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and von Keyserlingk 2017). For example, northern Europe 
and northern Spain now experience thermal stress episodes 
more regularly, raising concern about long‑term sustainabil‑
ity and animal welfare.

Among the most vulnerable periods for dairy cows is the 
transition period, which spans approximately three weeks 
before to three weeks after calving. This phase involves 
intense physiological, metabolic, and immunological shifts 
to support calving and the onset of lactation (Sordillo 2016). 
When temperature and humidity surpass thermoneutral 
thresholds, typically above 25 °C or a temperature–humid‑
ity index (THI) > 68, cows heat‑dissipating mechanisms 
such as panting, vasodilation, and reduced feed intake 
(Mader et al. 2006). While these responses maintain body 
temperature, they can impair milk yield, immune function, 
and reproduction (Collier et al. 2019; Ramón‑Moragues et 
al. 2021).

The transition period is already defined by a marked 
NEB, driven by a sharp increase in nutrient requirements for 
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This study investigated the effects of heat stress (HS), calving period, and farm-level management on the metabolic and 
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should explore long-term impacts and adaptive strategies across diverse production systems.
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foetal growth and lactogenesis. HS exacerbates this imbal‑
ance by reducing dry matter intake (DMI) and increasing 
energy expenditure for thermoregulation (Stefanska et al. 
2024b). Recent findings show that DMI can decrease by 
up to 4.13% for every 1-unit increase in the THI Impairing 
rumen fermentation, acetic acid production, and thus milk 
fat synthesis (Chen et al. 2024a, b). Rduced intake and ele‑
vated physiological load mobilise fat and protein reserves, 
shown by higher plasma NEFA and BHB biomarkers of 
intensified lipolysis and hepatic ketogenesis (Rhoads et al. 
2013)..

HS impairs hepatic synthesis and induces a metabolic 
shift towards amino acid deamination for gluconeogen‑
esis (Ma et al. 2019; Sammad et al. 2020). These effects 
may occur independently of reduced feed intake, indicat‑
ing that heat load can directly influence hepatic metabolism. 
Hepatic mitochondrial function is also compromised, with 
lower ATP production and greater oxidative stress, reducing 
the energy efficiency needed in early lactation (Sejian et al. 
2018; Li et al. 2023b).

Cows under HS exhibit altered behaviour, such as 
increased standing, disrupted feeding, and reduced rumina‑
tion (Cook et al. 2007). These adaptations lower nutrient 
digestibility and feeding efficiency, leading to declines in 
milk yield and quality, and raising the risk of lameness and 
digestive disorders (Bernabucci et al. 2010). Global projec‑
tions estimate that heat stress will cause significant produc‑
tivity and health losses in livestock, with expected annual 
damages of up to $39.94  billion by century’s end under 
high-emission scenarios, heavily impacting dairy produc‑
tion worldwide (Thornton et al. 2022).

Recent studies show that heat stress affects both imme‑
diate physiological responses and gene expression linked 
to metabolism, stress response, and immune regulation in 
hepatic and mammary tissues (Skibiel et al. 2018). These 
effects can extend to the next generation, as thermal stress 
during pregnancy has been linked to altered metabolic and 
immune phenotypes in calves, indicating potential inter‑
generational impacts (Halli et al. 2025). The metabolic and 
molecular patterns of HS, including elevated NEFA, blood 
urea nitrogen (BUN), liver enzyme activity, reduced pro‑
tein synthesis, and transcriptional changes, demonstrate a 
physiological shift favouring survival over productivity. 
Understanding these mechanisms is crucial for developing 
strategies that mitigate HS and improve health and perfor‑
mance during the transition period (Sejian et al. 2018). The 
severity of effects varies with timing relative to parturition 
and with farm practices such as cooling, nutrition, and hous‑
ing (Bernabucci et al. 2014), yet integrated studies on these 
interactions remain scarce. Proposed measures include anti‑
oxidant supplements, rumen‑protected nutrients, and preci‑
sion cooling systems (Abeyta et al. 2023), whose success 

depends on timely application and adaptation to each farm. 
A science‑based, context‑specific approach is essential to 
protect welfare and productivity during the most critical 
lactation phase.

This study evaluated the effects of heat stress, calving 
period, and farm-level management on metabolic and pro‑
ductive responses in transition dairy cows, analysing their 
interactions and identifying critical periods to guide man‑
agement strategies that improve cow well-being and main‑
tain productivity under heat stress.

Materials and methods

Ethical approval

All procedures involving animals were conducted in 
strict accordance with Spanish legislation (RD 53/2013, 
legal provision number 1337) and the European Directive 
2010/63/EU for the protection of animals used for scientific 
purposes. The study protocol was approved by the Bioethics 
Committee of the University of Santiago de Compostela, 
Spain.

Experimental design and study location

This study comprised two experiments carried out on 
three commercial dairy farms (designated as Farm A, 
Farm B, and Farm C) located in the province of Lugo, 
Galicia, in northwestern Spain (43°0′N, 7°33′W). The 
trials were carried out during two distinct seasonal 
periods: from January to March (winter) and from July 
to September (summer) of 2023. The farms were situated 
less than 1 km apart and followed similar management 
practices.

