. During the summer season, large areas of
the country are frequently affected by heat waves, which have shown an increasing dura-
tion and intensity, particularly in the southern regions [17]. The Temperature-Humidity
Index (THI) is widely used in animal husbandry as a key indicator for assessing the degree
of thermal stress, with specific values serving as thresholds for heat stress classification.
Numerous studies have documented the effects of heat stress at various THI levels on
animal productivity and product quality, with responses varying according to geographical
location [18,19], breed [20], physiological status, and the duration of heat stress exposure.
Although a THI threshold of 72 is frequently cited as indicative of the onset of heat stress,
high-yielding dairy cows often exhibit physiological and productive responses at lower
THI values [21-24].

Under heat stress conditions, animals exhibit adaptive physiological and behavioral
responses aimed at enhancing heat dissipation. These responses include increased respira-
tory rate (panting), elevated water intake, enhanced sweating, reduced feed intake, and a
consequent decline in milk production, which may range between 10% and 35% [25,26].
Behavioral adaptations commonly observed under thermal stress involve increased shade-
seeking behavior, prolonged standing time, reduced overall activity, and decreased feed
consumption. Reductions in resting time have been reported to occur even at moderate
THI values, beginning around 56 [27-29]. When THI values exceed 68, a marked increase
in respiratory rate is observed, reaching approximately 75 breaths per minute at an am-
bient temperature of 27 °C and a relative humidity of 35% (corresponding to a THI of
73) [26,30]. In parallel, rumination time decreases and may fall below the critical threshold
of 420 min/day required for optimal dairy cow performance [19].

Physiological thermoregulatory mechanisms are also activated under heat stress and
also include a reduced metabolic rate, vasodilation in the dermis and mucous membranes,
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and immune system activation. However, the full scope of these physiological adaptations
remains unclear, as heat stress triggers complex cellular processes, even involving DNA
structure and gene transcription [23,31,32]. Mortality rates could rise significantly when
the minimum daily THI exceeds 70 [33,34].

Heat stress directly reduces productive performance, primarily through a decrease in
feed intake. Reproductive efficiency is also adversely affected, as heat stress suppresses
estrous expression and increases susceptibility to postpartum disorders as a consequence
of immune system alterations [27]. Moreover, heat stress disrupts ruminal and intesti-
nal microbiota homeostasis, further compromising milk quality and overall metabolic
efficiency [35-37].

Although dairy cows are generally adapted to their production environment, genetic
selection for increased productivity yield, over the past five decades, has reduced their
heat tolerance [14]. High-yielding cows are particularly vulnerable, showing HS at THI
values > 68 [25]. Additionally, in cows with an average daily milk yield of approximately
35 kg, a minimum THI threshold of 68 has been reported, whereas in animals producing
around 45 kg/day, the temperature threshold at which heat stress occurs is reduced by
approximately 5 °C [38,39]. The threshold value of 68 for THI corresponds to 22 °C and
50% relative humidity and is frequently used as an indicator of heat stress in both lactating
and dry cows in temperate climates [27,35]. We use THI > 72 as the threshold in our study
because these two Romanian breeds from Holstein and Simmental are genetically more
robust to the action of environmental factors.

Milk quality parameters are essential determinants of farm profitability, as milk pricing
systems are frequently based on fat and protein concentrations. Chemical composition and
hygienic-sanitary characteristics are key determinants of sensory attributes and compliance
with regulatory standards. For example, cheese production relies on milk coagulation,
involving physical and chemical changes in the casein micelle. Curd firmness is strongly
influenced by both the casein concentration in the milk and the processing temperature.
Higher casein content results in a denser and more resistant curd [22,40].

This observational study aimed to evaluate the effects of heat stress (HS) on milk qual-
ity in Romanian Black Spotted (RBS) and Romanian Spotted (RS) cows, with the objective
of identifying potential differences in the responses of these two Romanian breeds when the
Temperature-Humidity Index (THI) exceeds the threshold of 72, a level at which heat stress
is known to induce alterations in milk composition. Given the limited availability of data
regarding the impact of heat stress on milk quality in Romanian cattle breeds, the present
study contributes to addressing this existing knowledge gap. In summary, HS adversely
affects both milk production and the overall health of dairy cows, rendering climate change
a significant environmental and economic challenge for dairy farming operations.

2. Materials and Methods

Monitoring and detecting HS has become a critical issue, prompting the development
and application of methods to assess its onset and severity. With recent advances in
continuous monitoring technologies, including wearable sensors such as pedometers and
smart collars, parameters such as cow activity, rumination time, and respiratory patterns
can now be tracked in real time, facilitating the early detection of heat stress [41,42].
Infrared thermography (IRT) is a promising, non-invasive method that measures body
surface temperatures at specific anatomical sites, such as the eyes and flanks, which can be
correlated with core body temperature [43,44]. Automated milking systems (AMSs) also
provide continuous monitoring of productivity, milk composition, fat/protein ratios, and
milk temperature, allowing the identification of animals affected by heat stress [45,46].
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Among HS indicators, the Temperature-Humidity Index (THI) is the most widely
used, despite the absence of a universally standardized formula. THI is broadly applied to
quantify the severity of heat stress in dairy cows and to evaluate their level of discomfort
during periods of extreme summer temperatures and heat waves [47,48].

