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Abstract
This study evaluated the effects of ambient temperature (T) and relative humidity (RH) during the postpartum transition period on dairy 
cows’ milk performance, fertility, and immunometabolic blood indices in the subsequent lactation. A total of 100 Polish Holstein-Friesian 
cows originating from five commercial dairy farms were categorized into three groups based on average T (<16°C, 16–20°C and >20°C) 
and RH (<65%, 65–75%, and >75%) on the calving day (0d), and days 7, 14, 21 after calving. With increasing T and RH postpartum, 
the average daily milk yield during the first 150 days in milk decreased gradually, and the differences between T <16°C and >20°C and 
RH <65% and >75% groups were approximately 3.48 and 2.78 kg, respectively. Milk of cows exposed to increased T and RH was lower 
in protein and lactose and higher in fat, milk urea, and somatic cell count. It was also characterized by altered fat composition. Ambient 
T during the postpartum period had a negative effect on cows’ fertility, which, however, was not affected by RH. The increasing T from 
<16°C to >20°C resulted in the later manifestation of the first estrus (by 27.7 days), a more extended artificial insemination service period 
(by 19.4 days), a higher number of insemination services per conception (by 0.92 on average), more days open (by 43.3 days), and a longer 
calving interval (by 43.3 days). Within ranges used in this study, increasing T and RH during the period from d 0 to d 14 postpartum led 
to decreased body condition score on day 21 by approximately 0.48 and 0.51 points, respectively. Furthermore, T and RH on a calving day 
were associated with altered biochemical blood indices on d 21 after calving, indicating a more severe negative energy balance and a state 
of inflammation. The results of this study suggest that dairy cows that calve when T >16°C should be provided cooling to ensure optimal 
environmental conditions for high milk production and prevent economic losses associated with reduced milk yield and low fertility.
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The climate is changing, and global warming effects, 
such as higher frequency of hot days and heat waves, 
significantly impact cattle performance by increasing the 
chances of animals experiencing heat stress (HS). High-
producing dairy cows are particularly susceptible to HS 
as they generate more heat during digestive and metabol-
ic processes than low-yielders due to their higher feeding 
requirements associated with increased milk production 
(Das et al., 2016). Milk yield per cow continuously in-
creases due to genetic selection and improved nutrition 
and management practices (Gross, 2023). This, coupled 
with global warming, is thought to make HS an even 
greater challenge for dairy farmers in the future.

HS arises when hot environmental conditions cause 
cattle to reach a point where they gain more heat from 

metabolism and the environment than they can easily 
lose. It leads to hyperthermia and triggers several be-
havioral, physiological, and cellular responses aimed 
at returning to temperature balance. As reviewed by 
several papers (Bernabucci et al., 2010; Sammad et al., 
2020; Cartwright et al., 2023), typical cows’ adaptations 
to HS include a decrease in dry matter intake (DMI), an 
increase in sweating and respiration rate, and re-directing 
blood from the digestive system to the peripheral tissues 
where heat can dissipate more efficiently. They are ac-
companied by significant changes in metabolism aimed 
at decreasing internal heat generation (Lamp et al., 2015; 
Chen et al., 2024). Although these responses are essen-
tial for animals’ welfare and survival, they result, among 
other things, in greater maintenance requirements, de-
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creased energy availability (Sammad et al., 2020; Kim 
et al., 2022), altered mammary gland function (Tao et 
al., 2018; Mendonca et al., 2024), changes in endocrine 
profile (Bernabucci et al., 2010; Sammad et al., 2020), 
oxidative stress (Guo et al., 2021), and impaired immune 
function (Lemal et al., 2022). Consequently, HS in dairy 
cattle often leads to numerous issues, including reduc-
tions in milk production, health problems, and impaired 
reproduction (Tao et al., 2020; Cartwright et al., 2023). 