Animals and housing

Cows were selected according to the following inclusion 
criteria: (i) balanced distribution between primiparous 
and multiparous animals, (ii) body condition score (BCS) 
between 3.0 and 3.5 at study entry, (iii) absence of clinical 
disease in the 60 days prior to study entry, and (iv) previ‑
ous lactation milk yield within ± 5% of the herd average. 
The distribution by parity and BCS was matched across 
farms to minimise potential bias in metabolic and produc‑
tive outcomes.

All farms employed intensive rearing systems. Farm A 
housed 102 lactating cows, with an average milk yield of 
36.86 kg/cow/day, and average milk fat and protein contents 
of 3.75% and 3.41%, respectively. The barn was oriented 
north-south, equipped with adjustable dampers for natural 
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ventilation, and exhibited minimal shading at midday due to 
the shifting position of the sun.

Farm B, located adjacent to Farm A, housed 92 lactating 
cows with an average daily production of 34.7 kg/cow, cows 
with an average daily production average milk fat content of 
3.76%, and average protein content of 3.39%. Its barn had 
similar orientation and ventilation settings to Farm A.

Farm C housed 227 lactating cows with an average yield 
of 33.4 kg/cow/day, and average milk fat and protein con‑
tents of 3.80% and 3.36%, respectively. The barn was ori‑
ented east-west and had permanent openings on the north 
and south sides covered with mesh to prevent wildlife entry. 
Shade patterns shifted from west to east throughout the day.

All farms used a free-stall housing system with individ‑
ual cubicles of 2.4 m² bedded with straw. Ventilation was 
provided by roof-mounted fans located above the milking 
robots, activated when ambient temperature exceeded 24 °C 
and relative humidity was above 60%. Farm A additionally 
had a roof-mounted water-sprinkling system using potable 
water at 14–16  °C, triggered by the same temperature-
humidity thresholds.

Each farm utilized robotic milking systems: Farms A and 
B had two robots in a single barn, whereas Farm C divided 
its lactating herd into two zones, each with two dedicated 
robots. All barns featured concrete floors with automated 
cleaning systems and sand bedding. A total of 152 lactating 
cows were enrolled in the study: 40 from Farm A, 48 from 
Farm B, and 64 from Farm C.

Feeding management

Three lactating cow diets were evaluated, with feed quan‑
tities reported as fresh weight alongside their dry matter 
(DM) contents for clarity. Farm A offered a high-forage diet 
(69% forage DM) including maize silage (26  kg, 35.7% 
DM), grass silage (25  kg, 35.7% DM), commercial con‑
centrate (4.5 kg), high-moisture corn (4.0 kg), and barley 
straw (0.5 kg), providing approximately 21.4 kg DM/day, 
and energy density 1,67 Mcal/kg DM. Farm B implemented 
a moderate-forage diet (64% forage DM) with maize silage 
(27 kg, 39.6% DM), grass silage (13 kg, 39.6% DM), wet 
grain (2.5 kg), and customized concentrate (5.7 kg), total‑
ing about 19.1 kg DM/day, and energy desnity 1,70 Mcal/
kg DM. Farm C’s high-intake, energy-dense diet comprised 
maize silage (32 kg, 41.7% DM), fresh grass (13 kg, 41.7% 
DM), barley grain (1.5 kg), robot concentrate (6.2 kg), and 
a custom lactation mix (6.8 kg), delivering around 24.8 kg 
DM/day, and energy density 1,72 Mcal/kg DM. Nutrient 
composition (CP, starch, NFC, NDF, energy) is expressed 
on a DM basis.

Dry cow diets were also assessed for close-up cows in all 
three farms: (i) Farm A offered a forage-rich ration (70%) 

with maize silage (5.0 kg), barley straw (6.0 kg), and con‑
centrate (4.0 kg), supplying 11.9 kg/day of DM (56.7% DM), 
13.7% CP, 7.8% starch, 20.7% NFC, 45.1% NDF, and 1.67 
Mcal/kg DM; (ii) Farm B included maize silage (11.0 kg), 
chopped straw (6.0 kg), and dry cow concentrate (3.2 kg), 
with a total DM intake of 11.6 kg/day (57.6% DM), 13.3% 
CP, 13.1% starch, 30.3% NFC, 44.6% NDF, and the highest 
energy density (1.34 Mcal/kg DM); and, (iii) Farm C fed 
maize silage (10.0 kg), wheat straw (6.9 kg), and custom 
concentrate (2.8 kg), achieving 11.5 kg/day of DM (58.2% 
DM), 13.5% CP, 8.7% starch, 19.8% NFC, and the highest 
NDF (49.7%), with 1.20 Mcal/kg DM.

Nutritional composition was determined using the NDS 
Professional platform (RUM&N Company, Italy; ​h​t​t​p​s​:​/​/​w​
w​w​.​r​u​m​e​n​.​i​t​​​​​)​, developed in collaboration with Cornell ​U​n​i​v​
e​r​s​i​t​y and based on NRC (2001) standards.