2.1. Weather Data Acquisition and THI Calculation

Located in the N-E of the European continent, Romania has a temperate-continental
climate with four seasons. The farm is located in Holboca commune, Iasi County, North-
Eastern Romania (47°08'-47°47' N, 24°94'-25°83" E) and it is placed in the Moldavian
Plateau. Access to accurate weather data on farms is often limited, making local weather
stations valuable for assessing heat tolerance based on quantitative and qualitative changes
in milk production. Many studies rely on weather station data to calculate THI and identify
thresholds at which milk production is affected [49]. In this study, historical weather data
were obtained from https:/ /www.wunderweather.com [50], which includes data from en-
vironmental sensors like weather stations and air quality monitor measurements to provide
information about climatic conditions. Wunder weather is part of The Weather Channel,
which is consistently ranked first worldwide for forecast accuracy by ForecastWatch [51].
For this reason, the weather data has not been validated against local instruments. Ambient
temperature (AT, °C) and relative humidity (RH, %) were used to calculate average THI
values according to the National Research Council formula (1971) [25,52]:

THI = (1.8 x AT + 32) — [(0.55 — 0.0055 x RH) x (1.8 x AT — 26)] 1)

Both the monthly average daytime THI and the monthly average daily THI,, were
calculated. The latter one includes the 24 h average temperature, providing a basis for
comparison with other studies. Calculating THI values based solely on diurnal tempera-
tures has shown that the duration of heat stress (HS) exposure influences the magnitude
of production decline [53]. Since cows are most active during the day, the peak of internal
body heat coincides with the peak of ambient temperatures. Therefore, THI values calcu-
lated for the daytime (THId) better capture the maximum thermal load, and variations in
milk components (fat and protein) are more closely associated with THId than with daily
averages [22,53]. An animal’s ability to tolerate high daytime temperatures largely depends
on its capacity to dissipate accumulated heat at night. Minimizing the effects of daytime
HS is more effective when cows experience cool nights, with temperatures below 21 °C for
at least 2-6 h [3].

During the study period, daytime and daily THI values were calculated, from which
monthly average THIly and THI,y, values were determined. To assess the effects of heat
stress on milk quality, the dynamics of the main milk quality parameters were observed
in the summer months (June, July, August) and in September, when THI4 values > 72,
compared with April and May as a reference period when THI values were below this
limit. This threshold was exceeded in each of the three summer months and in September,
which is a transitional month with elevated daytime temperatures in 2023 and 2024.

2.2. Biological Material and Husbandry Management

The biological material comprised lactating cows observed during 2023 and 2024,
representing two Romanian Black Spotted (RBS, Holstein strain) and Romanian Spotted
(RS, Simmental strain) breeds. The cows varied in parity and stage of lactation, with an
average body weight of 623 kg and 583 kg for RBS and RS, respectively. On the farm,
RBS and RS cows were housed in separate barns under a permanent free-stall system,
with concrete floors and naturally ventilated facilities, ensuring uniform environmental
conditions. The two barns are identical in layout and internal structure, providing each
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cow with up to 9 m? of total space, including 3 m? per cow for resting, in accordance with
welfare recommendations. Cows were grouped according to breed, production level, and
physiological status, while sick animals were isolated and treated separately in dedicated
sick pens.

Access to water and feed is assured for each animal. The water has quality parameters
monitored by the supplier and is permanently provided to the cows through fountains
at a constant level. At the feeding area, space was allocated on a 1:1 ratio, ensuring that
each cow had direct access to feed. The animals were fed year-round with a mono-diet
ration, which was not specifically formulated to mitigate thermal stress. The composition
of the ration is detailed in Table 1, which presents the nutritional requirements for a cow
weighing 600 kg and producing 30 L of milk per day; the diet was adjusted according
to internal factors, such as production level and physiological stage. Corn and alfalfa
silage were cultivated and stored on the farm, while concentrates were purchased from
external suppliers. Feed was administered twice daily, immediately following milking.
Milking was conducted twice daily, with an interval of 12 h between sessions. According
to the farm’s AfiMilk management software, [54], the average daily milk yield during
2023-2024 was 33.13 kg for RBS cows and 21.42 kg for RS cows, highlighting a significant
difference in production between the two breeds. This disparity represents a limitation
when interpreting the results, as differences in milk yield may influence the response to
heat stress independently of breed-specific factors.

Table 1. The diet structure administered to cows in production.