The extent of adaptive changes in response to hot 
environment conditions largely depends on animals’ 
nutritional and metabolic status related to the phase of 
their production cycle. The transition period between 
late pregnancy and the onset of lactation, ranging be-
tween three weeks before and three weeks after calving 
(Drackley, 1999), is a challenging time for dairy cows. 
During this stage, cows experience a drop in feed intake 
combined with a rapid increase in nutrient requirements 
to support the final stages of foetal growth and initiation 
of milk synthesis, resulting in a negative energy balance 
(NEB; de Vries and Veerkamp, 2000). In the state of 
NEB, body fat reserves are mobilized from adipose tis-
sue to compensate for energy deficit, and non-esterified 
fatty acids (NEFA) are liberated into the blood circula-
tion to be subsequently oxidized in the liver. Excess of 
released NEFA is metabolized in hepatocytes to ketone 
bodies, including β-hydroxybutyrate (BHBA), or re-
esterified to triglycerides (TG; Stefanska et al., 2016 a, 
b; Baumgard et al., 2017). Although NEB is a normal 
adaptive mechanism in transition cows, severe body fat 
mobilization can lead to metabolic disorders such as fatty 
liver and ketosis (Drackley, 1999; McArt et al., 2013). 
Several studies found that NEB, with concurrent changes 
in plasma BHBA and NEFA concentrations, is associ-
ated with immune suppression (Sordillo and Mavangira, 
2014; Bionaz et al., 2007). This, combined with other 
known immunosuppressants like stress, low calcium lev-
els, and endocrine changes associated with calving, can 
increase the risk of retained placenta, metritis, and masti-
tis postpartum (Esposito et al., 2014). Shifts in blood me-
tabolites and hormones related to NEB can also compro-
mise ovarian function and fertility (Butler, 2005; Dubub 
et al., 2012; Cheong et al., 2016). In addition, multiple 
reproductive processes are impaired due to postpartum 
infectious and metabolic disorders (Carvalho et al., 2019; 
Braga Paiano et al., 2019; Gilbert, 2019). 

Heat stress during the transition period threatens 
dairy cows’ already challenged metabolism and immune 
system, which can further exacerbate their health, fertili-
ty, and milk production. However, although many studies 
analyzing HS effects investigated cows in various phases 
of their physiological cycle, research focused on the peri-
parturient period, especially in the postpartum transition 
period, is limited. 

Ambient temperature is a significant climate factor 
determining HS, but humidity is also important because 
losing body heat is more effective when humidity is low. 
The temperature-humidity index (THI) combines these 

two factors into an indicator of cow thermal comfort of-
ten used in research. In our previous study, we investigat-
ed the effects of HS based on the THI indicator on cows’ 
performance (Stefanska et al., 2024 a, b). However, using 
air temperature alone may also be reliable, and tempera-
ture is easier to monitor in daily farm management (Hut 
et al., 2022). Therefore, this study aimed to evaluate the 
effects of ambient temperatures and relative humidity as 
HS parameters of cows during early lactation on milk 
yield and composition, fertility, and immunometabolic 
blood indices in subsequent lactation. 

Material and methods

Ethics approval
This work was carried out in accordance with the 

EU Directive 2010/63/EU for the protection of animals 
used for scientific purposes, and all procedures were 
conventional practices for animal health assessment and 
monitoring. In particular, blood samples were collected 
during standard veterinary activities, and the appropriate 
authorities approved all procedures.