Climate data

Ambient temperature and relative humidity were recorded 
continuously from January 1 to March 31 and from July 
1 to September 30 using a Multi-Use Compact PDF Tem‑
perature and Humidity USB Data Logger (Multicomp Pro, 
Farnell Components SL, Madrid, Spain). The device was 
mounted 2 m above ground in the separation aisle between 
lactation zones, out of cows’ reach. It measured air tempera‑
ture (range − 30 to + 70 °C, ± 0.5 °C accuracy) and relative 
humidity (± 3% accuracy). Ambient temperature and rela‑
tive humidity were recorded hourly, and daily mean values 
were calculated from these hourly measurements for use in 
statistical analyses.

Measurements were recorded hourly and used to calcu‑
late the Temperature–Humidity Index (THI) using the fol‑
lowing equation (Mader et al. 2006):

THI = 0.81 × Ta + (RH ÷ 100) × (Ta − 14.4) + 46.4

In this equation, Ta represents ambient temperature in 
degrees Celsius (°C), RH represents relative humidity as a 
percentage (%), and the THI is a dimensionless index com‑
monly used to assess heat load in livestock.

Blood sampling and biochemical analysis

Each of the 152 cows was sampled at four time points rela‑
tive to calving: one month prepartum, one-week prepartum, 
one week postpartum, and one month postpartum. Blood 
was collected via jugular venipuncture into 10 mL vacu‑
tainer tubes (no anticoagulant) between 09:00 and 11:00 
a.m. Samples were cooled on ice, centrifuged at 2,500 × 
g for 10 min at 4 °C within two hours, and serum was ali‑
quoted and stored at − 80 °C.
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animals nested within farms were modelled as a random 
effect to account for repeated measurements.

Results

Table 1  summarizes the statistical significance (P-values) 
of the main effects (partum period (PP), sampling season 
(SS), and farm (F)) as well as their two-way interactions 
(PP × SS, PP × F, and SS × F) for each biochemical and 
productive parameter. Significant effects are highlighted in 
bold (P ≤ 0.05), allowing for the identification of key physi‑
ological and environmental influences on cow metabolism 
and performance.

The PP × SS (Table 2) interaction was significant for total 
protein and albumin. One month before partum, cows sam‑
pled in summer exhibited higher serum total protein con‑
centrations (7.99 ± 0.05 g/dL) compared with those sampled 
in winter (6.98 ± 0.05 g/dL; P = 0.010; Table 2, line 1). For 
serum albumin, a seasonal effect was detected one month 
postpartum, with higher values in winter (3.16 ± 0.01 g/dL) 
than in summer (2.87 ± 0.01 g/dL; P = 0.050; Table 2, line 2). 
The interaction effects that reached statistical significance 
(P < 0.05), including relevant P-values, means ± SEM for 
each group, and key time points or conditions where dif‑
ferences were observed, are detailed in Table 2. Different 
superscripts denote significant differences among groups.

A significant interaction between PP × F (Table 3) was 
observed for serum total protein, serum urea, and serum 
NEFA. One week before partum, serum total protein con‑
centrations were higher in farms A and B (7.27 ± 0.04 and 
7.12 ± 0.04 g/dL, respectively) than in farm C (6.71 ± 0.03 g/
dL; P = 0.010; Table 2, line 7). Serum urea concentra‑
tions varied notably across farms at multiple time points: 
one month prepartum, farm B (29.29 ± 0.32  mg/dL) and 
farm A (24.71 ± 0.39  mg/dL) had higher values than farm 
C (18.60 ± 0.27  mg/dL; P < 0.001; Table 2, line 8); one 

The following serum parameters were analyzed: (i) 
Metabolites: glucose (oxidase method), non-esterified fatty 
acids (NEFA; ACS–ACOD), β-hydroxybutyrate (BHB; 
enzymatic), total protein (Biuret method), albumin (bromo‑
cresol green), creatinine (Jaffé method), and urea (urease 
method); and (ii) Liver enzymes: aspartate aminotransferase 
(ASAT) and gamma-glutamyl transferase (GGT).

All assays were performed using a CST-240 autoanalyzer 
(DIRUI, China), calibrated with Biocal multipoint standards 
(RAL, Spain), and conformed to quality control protocols.

Statistical analysis

Data were analyzed using IBM SPSS Statistics v28 (IBM 
Corp., Armonk, NY). A mixed-design repeated-measures 
MANOVA was conducted with partum period (four levels: 
−30 d, − 7 d, + 7 d, + 30 d), season (winter vs. summer), and 
farm (A, B, C) as fixed factors. Interaction terms (Partum × 
Season, Partum × Farm, Season × Farm, and Partum × Sea‑
son × Farm) were included. It is important to note that no 
significant three-way interaction (partum period × season × 
farm) was detected for any of the biochemical or productive 
variables, indicating that the combined effects of partum 
period and season were consistent across farms (see Table 
2).

Compound symmetry was selected as the covari‑
ance structure based on the Bayesian Information Crite‑
rion (BIC). Mauchly’s test indicated sphericity violations 
(χ²(5) = 44.20, P < 0.001); thus, Greenhouse–Geisser correc‑
tions (ε = 0.653) were applied. Normality, homogeneity of 
variance, and homogeneity of covariance were confirmed 
via Kolmogorov–Smirnov, Levene’s, and Box’s M tests, 
respectively (P > 0.05).