Feed Content MFU PDIN PDIE Ca P Kg DM
Corn silo 25% 0.6 53 64 3 2 0.3
Alfalfa silo 0.78 117 71 16.5 3 0.35
Alfalfa hay 0.6 108 89 13 25 0.85
Corn kernels 0.87 1.27 82 120 0.3 0.87
Triticale 0.87 1.21 88 108 0.5 0.87
Dicalcium phosphate 0.95 240 0.95
Feed diet structure

Requirement 254 2470 2470 186 107 32.7
Corn silo 25% 3.5 309.17 373.33 17.50 11.67 5.83
Alfalfa silo 45 675.00 409.62 95.19 17.31 5.77
Alfalfa hay 3.3 594.00 489.50 71.50 13.75 5.50
Corn kernels 7.1 458.43 670.87 1.68 19.57 5.59
Triticale 7 509.09 624.79 2.89 26.61 5.79
Dicalcium phosphate 24.00 18.50 0.10
Total 25.40 2545.68 2568.11 212.76 107.40 28.58

Notes: MFU = Milk Feed Units; PDIN—Protein digestible in the small intestine when nitrogen is limiting;
PDIE—Protein digestible in the small intestine when energy is limiting; Ca = Calcium; P = Phosphorus;
DM = Dry Matter.

2.3. Providing Milk Data

Milk represents an ideal biological sample for diagnostic purposes, as it can be col-
lected non-invasively and its analysis methods are standardized. Values for milk quality
parameters from individual animals were obtained from monthly analysis reports gener-
ated as part of the Official Production Control (OPC), which follows the A4 control method
under regulated conditions. The milk yield recorded on the day of control is considered
representative of the average production throughout the entire 28-day control period. Al-
though this approach represents a limitation in the comparative interpretation of the results
between months, this type of data is used in studies that address the effects of HS [47,52].
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Each month, during the official production control (OPC), milk samples are analyzed
in the laboratory of the National Zootechnical Agency for their fat (F%), protein (P%), and
casein (CN) contents using the CombiScope MK2, device produced by Delta Instruments
from Drachten, Netherlands wich in present is part of PerkinElmer (USA). The CombiScope
is a sophisticated instrument that performs milk analysis through infrared (IR) measure-
ments and is composed of two main components: the Somascope and the Lactoscope FTIR
(Fourier Transform InfraRed). By integrating these two modules, the device can determine
the concentrations of various milk constituents, including fat, protein, lipids, urea, citric
acid, free fatty acids (FFA), and density. The Somascope specifically functions as a somatic
cell counter, utilizing flow cytometry as the underlying principle for measuring somatic cell
count (SCC). The device is capable of processing up to 300 or 600 milk samples per hour,
with samples collected in 50 mL tubes labeled with the animal’s registration number and
the date of collection. Results for each analyzed sample are displayed on the screen, stored
digitally, and can be compiled into comprehensive reports. Daily maintenance is performed
at the beginning of each work session and includes recalibration of the spectrometer base-
line using a control sample (distilled water) to establish the zero reference for all parameters;
this calibration is repeated every 60 min. To prevent the accumulation of fat and protein
residues, the device automatically executes washing cycles with an alkaline solution after a
predetermined number of samples or at set time intervals. Technical inspection and general
maintenance are recommended by the manufacturer on an annual basis [55].

For this study, data from April to September of 2023 and 2024 were used, derived
from monthly analyses of an average of 35 samples for RS cows and 283 samples for RBS
cows, with April and May serving as reference months. The analyzed milk quality param-
eters were selected based on their nutritional, economic, and technological significance,
including fat and protein content (%), as well as casein concentration (g/L). Addition-
ally, the dynamics of milk urea concentration (mg/dL) were assessed due to their close
association with protein metabolism. The fat-to-protein ratio (F/P) was also evaluated,
serving as an indicator of energy imbalances and overall cow health, including the risk of
subclinical ketosis.

2.4. Statistical Analysis

The hypothesis of this study is that HS action alters milk composition in the listed
components, affecting milk quality in addition to quantity. The values of milk quality
parameters were statistically processed using SAVC var.3 software (Analysis of Variance
and Covariance) for Windows, a specialized software in animal biometrics developed in
Romania and which was used to determine position and dispersion estimators: arithmetic
mean (X), standard error of the mean (£S%), standard deviation (s), and coefficient of
variation (V%) [56]. This program is often the first step in any analysis and it is based on
linear models and the method of least squares; it is used because it ensures rigorous data
processing, including the removal of outliers, and allows the calculation of key statistics
necessary for data interpretation. The arithmetic mean is the primary numerical descriptor
of a series of observations, representing the value around which the measured trait varies
and allowing the classification of individuals into positive and negative variants. The
standard deviation describes the degree of dispersion of the data relative to the mean, while
the variance quantifies the magnitude of variation in the trait. The coefficient of variation
(V%) provides a direct measure of the population’s homogeneity.