Animals
Data for this study originated from 5 commercial 

dairy farms and were collected between June and Sep-
tember 2018 in temperate climates. Prospective cohort 
data were gathered from these farms. The selected farms 
had more than 80 dairy cows (93 on average; ranging 
from 85 to 110) and the milk yield of the previous lacta-
tion was greater than 9,500 kg (10,173 kg on average; 
ranging from 9,987 to 10,640 kg). From each farm, 20 
Polish Holstein-Friesian cows were selected based on 
their parity (41 primiparous and 59 multiparous), 305-
d milk production (10,055 kg on average; ranging from 
9,252 to 10,800 kg), and health status (clinically healthy). 
Of the 100 selected cows, six were found to have health 
problems during the first 60 days after calving and were 
eliminated from the study. Data obtained for these ani-
mals were included in the analysis until the time at which 
the health complications occurred. The herd maintained 
a similar management and housing system. During the 
dry period, the cows were housed in shaded free-stall 
barns with natural ventilation and bedding consisting of 
chopped straw. After calving, all cows received similar 
treatment, including access to cooling measures such as 
shade and fans or air mixers during the lactation phase. 
The fans or air mixers were automatically activated 
when the ambient temperature exceeded 21.0°C, and 
they maintained an air velocity of 1.8 m/s, following the 
guidelines of Bailey et al. (2016). Representative samples 
of forages, including corn, grass, and alfalfa silages, were 
collected monthly. These samples were analyzed using 
the near-infrared reflectance spectroscopy method as per 
PN-EN 12099:2017-10, employing a FOSS DS3TM (Foss 
Electric, Hillerød, Denmark). The analysis covered vari-
ous nutritional components, including dry matter, crude 
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protein, neutral detergent fiber, acid detergent fiber, ether 
extract, and starch. This analysis was conducted consist-
ently throughout the experiment. The nutritional value of 
the feed components was calculated using the nutrient 
content obtained through analysis. These calculations 
were performed using the AMTS.Cattle.Pro version 4.7 
(2017, AMTS LLC, Groton, NY). The formulated diets 
for lactating cows were adjusted monthly to meet the nu-
tritional requirements following the guidelines set forth 
by the National Research Council (2001). These diets 
were composed primarily of silages such as corn, grass, 
and alfalfa, as well as concentrates such as soybean meal, 
rapeseed meal, barley, and triticale. A mineral–vitamin 
premix was also included. These diets were delivered to 
the cows twice daily, at 0600 and 1400 h, and were made 
available ad libitum. After calving, all cows were tran-
sitioned to an early FRESH lactation diet up to 21 days 
in milk (DIM), with an average feed intake of 24 kg dry 
matter intake (DMI), and 35 kg milk yield. Subsequently, 
from 22 to 150 DIM, they were fed a TMR I lactation 
diet, formulated to meet the nutritional requirements of 
dairy cows consuming 28 kg DMI and producing 40 
kg of milk. The early lactation FRESH diet contained 
a range of 50.8–65.2% forage, 17.5–18.1% CP, 31.1–
34.1% NDF, 20.7–24.4% starch, and 255–286 mEq/kg 
DCAB on a DM basis. The TMR I diet contained a range 
of 45.5–54.9% forage, 15.9–17.5% CP, 28.1–31.5% 
NDF, 25.5–28.4% starch, and 268–320 mEq/kg DCAB 
on a DM basis. The composition and nutritional value of 
lactation diets are summarized in Stefanska et al. (2024 
b). Orts, which refer to leftover feed, were removed daily 
before the morning feeding. Throughout the experiment, 
water was supplied to the cows ad libitum and was acces-
sible through self-filling troughs. 

Environmental data 
Temperature (T, °C) and relative humidity (RH, %) 

in the barns were recorded every 15-minute interval with 
data loggers (WatchDog A-Series, SpecWare 9 Basic, 
Spectrim Technologies Inc., Aurora, USA) located 3 m 
above animals. This positioning aligns with the recom-
mendations put forth by Hut et al. (2022) and Lambertz 
et al. (2014). These data loggers had a temperature range 
of −45 to 85°C with an accuracy of ±0.6°C and a humid-
ity range of 0% to 100% with an accuracy of ±3%. The 
cows were classified based on their T and RH independ-
ent exposure during the early lactation period, and the 
average daily T and RH were calculated on the calving 
day (0 d) and the 7, 14, and 21 days in milk. Temperature 
and relative humidity values were then divided respec-
tively into three categories: T <16°C, T 16–20°C and 
T >20°C, and RH <65%, RH 65–75%, and RH >75%. 
These categories were chosen based on levels of envi-
ronmental parameters previously indicated as thresholds 
above which HS effects start to occur in cows raised in 
temperate climates of Central Europe (Brügemann et al., 
2012; Gorniak et al., 2014; Pinto et al., 2020). Also, de-
scriptive statistics of evaluated parameters (explanatory 

variables such as T and RH) during early lactation of Pol-
ish Holstein-Friesian dairy cows are shown in Table 1. 

Table 1. Descriptive statistics of evaluated parameters (explanatory 
variables such as T and RH) during early lactation of dairy cows

Item1 Mean Minimum Maximum

T 0 d 23.38 17.40 27.30

T +7 d 22.92 17.70 26.50

T +14 d 22.84 18.29 26.89

T +21 d 22.93 17.77 27.50

RH 0 d 66.36 55.05 82.07

RH +7 d 68.14 55.65 83.61

RH +14 d 67.41 51.04 81.21

RH +21 d 66.82 51.43 80.43

1T 0 d, +7 d, +14 d, +21 d = temperature calculated on the calving day 
(0 d) and 7, 14, and 21 days after calving; RH 0 d, +7 d, +14 d, +21 d = 
relative humidity calculated on the calving day (0 d) and 7, 14, and 21 days 
after calving.