Estimated marginal means ± standard errors (SEM) were 
reported. Statistical significance was declared at P ≤ 0.05. 
When significant interactions were detected, Bonferroni-
adjusted pairwise comparisons were performed. Individual 

Table 1  P-values for the main effects and interactions of PP, SS, and F on biochemical and productive parameters
P value
Item PP SS F PP x SS interaction PP x F interaction SS x F interaction PPxSSxF interaction
Tot Protein <,001 ,048 ,279 ,013 ,015 ,701 ,190
Abumin ,052 ,731 ,182 <,001 ,105 ,870 ,216
GGT <,001 ,448 ,245 ,422 ,284 ,588 ,132
ASAT ,002 ,296 ,228 ,916 ,263 ,036 ,174
Urea ,001 ,005 ,228 ,104 <,001 ,237 ,222
Glucose <,001 ,238 ,629 ,932 ,088 ,123 ,792
NEFA <,001 ,781 ,721 ,272 <,001 ,156 ,143
BHB <,001 ,474 ,935 ,967 ,735 ,851 ,085
THI ,050 <,001 ,041 <,001 ,019 ,003 ,609
Partum period (PP): 1mbe: 1 month before partum; 1wbe: 1 week before partum; 1 wpos: 1 week post partum; 1mpos: 1 month post partum. 
Samling Season (SS): W: Winter; S: Summer. Farms (F): A: Farm A; B:Farm B; C: Farm C: C. SEM: Standard Error of the Mean. 4The P*C*T 
interaction was not significant (P>0.05) for any response variable
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Parameter P-value Mean ± SEM Condition of Significant Difference
Total Protein ,010 W: 6.98±0.05 a

S: 7.99±0.05 b
1mbe

Albumin ,050 W: 3.16 ±0.01 a
S: 2.87 ±0.01 b

1mpos

THI ,001 W: 59.47 ±0.20 a
S:70.77 ± 0.20 b

1mbe

,001 W: 58.03 ±0.22 a
S: 74. 77 ±0.14 b

1wbe

,001 W: 60.55 ±0.16 a
S: 74. 15± 0.13 b

1wpos

,001 W:61.99 ± 0.15 a
S: 74.33 ± 0.13 b

1mpos

Parameter P-value Mean ± SEM Condition of Significant Difference
Total Protein ,010 Farm A: 7.27 ±0.04 a

Farm B: 7.12 ±0.04 a
Farm C: 6.71±0.3 b

1wbe

Urea ,001 Farm A: 24.71 ±0.39 a
Farm B: 29.29 ±0.32 a
Farm C: 18.60±00.27 b

1mbe

,004 Farm A: 20.94 ±0.37 a
Farm B: 26.46 ±0.30 b
Farm C: 20.24±0.25 c

1wbe

,014 Farm A: 30.10 ±0.40 a
Farm B: 23.29 ±0.32 b
Farm C: 27.01±0.27 c

1mpos

NEFA ,029 Farm A: 0.15 ±0.00 a
Farm B: 0.12 ±0.01 b
Farm C: 0.19±0.00 c

1mbe

,010 Farm A: 0.14 ±0.01 a
Farm B: 0.16 ±0.01 a
Farm C: 0.37 ±0.00 b

1wbe

,034 Farm A: 0.57 ±0.01 a
Farm B: 0.56 ±0.01 a
Farm C: 0.37±0.01 b

1wpos

,001 Farm A: 0.42 ±0.01 a
Farm B: 0.38 ±0.17 a
Farm C: 0.22±0.00 b

1mpos

THI ,003 Farm A: 69,88 ±0.51 a
Farm B: 64.54 ±0.3 b
Farm C: 67.45 ± 0.24 ab

1wpos

THI ,008 Farm A: 69,17 ±0.49 a
Farm B: 66.43 ± 0.30 ab
Farm C: 64.31 ± 0.24 b

1mpos

Parameter P-value Mean ± SEM Condition of Significant Difference
ASAT ,036 Farm A: 97.72 ±1.51 a

Farm B: 76.04 ±1.32 b
Farm C: 69.86 ± 1.24 b

Summer

THI ,003 Farm A: 63,81 ±0.24 a
Farm B: 58,34 ±0.15 b
Farm C: 57,23±0.14 b

Winter

Partum period (PP): 1mbe: 1 month before partum; 1wbe: 1 week before partum; 1 wpos: 1 week post partum; 1mpos: 1 month post par‑
tum. Season (SS): W: Winter; S: Summer. Farms (F): A SEM: Standard Error of the Mean. Differences are expressed as means ± SEM, 
with superscript letters indicating significant differences between conditions

Partum period (PP): 1mbe: 1 month before partum; 1wbe: 1 week before partum; 1 wpos: 1 week post partum; 1mpos: 1 month post 
partum. SEM: Standard Error of the Mean

This table summarizes the significant interactions (P ≤ 0.05) between the physiological stage of the animals and the farm of origin, 
reflecting potential management or environmental differences across locations. Values are presented as means ± SEM, with different 
superscript letters denoting statistically significant differences

Partum period (PP): 1mbe: 1 month before partum; 1wbe: 1 week before partum; 1 wpos: 1 week post partum; 1mpos: 1 month post par‑
tum. Season (SS): W: Winter; S: Summer. Farms (F): A: Farm A; B: Farm B; C: Farm C. SEM: Standard Error of the Mean