In this study, comparisons were performed between the mean values of milk quality
parameters recorded during the summer months and September and the means of the
reference months (April and May). Statistical significance between monthly means within
the same breed for all evaluated traits was determined by calculating p-values using
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GraphPad Prism 9 (Palo Alto, CA, USA) [57]. Specifically, the Welch ANOVA single-
factor method, which accounts for unequal standard deviations, was applied, followed by
multiple pairwise comparisons using the Tukey post hoc test.

The p-value indicates the probability of committing a Type I error if the null hypothesis
(HO) is rejected. If p is less than the chosen significance threshold o, usually 0.05, the null
hypothesis is rejected in favor of the alternative hypothesis (H1). The interpretation of
p-values in most tests is as follows:

- p < 0.05, the relationship is significant (S, 95% confidence, marked as *);

- p < 0.01, the relationship is significant (S, 99% confidence, marked as **);

- p<0.001, the relationship is highly significant (HS, 99.9% confidence, marked as ***);

- p<0.0001, the relationship is extremely highly significant (HS, 99.99% confidence,
marked as ****);

- p>0.05, the relationship is not significant (NS).

The two breeds are exploited in the same specialized dairy farm. The RBS breed
belongs to the Holstein strain and ensures the highest milk production in quantity. The RS
breed belongs to the Simmental strain and is exploited in a smaller herd to improve the
quality of the milk upon delivery. In most cases, a sample of at least 30 records is considered
the generally accepted threshold to safely apply basic statistical theorems, allowing the use
of parametric methods based on normal distribution. Although large samples are preferred,
statistical tests can be applied on numerically disproportionate batches using appropriate
tools for such statistical processing. We believe that we have respected the experimental
technique, and the results obtained with statistically significant differences are relevant.

For both RBS and RS cows, statistical estimators were calculated for the main milk qual-
ity parameters: fat content (%), protein content (%), casein content (g/L), urea concentration
(mg/dL), and the fat/protein (F/P) ratio.

3. Results

The THI values recorded for the months of 2023 and 2024 are presented in Figure 1.
It can be observed that during the summer of 2024, THI; values were higher compared to
the corresponding period in 2023. In both years, September exhibited average daily THI4
values exceeding the alert threshold of 72, whereas the reference months of April and May
showed THI4 values below this threshold. In our study, notable changes in milk quality
parameters were first observed at the beginning of June, corresponding to THI; values of
73.18 in 2023 and 77.86 in 2024.

90
80
70
60 /
50
40
30

20
10

THI

April May June July August | September
—2023  54.34 67.20 73.18 77.01 79.37 74.07
2024  65.67 68.86 77.86 81.26 80.15 72.64

Figure 1. Comparative graphical representation of THId values for the period 2023 and 2024, between
April and September.
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For an overview of the results obtained through descriptive statistical processing,
Table 2 was compiled, which includes the means and standard deviations obtained for
the values of milk quality parameters for the two breeds in 2023-2024 during the period
April-September. Character variability is higher in the RS cow herd, reflecting the fact that
the herd is small and biological heterogeneity is high.

Table 2. Descriptive statistics (mean + SD) for quality parameters of milk and monthly average of
THIy from April to September, 2023 and 2024.

Breed Year/Month THI4 THI,, Fat% Protein% Casein (g/L) F/P Ratio Urea (mg/dL)
2023
April 54.34 48.75 3.85 +0.37 3.26 £0.23 27.53 £2.63 1.18 £ 0.11
May 67.2 60.14 3.88 £0.92 3.38 £0.35 26.94 +£2.78 1.13 £ 0.25
June 73.18 65.95 3.59 £ 0.45 3.25+£0.32 26.13 +2.28 1.10 £ 0.14
July 77.01 69.54 3.86 = 0.51 3.15£0.27 2596 = 2.16 1.21 £0.16 36.95 + 7.66
August 79.37 71.04 3.9+0.17 3.10 £0.23 26.19 +£2.13 1.26 £0.11
September 74.07 65.67 3.98 +0.32 3.21 £0.28 27.71 £ 2.57 1.25+0.11
RBS 2024
April 65.67 57.36 412 +0.27 3.57 £0.41 28.52 +3.43 1.16 £ 0.14 3428 £9.36
May 68.86 61 4.09 +0.17 3.50 £0.44 27.90 + 3.44 117 £ 0.14 46.99 £+ 6.08
June 77.86 70.03 4.00 £0.26 3.35+0.34 26.29 +2.58 121 £0.14 25.03 + 3.49
July 81.26 72.39 4.03 +0.29 328 £04 26.06 = 3.19 1.24 £0.15 39.79 + 6.03
August 80.15 71.61 4.06 £0.23 3.37 £0.38 26.69 + 2.94 1.22 +£0.15 27.33 £5.7
September 72.64 64.32 3.30 = 0.64 3.51£041 27.7 £3.17 0.94 +£0.16 26.26 = 3.76
2023
April 54.34 48.75 447 £09 3.66 + 0.44 29.16 + 3.53 1.18 £ 0.18 23.42 + 4.15
May 67.2 60.14 44044 3.33 £0.26 27.63 £29 120+ 0.1 43.66 + 6.43
June 73.18 65.95 394 +0.9 342 +0.5 2717 £ 3.9 1.15+0.28 39.68 + 21.63
July 77.01 69.54 412+0.21 3.28 £0.23 27.06 £ 2.6 1.26 +£0.11 32.64 + 3.82
August 79.37 71.04 39+0.17 3.10 £0.23 26.19 +2.13 1.26 +£0.11 35.31 £9.45
RS September 74.07 65.67 4.19 +£0.30 3.32 £0.30 26.69 £+ 2.89 1.28 £ 0.05 35.38 = 4.74
2024
April 65.67 57.36 4.04 £ 0.16 3.68 £ 0.46 29.15 £ 3.63 1.12 £ 0.16 31.6 = 6.63
May 68.86 61 4.10 +£0.37 3.41 £0.42 27.05 £ 3.35 1.21 £0.16 34.77 + 6.63
June 77.86 70.03 4.00 £0.26 3.35+0.34 26.29 +2.58 121 +£0.14 24.84 £3.9
July 81.26 72.39 4.29 +0.44 3.19 £ 0.66 2544 +5.14 1.40 £0.33 26.18 + 8.26
August 80.15 71.61 4.05+0.35 3.61 £0.41 28.61 +3.24 1.10 £ 0.12 31.42 +4.95
September 72.64 64.32 3.64 £0.61 3.47 £0.29 27.63 £ 2.07 1.03 £ 0.16 21.96 + 3.44