Milk production performance
The milk performance data used in this study in-

cluded the early lactation period from the calving day 
until 150 DIM. Farms housing animals used in this study 
milked cows twice a day at approximately 0500 and 1700 
h. Milk yield was recorded daily using automated elec-
tronic milk meters (DeLaval MM27BC, Wrocław, Po-
land). Milk samples for the determination of the chemical 
composition of milk were collected from each cow dur-
ing the morning and afternoon milking of every month’s 
routine test days conducted by the Polish Federation of 
Cattle Breeders and Dairy Farmers. Concentrations of fat 
(%), protein (%), lactose (%), casein (%), milk urea (MU, 
mg/mL), and fatty acids (FA, g/100 g of fat) in milk were 
predicted by Fourier transform infrared spectroscopy 
using a CombiFoss FT 6000 apparatus (Foss Electric, 
Hillerød, Denmark), and somatic cell count (SCC, 103 
cells/mL) was determined using Foss-o-Matic equip-
ment (FOSS Electric, Hillerød, Denmark). FA included 
four individual FA (C14:0, C16:0, C18:0, and C18:1) and 
eight groups, specifically saturated FA (SFA), unsatu-
rated FA (UFA), monounsaturated FA (MUFA), polyun-
saturated FA (PUFA), trans-unsaturated FA (trans-UFA), 
short-chain FA (SCFA), medium-chain FA (MCFA), and 
long-chain FA (LCFA). More details about milk fatty 
acids analysis are presented by Komisarek et al. (2022). 
The milk yield and composition data for this study were 
collected until 150 DIM. They were subsequently used 
to calculate 3.5% fat-corrected (FCM), 3.5% fat-and-
protein-corrected (FPCM), and energy-corrected (ECM) 
milk yields according to formulas described in Stefanska 
et al. (2024 a).

Reproductive performance and body condition 
score

Reproductive data included the length of the anestrus 
period (number of days from calving to the first artificial 
insemination (AI) service), the length of the AI service 
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period (number of days from the first to successful AI 
service), the number of services per conception, days 
open (number of days between parturition and the fol-
lowing conception), and calving interval (number of days 
from one to the next calving). The body condition score 
(BCS) of the cows, rated on a scale of 1 (thin) to 5 (fat) 
according to Edmonson et al. (1989), was recorded at 
three weeks after calving (on d 21±3).

Blood sampling and analyses
Blood samples were collected from the tail vein  

4±0.5 h after morning feeding on d 21±3 after calving. 
The vacutainers with samples were transported to the 
laboratory and centrifuged at 3,000 × g for 15 min at 4°C. 
The separated serum was stored at –20°C until analyzed. 
Concentrations of the immunometabolic blood indices 
were then determined in the samples using a micro-
plate spectrophotometer (Synergy 2, BioTek Biokom). 
The metabolites determined in the blood samples were 
glucose (g/dL), TG (mg/dL), NEFA (mmol/L), BHBA 
(mmol/L), aspartate aminotransferase (AST; IU/L), ala-
nine aminotransferase (ALT; IU/L), cholesterol (mg/dL), 
low-density lipoproteins (LDL; mg/dL), high-density 
lipoproteins (HDL; mg/dL), blood urea nitrogen (BUN; 
mg/dL), total serum protein (TSP; g/dL), albumin (g/L), 
tumor necrosis factor α (TNF-α; ng/L), interleukin 1 
(IL-1; ng/L), interleukin 6 (IL-6; ng/L), serum amyloid 
A (SAA; µg/mL), haptoglobin (Hpt; µg/mL), heat shock 
70 kDa protein 1A (HSP70; ng/mL), calcium (Ca; mg/
dL) and hormones such as insulin (ng/mL), insulin-like 
growth factor I (IGF-I; ng/mL), follicle-stimulating hor-
mone (FSH; ng/mL), luteinizing hormone (LH; ng/mL), 
adiponectin (ADP; µg/mL), leptin (LEP; ng/mL). Details 
on blood indices determination methods are given in Ste-
fanska et al. (2024 a).

Statistical analysis 
Before analysis the PROC MEANS was used and 

then all data underwent normality screening using 
PROC UNIVARIATE in SAS version 9.4, SAS Insti-
tute. Fertility parameters, such as service per concep-
tion and AI period service were subjected to Box-Cox 
transformation, and milk SCC to a logistic transfor-
mation function before statistical analysis. The results 
for the above fertility parameters and milk SCC were 
presented in Tables as means before a transformation, 
but the significance between the explanatory variables 
for these indices after transformation. The explanatory 
variables, T and RH during early lactation (at days 0, 7, 
14, and 21), were divided into three categories, and this 
classification was consistent across the analysis of pro-
ductive performance, fertility, and biochemical blood 
indices. The effect of barn environmental microclimate 
such as T and RH indices during early lactation on pro-
ductive performance, fertility, and immunometabolic 
blood indices was determined using the GLM procedure 
of SAS separately for each explanatory variable under 
the models described in the equations. Milk production 

performance also including FA composition was ana-
lyzed using the following model: 