This table shows the significant interactions (P ≤ 0.05) between season and farm, highlighting how environmental and management 
conditions may differentially affect metabolic responses. Data are expressed as means ± SEM, and superscript letters indicate significant 
differences among farms within each season

Table 2  (a) Statistically signifi‑
cant interaction effects between 
PP × SS on metabolic and 
production parameters (b) Sta‑
tistically significant interaction 
effects between PP × F on meta‑
bolic and production parameters 
(c) Statistically significant inter‑
action effects interaction effects 
between SS × F on metabolic and 
production parameters
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respectively) compared with farm C (0.37 ± 0.01 mmol/L; 
P = 0.034; Table 2, line 13), and this pattern persisted one 
month postpartum (0.42 ± 0.01 and 0.38 ± 0.17 mmol/L vs. 
0.22 ± 0.00 mmol/L; P = 0.001; Table 2, line 14).

A significant SS × F interaction was detected for serum 
ASAT activity (Fig. 1). During summer, ASAT activity was 
greatest in farm A (97.72 ± 1.51 U/L), compared with farm B 
(76.04 ± 1.32 U/L) and farm C (69.86 ± 1.24 U/L; P = 0.036; 
Table 2, line 18).

In addition, the THI, a key indicator of heat stress, exhib‑
ited significant variation across several factors (Fig. 2). THI 
was significantly affected by the partum period (P = 0.050) 
(Table 4), Season (P < 0.001) (Table 5), and farm (P = 0.041) 
(Table 6), with notable two-way interactions observed for PP 
× SS (P < 0.001), PP × F (P = 0.019), and SS × F (P = 0.003; 
Table 1, row ‘THI’). As shown in Table 5, THI values were 
markedly higher in summer (72.68) than in winter (60.00), 
and also varied among farms, being highest in Farm A (67.97) 
compared to Farms B (65.04) and C (66.00) (Table 6). More 
specifically, THI values were significantly higher in sum‑
mer than in winter at all time points: one month before 
partum (70.77 ± 0.20 vs. 59.47 ± 0.20; P < 0.001), one week 
before partum (74.77 ± 0.14 vs. 58.03 ± 0.22; P < 0.001), one 
week postpartum (74.15 ± 0.13 vs. 60.55 ± 0.16; P < 0.001), 
and one month postpartum (74.33 ± 0.13 vs. 61.99 ± 0.15; 
P < 0.001). Farm-specific differences were also evident: one 
week postpartum, THI was highest in farm A (69.88 ± 0.51), 
followed by farm C (67.45 ± 0.24) and farm B (64.54 ± 0.30; 
P = 0.003); one month postpartum, farm A again showed 
the highest THI (69.17 ± 0.49), followed by farm B 
(66.43 ± 0.30) and farm C (64.31 ± 0.24; P = 0.008). Dur‑
ing winter, THI remained highest in farm A (63.81 ± 0.24), 
compared to farm B (58.34 ± 0.15) and farm C (57.23 ± 0.14; 
P = 0.003). These findings highlight the influence of envi‑
ronmental and management conditions on thermal stress, 
which may have downstream effects on metabolic and pro‑
ductive responses during the transition period.

Regarding main effects, and excluding parameters 
involved in significant two- or three-way interactions, the 
partum period (Table 4) significantly influenced serum GGT 
activity, serum glucose, and serum BHB concentrations. 
Specifically, serum glucose levels declined around partu‑
rition, while BHB concentrations increased progressively 
from prepartum to one month postpartum (0.52 to 1.10 
mmol/L), consistent with intensified ketogenesis during 
negative energy balance. GGT activity also varied across 
the peripartum period, suggesting hepatic stress or altered 
liver function during the transition phase. These findings 
are consistent with the physiological adaptations expected 
in dairy cows undergoing metabolic stress during calving.

The estimated means (± SEM) of all biochemical and pro‑
ductive parameters across the four partum periods (Table 4), 

week prepartum, farm B (26.46 ± 0.30  mg/dL) exceeded 
farm A (20.94 ± 0.37 mg/dL) and farm C (20.24 ± 0.25 mg/
dL; P = 0.004; Table 2, line 9); and one month postpartum, 
farm A (30.10 ± 0.40 mg/dL) and farm C (27.01 ± 0.27 mg/
dL) had higher values than farm B (23.29 ± 0.32  mg/dL; 
P = 0.014; Table 2, line 10).