Notes: RBS = Romanian Black Spotted; RS = Romanian Spotted; THI4 = Temperature-Humidity Index—daytime;
THI,y = Temperature-Humidity Index—daily; F/P ratio = fat/protein ratio.

The average values of F% and P% content were represented in the following graphs
in which error bars for the standard deviation of the mean +SE and n values for the
description of sample sizes are highlighted.

Figure 3 shows the mean protein content (P%) in milk from RBS and RS cows between
April and September for 2023 (a) and 2024 (b).

Table 3 presents the statistical significance of differences between mean values of the
analyzed milk quality parameters, comparing the reference months with the months under
heat stress conditions. The observed differences were statistically confirmed, highlighting
the impact of heat stress on milk composition. Figure 2 shows the dynamics of mean milk
fat (F%) values in RBS and RS cows between April and September for 2023 (a) and 2024 (b).
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| I| II II II II

THI=54.34 THI=67.2 THI=73.18 THI=77.01 THI=79.37 THI=74.07
(April) (May) (June) (July) (August) (September)
n=263;37 n=280;38 n=267;39 n=259:42 n=201;39 n=253;36

Error bars represent SE (range=0.01-0.15) “RBS ®RS

THI=65.67 THI=68.86 THI=77.86 THI=81.26 THI=80.15 THI=72.64

(a)

(April) (May) (June) (July) (August) (September)
n=268;37 n=277;38 n=266;39 n=244:41 243:40 n=262;37
Error bars represent SE (range=0.01-0.08) “RBS ®RS (b)

Figure 2. Dynamics of fat content (F%) of milk obtained from RBS and RS cows according to THI
values in 2023 (a) and 2024 (b).
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Figure 3. Dynamics of protein content (P%) of milk obtained from RBS and RS cows according to
THI values in 2023 (a) and 2024 (b).

https://doi.org/10.3390/agriculture16020274


https://doi.org/10.3390/agriculture16020274

Agriculture 2026, 16, 274

10 of 18

Table 3. The t-test results for the significance of differences between means for the characteristics
analyzed in months of HS action (June, July, August, and September) compared with reference
months (April, May) in 2023 and 2024.

Breed RBS BS
Year 2023 2024 2023 2024
Month April May April May April May April May
F% d d b
P% d b
June Casein d a d d
Urea d d d d d
F/P d
F%
P% c d d d d d
July Casein d ¢ d d ¢
Urea d d c b d
F/P d d d d
F% d
P% d d a d
August Casein d a d b b
Urea d d d b
F/P d d a
E% d a c
P% d b
September Casein a a
Urea d d d b d d
F/P d d d

Notes: ? significant (p < 0.05), b highly significant (p < 0.01), ¢ very highly significant (p < 0.001), d extremely
significant (p < 0.0001).