Yijklmno = μ + Li + Hj + Bk + Rl + β1afcm + β2dln + eijklmno

where: Yijklmno = the value of the dependent variable; 
μ = the overall mean; Li – fixed effect of cow’s parity 
(i = 1, 2); Hj – fixed effect of the farm (j = 1, 2, 3, 4, 
5); Bk – is the explanatory variable – fixed effect of the 
category of T on the 0, or 7, or 14, or 21 DIM during 
early lactation (k = 1, 2, 3); Rl – is the explanatory vari-
able – fixed effect of the category of RH on the 0, or 7, 
or 14, or 21 DIM during early lactation (l = 1, 2, 3); β1 
and β2 – partial linear regression coefficients; afcm – the 
age at first calving; dln – DIM; and eijklmno – is the random 
error. The fertility indices were analyzed using the same 
statistical model but without the second partial regression 
coefficient (β2dlm). The immunometabolic blood indices 
were analyzed using the following model: 

Yijklmno = μ + Li + Hj + Bk + Rl + β1afcm + β2dln + eijklmno

where: Yijklmno = the value of the dependent variable; μ 
= the overall mean; Li – fixed effect of cow’s parity (i = 1, 
2); Hj – fixed effect of the farm (j = 1, 2, 3, 4, 5); Bk – is 
the explanatory variable – fixed effect of the category of 
T on the 0, or 7, or 14, or 21 DIM during early lactation 
(k = 1, 2, 3); Rl – is the explanatory variable – fixed effect 
of the category of RH on the 0, or 7, or 14, or 21 DIM 
during early lactation (l = 1, 2, 3); β1 and β2 – partial lin-
ear regression coefficients; afcm – the age at first calving; 
dsn – day of blood sampling; and eijklmno – is the random 
error. In cases of the significance of the explanatory vari-
ables, individual comparisons were made using Duncan’s 
adjustment. Statistical significance was declared when 
P≤0.05. 

Results

The effects of environmental conditions during the 
early postpartum period on cows’ lactation performance 
are shown in Tables 2–5. With increasing ambient T 
and RH from the calving day to day 21, the average 
daily milk yield during the first 150 days of lactation 
decreased gradually (P≤0.05). The differences between 
T <16°C and >20°C and RH <65% and >75% groups 
were approximately 3.48 and 2.78 kg, respectively. 
Changes in 3.5% FCM, 3.5% FPCM, and ECM due to 
rising T and RH were similar to those for actual milk 
yield. Also, the chemical composition of milk was as-
sociated with ambient T and RH during the early post-
partum period (P≤0.05). Cows exposed to T >20°C and 
RH >75% produced milk that was lower in protein (by 
approximately 0.2 and 0.1%, respectively) and higher in 
fat (by approximately 0.4 and 0.3%, respectively) than 
those housed in T <16°C and RH <65%. The milk lac-
tose concentration was associated with barn microcli-
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mate indices during early lactation. With an increasing 
T on the +14 d and RH on the calving day (0d) and on 
the +14 d during early lactation, we recorded decreased 
milk lactose content (P≤0.05). Also, increasing T from 
the calving day up to +21 d during early lactation was 
associated with higher milk casein, but increasing RH 
was associated with decreasing that milk compound 
(P≤0.05). Also, increased T and RH were associated with 
increasing the MU and SCC contents in milk (P≤0.05). 
We observed an association of T and RH values from 
day 0 to day 21 after calving with milk fatty acids com-
position during the first 150 days of lactation. Among 
individual FA analyzed in this study, only C14:0 was 
associated with T and RH categories, and lower C14:0 
values (P≤0.05) were found in the milk of T ≥16°C and 
RH ≥65% compared to T <16°C and RH <65% cows, 
respectively. With rising T and RH early after calving, 
SFA gradually increased, and UFA decreased (P≤0.05). 
We also observed that LCFA increased (P≤0.05) at the 
expense of SCFA and MCFA (P≤0.05) with rising T 
and RH. Additionally, both environmental parameters 
were associated with trans-UFA content in milk fat. The 
BCS on day 21 after calving was associated with both 
environmental parameters we used in this study (Table 
2–5; P≤0.05). With rising T (from T <16°C to T >20°C) 
and RH (from RH <65% to RH >75%) up to d 14 post-
partum, the BCS decreased by approximately 0.48 and 
0.51 points, respectively.