Serum NEFA concentrations also differed among farms. 
One month before partum, farm C (0.19 ± 0.00 mmol/L) 
showed higher values than farms A (0.15 ± 0.00 mmol/L) 
and B (0.12 ± 0.01 mmol/L; P = 0.029; Table 2, line 11). One 
week before partum, farm C (0.37 ± 0.00 mmol/L) remained 
higher than A (0.14 ± 0.01 mmol/L) and B (0.16 ± 0.01 
mmol/L; P = 0.010; Table 2, line 12). In contrast, one week 
postpartum, serum NEFA concentrations were higher 
in farms A and B (0.57 ± 0.01 and 0.56 ± 0.01 mmol/L, 

Table 3  Statistically significant interaction effects between PP × F on 
metabolic and production parameters
Parameter P-value Mean ± SEM Condition of 

Significant 
Difference

Total 
Protein

,010 Farm A: 7.27 ±0.04 a
Farm B: 7.12 ±0.04 a
Farm C: 6.71±0.3 b

1wbe

Urea ,001 Farm A: 24.71 ±0.39 a
Farm B: 29.29 ±0.32 a
Farm C: 18.60±00.27 b

1mbe

,004 Farm A: 20.94 ±0.37 a
Farm B: 26.46 ±0.30 b
Farm C: 20.24±0.25 c

1wbe

,014 Farm A: 30.10 ±0.40 a
Farm B: 23.29 ±0.32 b
Farm C: 27.01±0.27 c

1mpos

NEFA ,029 Farm A: 0.15 ±0.00 a
Farm B: 0.12 ±0.01 b
Farm C: 0.19±0.00 c

1mbe

,010 Farm A: 0.14 ±0.01 a
Farm B: 0.16 ±0.01 a
Farm C: 0.37 ±0.00 b

1wbe

,034 Farm A: 0.57 ±0.01 a
Farm B: 0.56 ±0.01 a
Farm C: 0.37±0.01 b

1wpos

,001 Farm A: 0.42 ±0.01 a
Farm B: 0.38 ±0.17 a
Farm C: 0.22±0.00 b

1mpos

THI ,003 Farm A: 69,88 ±0.51 a
Farm B: 64.54 ±0.3 b
Farm C: 67.45 ± 0.24 ab

1wpos

THI ,008 Farm A: 69,17 ±0.49 a
Farm B: 66.43 ± 0.30 ab
Farm C: 64.31 ± 0.24 b

1mpos

Partum period (PP): 1mbe: 1 month before partum; 1wbe: 1 week 
before partum; 1 wpos: 1 week post partum; 1mpos: 1 month post 
partum. SEM: Standard Error of the Mean
This table summarizes the significant interactions (P ≤ 0.05) between 
the physiological stage of the animals and the farm of origin, reflect‑
ing potential management or environmental differences across 
locations. Values are presented as means ± SEM, with different 
superscript letters denoting statistically significant differences
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partum period, season, and farm for key metabolic and pro‑
ductive indicators. These results highlight the importance 
of context-specific management strategies to mitigate the 
adverse effects of HS, particularly during the biologically 
vulnerable transition period.

Following preceding research, the present data substanti‑
ate the notion that HS during the transition period intensi‑
fies the NEB intrinsic to this stage by diminishing DMI and 
augmenting maintenance energy requirements through ther‑
moregulatory mechanisms (Bernabucci et al. 2014; Polsky 
and von Keyserlingk 2017). Recent meta-analytic evidence 
indicates that DMI can decline by 0.85 to 1.23 kg/day for 
each unit increase in THI above 68 (Hammami et al. 2013; 
Chen et al. 2024a, b), which in turn compromises rumen 
fermentation, acetic acid production, and de novo milk fat 

two Seasons (Table  5), and three farms are presented in 
Table 6. These tables provide a comprehensive overview of 
the main effects, allowing for the identification of temporal 
and environmental trends in the metabolic profiles of transi‑
tion cows.

Discussion

This study provides novel insights into the intricate relation‑
ships between HS, physiological stage, and farm-level man‑
agement in shaping the metabolic and productive responses 
of transition dairy cows. The results of the present study 
serve to reinforce the multifactorial nature of HS impacts, 
as evidenced by significant two-way interactions among 

Fig. 2  Statistically significant 
interaction effects between SS × 
F on metabolic and production 
parameters (P-Value 0,003)

 

Fig. 1  Statistically significant 
interaction effects between sea‑
son and farm (SS × F) on meta‑
bolic and production parameters 
(P-Value 0,036)
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synthesis. This metabolic disruption is supported by earlier 
reports demonstrating reduced ruminal volatile fatty acid 
production and altered microbial populations under HS con‑
ditions (Wheelock et al. 2010; Zeng, et al., 2022). Conse‑
quently, bovines experience intensified adipose and muscle 
catabolism, as reflected in elevated serum NEFA and BHB, 
reliable biomarkers of lipid mobilization and hepatic keto‑
genesis (Gross et al. 2011; Rhoads et al. 2013).