4. Discussions

The interpretation of the results should consider certain limitations inherent to the
study design, which was observational and based on monthly averages of milk quality
parameters. Additionally, the numerical imbalance between the two groups of animals
may affect the precision of statistical estimates for the smaller group. The differences in
productive level represent another limitation, as the lower milk yield of RS cows could
be associated with a distinct resilience to heat stress compared to higher-producing RBS
cows. Future studies should aim to include more balanced sample sizes to strengthen
the robustness and generalizability of these observations. For the summer months and
September, during which daytime THId values exceeded 72, this period can be considered
as the heat stress (HS) exposure window. In 2023, the highest THI values were recorded
in July and August, reaching 77.01 and 79.37, respectively, while in 2024, the peak shifted
slightly, with the highest value of 81.26 in July and 80.15 in August. June is also notable,
with a THId of 77.86. In 2023, the increase from May to June amounted to 5.98 THI units,
whereas in 2024, despite May being warmer, the difference compared to June reached
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9 units. Daytime THI differences between June and July in 2024 compared to 2023 were
statistically significant (p < 0.05). In April 2024, the mean THId was significantly higher than
in April 2023 (p < 0.001), with an increase of 7.8 °C. Although 2024 began with generally
higher temperatures, September recorded a mean 2.17 °C lower than that of 2023, while the
differences for May and August were not statistically significant (p > 0.05). For a long time,
it was believed that the decrease in production under heat stress (HS) was caused solely by
reduced feed intake. However, studies have shown that this factor accounts for only 35-50%
of milk losses, with the remainder resulting from direct metabolic changes in the body.
Under HS conditions, the animal’s metabolism prioritizes survival over production, and
glucose is preferentially directed toward metabolic processes that generate less internal heat.
To provide precursors for gluconeogenesis, the body begins to break down muscle proteins,
leading to increased concentrations of urea nitrogen in blood and milk, which serves as
an indicator of inefficient protein utilization. Significant amounts of minerals, particularly
potassium (K) and sodium (Na), are lost through sweat and urine, disrupting osmotic
balance and muscle function. Heat stress also alters the rumen microbial population,
increasing lactate production and negatively affecting fat synthesis in the mammary gland.
Additionally, blood flow is redirected toward the skin, causing hypoxia in internal organs,
increased intestinal permeability, and triggering systemic inflammation [58,59].

The productive level of dairy cows is directly linked to specific endocrine and
metabolic profiles that dictate how the animal responds to stress factors, especially thermal
stress [53]. A high productive level becomes a multiplier of the effects of HS due to the
hormonal and metabolic imbalances to which the animal is predisposed.

Exposure to elevated temperatures initiates a hormonal cascade mediated by the
hypothalamic-pituitary—adrenal (HPA) axis, culminating in the release of cortisol. During
the acute phase of heat stress (HS), cortisol concentrations increase to mobilize energy
reserves and support physiological adaptation. However, under prolonged or chronic
HS, cortisol levels may decline due to adrenal exhaustion or physiological adaptation.
Concurrently, serotonin levels decrease, serving as a complementary biomarker of HS and
reflecting the deterioration of metabolic homeostasis in chronically stressed animals [60-63].
As a measure of adaptation of the body, the level of thyroid hormones (T3 and T4) decreases,
which causes the slowing down of cellular processes and the decrease in productive effi-
ciency [1,24,64]. Highly productive cows, under the action of HS, have a distinct endocrine
profile characterized by hyperinsulinemia manifested concomitantly with hypoglycemia,
which causes the mobilization of adipose tissue to no longer be achieved [2,60,65-67].

Somatotropin (GH) and insulin-like growth factor-1 (IGF-1) are essential hormones for
supporting milk production, but their levels decrease significantly when THI exceeds 70,
as an attempt by the body to reduce internal heat production, which has negative effects on
protein synthesis in the mammary gland [12].

HS has also been shown to reduce the activity of genes that repair and degrade proteins
and activate genes responsible for cell structure restoration, biosynthesis, and transport
in the mammary gland [23]. Studies on the behavior of cows claim that the physiological
response to HS also depends on the temperament of the animals, those with a lively
temperament being more prone to the negative effects of heat stress on production [29]. All
of this proves that under HS conditions, a systemic adaptation of the body is triggered that
is influenced by the productive level and that directly influences the performance in terms
of quantity and quality.