We found the detrimental effect of ambient T from 
the calving day (d 0) to day 21 after calving on the sub-
sequent fertility of cows (P≤0.05), which, however, was 
not affected by RH (Table 6). The increasing air tempera-
ture postpartum from T <16°C to T >20°C was related 
to the later manifestation of the first estrus (by 27.7 days 
on average), a more extended AI service period (by 19.4 
days on average), and higher number of AI services per 
conception (by 0.92 on average). Consequently, the days 
open and calving interval in T >20°C cows were elon-
gated by 47.3 days on average compared to the T <16°C 
group.

The associations between ambient T and RH on  
a calving day and biochemical blood indices on d  
21 after calving are presented in Table 7. With increas-
ing T and RH, we observed increased concentrations of 
TG, NEFA, BHBA, LEP, TSP, TNF-α, IL-1, IL-6, and 
HSP70 (the latest was affected only by temperature) 
and lower levels of glucose, IGF-I, ADP, FSH, and 
LH (P≤0.05). The remaining blood indices included in 
this study, such as insulin, AST, ALT, cholesterol and 
its fractions, BUN, albumin, SAA, Hpt, and Ca, were  
not influenced by barn microclimate conditions at 
calving. 

Discussion

The results of this study indicate that exposure 
of dairy cows to increased ambient T and RH during 

the postpartum transition period is associated with 
changes in their metabolic status and has a prolonged 
effect on productive and reproductive performance. 
The reduction in milk yield is a frequent observation 
in lactating cows suffering deterioration of barn mi-
croclimate indices and HS occurrence. An important 
contributor to this reduction is a lower feed intake, 
leading to insufficient energy and nutrient supply to 
an animal to support high milk production (Rhoads et 
al., 2009; Baumgard et al., 2011; Lamp et al., 2015). 
The other factors include increased energy expendi-
ture for heat loss mechanisms such as panting and 
sweating and changes in postabsorptive metabolism, 
independent of feed intake and whole-animal energy 
balance, which may alter the availability of nutrients 
to the mammary gland (Baumgard and Rhoads, 2012). 
Although many papers reported lower milk production 
during HS conditions, limited data exists about the 
longer-term effects of early-lactation cows’ exposure 
to hot environments. Safa et al. (2019) observed that 
cows cooled during the first seven weeks after calv-
ing yielded 1442 kg more milk over the whole lacta-
tion period than noncooled cows. Menta et al. (2022) 
recently showed that cows suffering from HS during 
PRE (28 days before calving), POST (28 days after 
calving), or both PRE and POST periods displayed 
similar reductions in daily milk yield (1.7 kg and 2.4 
kg in nulliparous and parous cows, respectively) un-
til 90 DIM. These cows were also at a greater risk of 
morbidity in early lactation, which could contribute to 
their lower milk production. In this study, ambient T 
≥16°C and RH >75% conditions from calving day (d 
0) to d 21 postpartum were associated with reduced 
daily milk yield (by approximately 3.5 kg) until 150 
DIM. Even though individual feed intake data were 
not included in our data set, it seems likely that this 
reduction partly resulted from decreased DMI and 
changed metabolism during the first weeks after calv-
ing. Also, similarly to Menta et al. (2022), HS cows in 
our study were characterized by a higher SCC in milk, 
indicating poorer udder health, and mastitis, even in 
the subclinical form, negatively affects cows’ produc-
tivity. Increased plasma levels of pro-inflammatory 
cytokines IL-1α, IL-6, and TNF-α that we observed 
in cows exposed to higher ambient T and RH might 
also be important. There is evidence that postpartum 
inflammation negatively affects milk production, al-
though mechanisms underlying long-term inflamma-
tory effects on milk yield remain unclear. Bionaz et al. 
(2007) showed that cows with the greatest plasma par-
aoxonase activity associated with increased markers of 
inflammation during the first 30 DIM produced 1,971 
kg more milk over 305 d lactation than animals with 
the lowest enzyme activity. In line with these results, 
Carpenter et al. (2016) reported that treating cows for 
three days early after calving with anti-inflammatory 
drugs increased whole-lactation milk yield by 7 to 
 9%. 
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HS not only decreases milk yield but also affects milk 
composition. In this research, we observed a decrease in 
protein content in the milk of cows exposed to higher 
T and RH conditions. On the other hand, increasing T 
from the calving day up to +21 d during early lactation 
was associated with higher milk casein, but increasing 
RH was associated with decreasing that milk compound. 
Also, the milk lactose concentration was associated with 
barn microclimate indices during early lactation. With 
an increasing T on the +14 d and RH on the calving 
day and the +14 d during early lactation, we recorded 
decreased milk lactose content. Although observed ef-
fects are not entirely consistent, several other studies 
also reported reduced milk protein and casein percentage 
during hot compared to temperate seasons (Heck et al., 
2009; Bernabucci et al., 2015; Quellet et al., 2019) and in 
cows housed in controlled environments under HS con-
ditions compared to those under conditions of thermal 
neutrality (Rhoads et al., 2009; Wheelock et al., 2010; 
Cowley et al., 2015; Gao et al., 2017; Ruiz-Gonzalez et 
al., 2023). The mechanisms underlying HS-induced re-
duction in milk protein similar to casein contents are not 
fully understood. Increased temperature and relative hu-
midity can reduce the ability of cattle to dissipate excess 
heat which can ultimately lead to heat stress occurrence 
and associated physiological changes (Wheelock et al., 
2010). Still, they may include various metabolic chang-
es, both related and unrelated to a lower feed intake. For 
example, HS is often associated with decreased glucose 
levels in the blood resulting from decreased DMI and 
limited propionate supply for hepatic gluconeogenesis. 
Heat stress causes a decline in hepatic glucose leading 
to a reduced supply of glucose to the mammary glands 
which in turn negatively affects milk lactose synthesis 
(Wheelock et al., 2010). Also, Gao et al. (2017) hypoth-
esized that in these conditions, an enhanced utilization of 
amino acid (AA) for glucose production could occur in 
the liver, leading to an insufficient supply of milk protein 
precursors to the mammary gland. Also, Nardone et al. 
(1997) proposed that a supposed reduction of mammary 
blood flow, as blood distribution is altered in an increased 
temperature and heat stress occurrence, may decrease the 
supply of milk protein precursors to the mammary gland, 
causing a downturn in the production of casein and pos-
sibly all mammary-synthesized milk constituents. On the 
other hand, Cowley et al. (2015) suggested that a reduc-
tion in milk protein and also milk casein concentrations 
and altered milk protein composition found in cows af-
fected by HS were attributed to specific downregulation 
of mammary casein synthesis, which, however, had no 
residual effect that continued beyond the period of HS. 
Considering the HS effect on milk fat percentage, there 
is considerable inconsistency in reported results, sug-
gesting that various factors, including severity and dura-
tion of HS, influence a cow’s response to environmental 
conditions (Tao et al., 2018). In observational studies, fat 
concentration in milk was either increased (Smith et al., 
2013) or reduced (Heck et al., 2009; Bernabucci et al., 