The findings further demonstrate the occurrence of evi‑
dent disruptions in protein metabolism and hepatic func‑
tion. This is evidenced by increased BUN levels, along with 
reduced serum albumin and total protein concentrations. 
These alterations suggest impaired hepatic protein synthesis 
and increased amino acid catabolism to support gluconeo‑
genesis, a pattern previously associated with HS in metabo‑
lomic and proteomic studies (Ma et al. 2019; Sammad et 
al. 2020). Notably, the observed metabolic changes appear 
to be independent of feed intake, thereby providing support 
for the hypothesis that heat load exerts a direct influence on 
hepatic mitochondrial function, resulting in the induction of 
oxidative stress (Li et al. 2023a, b; Marquez-Acevedo, et 
al., 2023). Interestingly, lower serum urea concentrations 
observed in Farm C may be explained by a reduced propor‑
tion of rumen degradable protein (RDP) in the diet, which 
has been shown to decrease serum urea nitrogen levels due 
to improved nitrogen utilization efficiency (Tacoma et al. 
2017).In addition to lipid-related biomarkers, alterations in 
glucose and GGT concentrations further support the pres‑
ence of metabolic and hepatic stress during the transition 
period. The observed decline in glucose levels postpartum 
may reflect increased peripheral glucose uptake for lacto‑
genesis, coupled with reduced hepatic gluconeogenesis 
under heat stress conditions (Wheelock et al. 2010; Zeng, et 
al., 2022). Meanwhile, elevated GGT activity (particularly 
during the periparturient period) may indicate hepatic oxi‑
dative stress or cholestatic responses, as previously reported 
in cows exposed to thermal load (Sejian et al. 2018; Sam‑
mad et al. 2020). These findings reinforce the hypothesis 
that heat stress not only disrupts energy metabolism but 
also impairs liver function through both direct and indirect 
mechanisms.

Proteomic analyses have demonstrated that HS exerts a 
regulatory effect on mitochondrial respiratory chain pro‑
teins and heat shock proteins in hepatic tissue, thereby 
compromising energy production and cellular homeostasis 
(Sejian et al. 2018; Skibiel et al. 2018). These mitochondrial 
dysfunctions are consistent with the findings of Collier et al. 
(2019), who emphasised the role of mitochondrial bioener‑
getics disruption in HS pathophysiology.

Table 4  Estimated means values of biochemical and productive 
parameters according to partum period
Item Partum period

1mbe 1wbe 1wpos 1mpos SEM
Total Protein(g/dl) 7,48a 6,89b 6,66b 7,21a 0,17
ALBUMIN(g/dl) 3,03 2,94 2,91 3,01 0,06
GGT (UI/l) 25,81a 20,04b 21,20b 26,53a 0,17
ASAT (UI/L) 66,86a 71,33a 104,29b 72,09a 1,07
UREA (mg/dl) 24,20ab 22,55a 26,58b 26,80b 0,22
Glucosa (mg/dl) 85,72a 79,75ab 71,13b 73,27b 0,41
NEFA (mmol/L) 0,158a 0,228a 0,503b 0,344c 0,04
BHB (mmol/L) 0,52a 0,51a 0,74b 1,10c 0,01
THI 65,07 66,30 67,33 66,66 0,08
Values are presented for four time points relative to parturition: 1 
month before (1mbe), 1 week before (1wbe), 1 week postpartum 
(1wpos), and 1 month postpartum (1mpos). Different superscripts 
within rows indicate statistically significant differences (P < 0.05). 
SEM, standard error of the mean

Table 5  Estimated means values of biochemical and productive 
parameters according to season
Item Season

W S SEM
Total Protein(g/dl) 6,86a 7,27b 0,20
Albumin(g/dl) 2,99 2,96 0,06
GGT (UI/l) 22,61 24,18 0,24
ASAT (UI/L) 75,58a 81,24b 0,42
UREA (mg/dl) 23,15a 26,92b 0,12
Glucose (mg/dl) 79,80 75,12 0,23
NEFA (mmol/L) 0,30 0,31 0,03
BHB (mmol/L) 0,74 0,69 0,06
THI 60,00b 72,68b 0,08
Values are presented two sampling seasons (winter [W] and summer 
[S]). Different superscripts within rows indicate statistically signifi‑
cant differences (P < 0.05)
SS Season, SEM standard error of the mean

Table 6  Estimated means values of biochemical and productive 
parameters according to farm
Item Farms (F)

A B C SEM
Total Protein(g/dl) 7,11 7,22 6,86 0,25
Albumin(g/dl) 3,05 2,97 2,90 0,08
GGT (UI/l) 25,99 22,15 22,02 0,22
ASAT (UI/L) 84,41 77,85 72,92 0,61
UREA (mg/dl) 25,69 25,89 23,52 0,27
Glucose (mg/dl) 79,74 77,54 75,09 0,42
NEFA (mmol/L) 0,325 0,308 0,292 0,01
BHB (mmol/L) 0,709 0,737 0,715 0,01
THI 67,97a 65,04b 66,00b 0,09
Values are presented for three farms (A, B, and C). Different super‑
scripts within rows indicate statistically significant differences (P < 
0.05)
F farm, SEM standard error of the mean
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sampling season (PP × SS). However, no significant effect 
was detected when comparing seasons as a main factor 
(Table 4), where values were similar (2.99 vs. 2.96 g/dL) 
and lacked statistical superscripts. Therefore, the seasonal 
variation in albumin should be interpreted cautiously and 
attributed to interaction effects rather than a standalone sea‑
sonal influence (Stefanska, et al., 2024). While the discus‑
sion highlights lower serum urea concentrations in Farm C, 
this pattern was most evident in the interaction effects (PP 
× F), particularly at specific time points such as one month 
before and after partum (Table 1, lines 8–10). In contrast, 
the main effect of farm (Table 5) showed more comparable 
values across farms (25.69, 25.89, and 23.52 mg/dL), with 
no statistical superscripts indicating significance. Thus, the 
observed differences in urea are better explained by farm-
specific interactions rather than by farm as an isolated factor 
(Tacoma et al. 2017).