As shown in Table 2 and the graphs in Figure 1, for the RBS breed, milk protein
content is the component most visibly affected by heat stress, starting to decline in June
compared to the reference months. Protein percentage dropped to 3.25% in 2023 and
3.35% in 2024, representing decreases of 3.85% and 4.29%, respectively, compared to
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May, with the differences being highly significant (p < 0.001). This downward trend
continued in the following months, with a slight recovery in late summer and in September,
when THI values decreased. In the months of higher HS values (July 2023 and August
2024), the lowest protein percentages were recorded at 3.10% and 3.28%, respectively,
corresponding to decreases of 8.28% and 6.29% relative to May. The results are similar
to those obtained in other studies conducted and the protein content being affected by
availability of precursor amino acids which are used in the body’s defense mechanisms,
with decreases also influenced by feed intake [22,58,67] and reduced intestinal protein
absorption. In the RS breed, a similar decrease in milk protein content is observed, becoming
apparent when THI values exceed 75 units in July 2023 (p < 0.0001) and June 2024, caused by
metabolic mechanisms that affect the protein synthesis [68-70]. In 2024, the larger increase
in THI values from May to June led to the onset of heat stress, negatively affecting protein
synthesis and causing a decline in milk protein content from 3.41% to 3.35%. In August
2024, when THI peaked at 81.26, protein content further decreased to 3.19%; however, this
difference was not statistically significant, suggesting that the relatively low protein level
may be primarily influenced by the composition of the administered ration rather than heat
stress alone. Subsequent decreases in THI led to recovery in protein content. Differences in
averages are significant (p < 0.05) for June and September and highly significant (p < 0.001)
for July and August 2023 relative to the reference period. The temporary increase in protein
content observed in June 2023 reflects the body’s response to the impact of HS, which
leads to an increase in non-protein nitrogen in milk as a result of the catabolism of muscle
proteins used in gluconeogenesis to cover the body’s energy needs [71,72]. This trend can
be influenced, among other things, by diet composition, lactation stage, or genetic factors
that determine how the animal redistributes amino acids under stress condition [71,73].
Heat stress can affect the integrity of mammary epithelial cell junctions, allowing serum
proteins from the blood to pass into the milk [72]. In these conditions, the increase in
protein content in the first month of HS is rather an alarm signal regarding the metabolism
of cows which produce less milk and begin to consume muscle proteins to provide energy
and also face possible udder inflammation.

Milk fat content is also considered an indicator of HS, with several studies reporting
negative effects of HS on fat and protein content in lactating cows [22]. In the RBS breed,
fat content decreased in June of both years and subsequently increased in the following
months. In September 2023, with THI at 74.07, fat percentage remained high due to ongoing
HS [73]. In September 2024, with a lower THI of 72.64, fat content dropped to 3.51% due
to cooler ambient temperatures. Differences were highly significant (p < 0.001) for June
2023 and September 2024 relative to the reference months. After the initial impact of high
temperatures, which reduced milk fat due to lower feed intake, cows belonging to RBS
breed mobilized body reserves to support metabolic processes, reflected in increased fat
percentages. Some studies, however, indicate that HS can increase fat content, which
is consistent with observations in this study [67,70,74]. For the RS breed, fat content
decreased by 1.5% in June (p < 0.01) 2023 and by 2.44% in June 2024. In 2023, THI did
not exceed 80 units, and fat content fluctuated monthly, reflecting alternating periods of
HS with decreased values in June (p < 0.01) and August (p < 0.0001) and mobilization of
body reserves. In 2024, similar patterns occurred, with August and September showing
reductions due to more prolonged and intense HS. In September, differences relative to
reference months were highly significant (p < 0.001). As stress persists, among other
causes, high insulin levels block the mobilization of non-esterified fatty acids from the
body to the udder, reducing fat content at the end of the period [28,47]. Also, prolonged
HS affects the rumen flora and predisposes cows to Subacute Ruminal Acidosis (SARA)
due to reduced rumination and saliva secretion [31,59,75]. If in 2023, under the action of
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HS during the summer, the levels of fat content remain high, in 2024, which was warmer,
the metabolism is more affected, which makes the values of this parameter decrease in
September. Significant differences in fat content were recorded in both breeds in the case
of June 2023 and September 2024, which means that this quality parameter is affected by
the onset period of HS and at the end of the summer months when the metabolism of the
animals is greatly affected.

Casein, the milk protein essential for technological and processing quality, is synthe-
sized in the mammary gland and is influenced by mammary blood flow as well as the
availability of amino acids. Average casein concentrations decreased significantly during
the summer months compared to the reference months (p < 0.0001), with September values
also showing a significant reduction relative to May (p < 0.005). In the RBS breed, the
lowest mean casein levels were recorded in July of both years, at 25.95 g/L and 26.06 g/L,
representing declines of 5.7% and 8.62% compared to April. A similar trend was observed
in the RS breed, where the lowest casein concentrations occurred during the summer,
reaching 26.19 g/L in August 2023 and 25.44 g/L in July 2024, corresponding to decreases
of 10.18% and 12.72% relative to April. Notably, casein content began to decline in June
for both years and remained reduced throughout the months when THI4 exceeded 72,
compared to the reference period. Differences were highly significant (p < 0.0001) for RBS
during summer, indicating that casein content was strongly affected by HS. Differences
regarding the significance for RS in July 2024 vs. April show us that in this breed case,
the effects appear later on and are not constant. Some studies show similar results in that
although protein content is affected by the action of HS, the expression of genes responsible
for casein synthesis was not affected to the same extent [73]. Casein presents “no significant
differences” in certain contexts of moderate stress, as udder cells continue to follow the
genetic program of casein synthesis, as long as their functional integrity is not completely
destroyed by severe HS. Reducing the casein content of milk has direct effects on techno-
logical properties by increasing the time it takes for the curd to form, and there is even a
risk that it will not set. Milk with a low casein content causes a low cheese yield, which
means that economic losses extend into the processing chain [40,76].