2015; Quellet et al., 2019) by excessive heat. Similarly, 
cows exposed to HS in climate-controlled experiments 
had either increased (Baumgard et al., 2011), not changed 
(Wheelock et al., 2010; Cowley et al., 2015; Gao et al., 
2017), or decreased (Rhoads et al., 2009; Ruiz-Gonzalez 
et al., 2023) milk fat content than cows under thermal 
neutrality. In this study, the average milk fat percentage 
until 150 DIM increased with rising ambient T and RH 
during the postpartum transition period. This increase 
was associated with lower BCS, plasma glucose, and 
IGF-I and higher TG, NEFA, and BHBA in blood at 21 d 
after calving, indicating energy deficiency and enhanced 
adipose tissue (AT) mobilization. Around parturition, 
most high-producing cows fall into NEB due to rising 
energy requirements for milk production and a restricted 
feed intake capacity, and lipolysis of adipose tissue is  
a typical response to the NEB postpartum (Stefanska et 
al., 2016 a, b; Baumgard et al., 2017). Fat released to 
circulation in the form of NEFA can then be taken up 
and utilized by the liver, but it can also be used by the 
mammary gland for milk fat synthesis, proportionally to 
their blood concentration. That results in a higher milk 
fat percentage in early lactation, which could, to some 
extent, contribute to the increase that we observed until 
150 DIM. However, mechanisms underlying the long-
term effects of postpartum exposure to increased T and 
RH on fat, protein, casein, and lactose concentrations re-
main unclear. 