Significantly, recent omics studies have revealed that HS 
has long-lasting molecular consequences. Transcriptomic 
analyses have shown the upregulation of genes involved 
in inflammation and stress (e.g., HSP70, NF-κB), and the 
downregulation of genes related to lipid metabolism in 
hepatic and mammary tissues (Skibiel et al. 2018; Li et al. 
2023a, b). Epigenetic modifications associated with prena‑
tal heat exposure have been linked to persistent metabolic 
alterations and immune dysregulation in offspring, rais‑
ing concerns about transgenerational impacts (Halli et al. 
2025; Zeng, et al., 2022). Notably, analogous transgenera‑
tional effects have also been documented in rodent models 
exposed to thermal stress during gestation, thereby under‑
scoring the broader biological significance. In line with 
these findings, the THI emerged as a critical environmental 
variable influencing the metabolic responses of transition 
cows. The present study revealed significant effects of THI 
across partum period, sampling season, and farm, as well 
as their two-way interactions (PP × SS, PP × F, SS × F), 
underscoring the multifactorial nature of thermal stress. THI 
values were consistently higher in summer than in winter 
across all physiological stages, with the most pronounced 
differences observed one week before partum (74.77 ± 0.14 
vs. 58.03 ± 0.22) and one month postpartum (74.33 ± 0.13 
vs. 61.99 ± 0.15). Farm-specific differences were also evi‑
dent, particularly during the postpartum period, with Farm 
A exhibiting the highest THI values both in summer and 
winter. These variations likely reflect differences in micro‑
climatic conditions, ventilation systems, and heat abatement 
strategies (Bernabucci et al. 2014; Sejian et al. 2018). The 
significant interaction between THI and physiological stage 
suggests that cows in late gestation and early lactation are 
particularly vulnerable to heat load, which may exacerbate 
the metabolic shifts associated with negative energy bal‑
ance (Polsky and von Keyserlingk 2017;(Zeng, et al., 2022). 

Beyond the biochemical parameters, HS instigates behav‑
ioural adaptations such as an increase in standing time, a 
decrease in lying and rumination, and an alteration in feed‑
ing frequency. Consequently, these adaptations decrease the 
digestibility of nutrients and exacerbate metabolic stress 
(Fritz 2021; Ramón-Moragues et al. 2021). Such behav‑
ioural shifts have been demonstrated to have a detrimental 
effect on immune function, thus increasing susceptibility 
to mastitis, lameness, and gastrointestinal disorders (West 
2003). Recent studies also suggest that HS-induced changes 
in the neuroendocrine system may exacerbate inflammatory 
responses, further compromising health. As demonstrated 
by St-Pierre et al. (2003) and Key et al. (2014), HS have 
been shown to result in significant reductions in milk pro‑
duction, reproductive efficiency, and longevity. This, in turn, 
has considerable negative impacts on the dairy industry.

The significant interactions identified between partum 
period and season for total protein and albumin, and between 
partum period and farm for NEFA and urea, reveal the inter‑
twined effects of environmental and nutritional factors on 
cow metabolism. Seasonal fluctuations in total protein lev‑
els before parturition, and decreases in albumin postpartum, 
particularly during summer months, may be indicative of 
the cumulative impacts of subclinical inflammation and oxi‑
dative stress (Stefanska, et al., 2024). The observed variabil‑
ity among farms in NEFA and urea concentrations is likely 
to be indicative of differences in nutritional strategies (e.g. 
energy density, protected amino acids), cooling infrastruc‑
ture, and the implementation of monitoring protocols such 
as rumen sensors and panting scores (Correa-Calderón et 
al. 2022; Fabris et al. 2019). The interaction between the 
season of sampling and the farm on which the samples were 
collected further emphasises the importance of environmen‑
tal stressors that are specific to the farm. Evidence suggests 
that elevated ASAT levels in Farm A during the summer 
months are indicative of inadequate thermal regulation or 
insufficient welfare management. This highlights the need 
for customised mitigation strategies tailored to each farm’s 
infrastructure, microclimate, and herd characteristics (Ber‑
nabucci et al. 2014; Sejian et al. 2018). Additionally, differ‑
ences in dietary formulation and nutritional strategies across 
farms may have contributed to the observed metabolic vari‑
ability. Variations in energy density, protein degradability, 
and the inclusion of feed additives such as rumen-protected 
amino acids or antioxidants could influence parameters 
such as NEFA, urea, and total protein (Fabris et al. 2019; 
Correa-Calderón et al. 2022). These nutritional factors, in 
combination with environmental stressors, likely shaped the 
physiological responses observed in each farm. Although 
serum albumin levels appeared lower in summer com‑
pared to winter one month postpartum, this difference was 
observed within the interaction between partum period and 
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stress. Therefore, tailored interventions (such as nutritional 
adjustments, cooling systems, and precision monitoring) are 
essential to mitigate these impacts and protect cow health 
and productivity in the face of rising climate challenges. 
Future research should explore the long-term effectiveness 
of these strategies across diverse production systems and 
climatic conditions, with particular attention to their impact 
on metabolic homeostasis and health outcomes in subse‑
quent lactations.
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