The urea content in milk (mg/dL) is closely correlated with that in blood. In-
creased urea concentrations in milk with simultaneously low or normal milk protein
contents suggest a lack of energy supply. The normal value for urea content in milk is
between 20 and 30 mg/dL (100 mL) of milk, with a value of 35 mg/dL of milk being toler-
ated in cows with high milk production [77]. Urea becomes a signal of profound changes
in nutrient utilization at the systemic level because its content is influenced by HS, with
average summer values significantly higher (p < 0.0001) than spring months [59]. Differ-
ences between 2023 and 2024 reflect higher THI values in 2024. The lowest urea levels
were observed in July 2023 and June 2024, when THId exceeded 77, then increased again,
indicating HS effects on protein metabolism [59,78]. In RBS cows, average urea values
were distinctly significant, highlighting the impact of HS on protein metabolism, with
fluctuations reflecting breed sensitivity [58,72]. Although the literature states that urea
in milk usually increases during heat stress, there are also studies reporting reductions
in urea in milk. The reduction in its content is mainly due to the voluntary reduction in
food consumption [79]. Because the processing of excess protein and the transformation
of ammonia into urea in the liver are processes that generate additional metabolic heat,
reducing the content is an adaptive effect of the body to HS [13].

The F/P ratio in milk is frequently used to identify energy deficiencies or subclinical
ketosis, and increases in this ratio are associated with a negative energy balance, with
values greater than 1.35 to 1.50 being a good indicator that cows are experiencing an
energy deficit [45]. For both breeds, the fat-to-protein (F/P) ratio remained below the
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recommended optimal range of 1.3-1.5, reflecting an energy deficit likely associated with
reduced feed intake during the summer months. Slight increases in the F/P ratio were
observed during periods when milk fat percentage rose. Differences in the F/P ratio were
highly significant (p < 0.0001) compared to the reference months in RBS cows, and a similar
significant change was observed in RS cows in July 2024.

Thus, heat stress becomes a key factor influencing milk quality in cows raised under
the climatic conditions of Romania. In the future, Romanian farms will need to consider
the impacts of HS and implement management strategies to mitigate its effects, particularly
during summer, due to its economic implications. Understanding the physiological re-
sponses to heat stress that alter milk composition could serve as a foundation for developing
strategies to reduce losses as temperatures continue to rise.

Considering the influence of HS on milk quality, finding optimal solutions requires a
holistic approach that includes the management of internal and external environmental
factors. It is necessary to implement appropriate measures to reduce its effects and help ani-
mals get through the critical period during the summer months. Because the effects of high
temperatures are reflected in the metabolism of animals, animal feeding strategies should
be considered primarily along with improving microclimate conditions. Considering the
reduction in feed consumption, rations must be more energy-rich without affecting the
specifics of feeding. The use of fans coupled to a THI monitoring system is required during
the summer. Shading barns by planting trees is recommended as a cheap and sustainable
alternative to reduce temperatures in the stables. Avoiding overcrowding in the stable and
even reducing animal density during this period is another viable measure. Replacing litter
and removing manure should be carried out more frequently to avoid increasing humidity
and to improve animal stress resistance. Breeding animals for stress resistance and light
coat color is a long-term process but must be taken into account.

Research must be focused on understanding the mechanisms related to animal
metabolism that are triggered under HS conditions in order to identify inter-relationships
and apply the best solutions to reduce its effects on the quality of animal production.

5. Conclusions

Due to the action of HS, food intake is reduced and metabolism is modified, which
is reflected in the quality of the milk obtained. Under HS conditions, the most affected
component of milk quality for both breeds is the protein content.

Considering the results obtained, it can be concluded that, during months with THI
values exceeding 72, the two breeds exhibit distinct responses to heat stress (HS). The RS
breed appears more resilient to HS, likely due to its lower productive level and specific
genetic background. Furthermore, not all milk components are equally affected; protein
content and urea levels—an indicator of altered protein metabolism—are the most sensitive
parameters in this breed. Casein content displayed highly significant differences in July
2024, when THI surpassed 80 units. For both breeds, the impact of HS becomes apparent in
June, as milk protein concentration gradually declines in parallel with rising THI values,
before stabilizing or showing a slight recovery following the peak summer temperatures. In
the RBS breed, milk fat percentage initially decreased with the onset of heat stress in June,
followed by an increase in the subsequent months as the animals mobilized body reserves
to support metabolism. In contrast, RS cows exhibited a more variable pattern over the
two years: in June, fat content increased in the following month due to mobilization of
body fat, particularly in 2024 when THI reached 81.26. As heat stress decreased, milk fat
percentage subsequently declined in September, reflecting the persistent effects of thermal
stress and the associated metabolic adjustments. For all milk components, differences were
frequently highly significant, especially in 2024. Under prolonged heat stress and elevated
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THI values, protein metabolism was markedly affected, with urea concentrations and the
F/P ratio showing pronounced and statistically significant changes.
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