NEFAs mobilized from adipose tissue in cattle main-
ly comprise C16:0, C18:0, and cis9-C18:1 (Hostens et 
al., 2012). In our study, environmental conditions were 
not related to the individual concentrations of these FA 
in milk fat, except C14:0. However, we observed an 
increased proportion of total LCFA at the expense of 
SCFA and MCFA in cows exposed to increased T and 
RH. A similar trend was reported in other observational 
(Hammami et al., 2015; Heck et al., 2009) and climate-
controlled studies (Liu et al., 2017; Ruiz-Gonzalez et al., 
2023). Ruiz-Gonzalez et al. (2023) showed, however, that 
in contrast to the relative percentage of LCFA (>C16) in 
milk fat, the yield of these fatty acids did not increase in 
cows under HS conditions, and the reduction in >C16 
FA proportion was due to decreased yields of <C16 FA 
and C16 FA. In ruminants, while most LCFA originate 
from feed and body adipose tissue, all SCFA and MCFA, 
and approximately half of C16 fatty acids are synthesized 
de novo in the mammalian epithelial cells from rumen-
derived acetate and butyrate (Shingfield et al., 2013). 
The decrease in SCFA and MCFA in milk produced by 
cows exposed to HS could be, therefore, attributed to 
reduced feed intake and, consequently, lower ruminal 
volatile fatty acids production. Additionally, as Shahzad 
et al. (2015) reported, high ambient temperatures can 
alter liver transcriptome, possibly leading to decreased 
expression of genes (e.g. FASN) necessary for fatty acid 
synthesis. In this study, rising ambient T and RH from d 
0 to d 21 after calving were also associated with increas-
ing SFA and declining UFA concentrations in milk fat. 
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This result is in line with the assumption of enhanced 
mobilization of adipose tissue in animals exposed to hot 
environments because NEFAs released from abdominal 
fat in cows suffering from NEB are mostly SFA (Hos-
tens et al., 2012). Alternatively, as reported by Wang et 
al. (2020), the underlying mechanism might involve the 
altered expression of stearoyl-CoA desaturase 1 (SCD1), 
catalyzing the transformation of SFA into MUFA in the 
mammary gland. Contrary to our findings, Heck et al. 
(2009) and Hammami et al. (2015) found a higher pro-
portion of UFA in milk produced in hot environments, 
which could, however, reflect different feeding patterns 
across seasons. Trans FA are produced as intermediates 
of ruminal biohydrogenation in which the dietary UFA 
are converted by rumen microbiota to SFA (Shingfield 
et al., 2013). The higher concentrations of trans-UFA 
in cows exposed to increased ambient temperatures ob-
served by Heck et al. (2009) and in our study, possibly 
associated with an incomplete biohydrogenation process, 
suggest that rumen metabolism contributes to HS effects 
on milk fat composition. 

The elevated level of NEFA in the blood at 21 d af-
ter calving observed in this study in cows exposed to 
increased T and RH on the calving day contradicts the 
results reported in the literature. Several studies analyzed 
metabolic profiles in dairy cows under experimentally 
induced HS or thermoneutral pair-fed (PF) conditions 
(studies in which the amount of feed offered to thermo-
neutral animals is adjusted to be similar to the amount 
consumed by HS animals) in both established (>80 DIM; 
Rhoads et al., 2009; Wheelock et al., 2010; Gao et al., 
2017; Ruiz-Gonzalez et al., 2023) and early lactation 
(<35 DIM; Lamp et al., 2015; Koch et al., 2016). In these 
experiments, both HS and PF animals were in the state 
of NEB and had lower plasma glucose concentrations. 
However, cows’ response to NEB caused by hyperther-
mia differed from that to NEB resulting from a lower 
nutrition plane. NEFA levels in blood increased in PF 
but not in HS cows (Rhoads et al. 2009; Wheelock et 
al., 2010; Lamp et al., 2015; Koch et al., 2016; Gao et 
al., 2017; Ruiz-Gonzalez et al., 2023), which in HS ani-
mals coincided with increased plasma insulin (Wheelock 
et al., 2010; Ruiz-Gonzalez et al., 2023) and urea levels 
(Wheelock et al., 2010; Lamp et al., 2015; Gao et al., 
2017). One of the important functions of insulin in the 
body is to inhibit lipolysis in adipocytes. Several authors, 
including Wheelock et al. (2010) and Lamp et al. (2015), 
proposed that insulin-mediated decrease in AT mobili-
zation under HS conditions is an adaptive mechanism 
to minimize metabolic heat production, as oxidation of 
NEFA generates more heat than oxidation of carbohy-
drates. However, blocking the release of NEFA makes 
lactating cows more dependent on glucose as a major en-
ergy source. When propionate delivery to the liver is de-
creased due to reduced DMI, cows may mobilize skeletal 
muscle protein and use AA as alternative substrates for 
hepatic gluconeogenesis (Koch et al., 2016; Gao et al., 
2017). The increased plasma urea levels observed in HS 

cows supported this hypothesis because the deamination 
of AA before their use for glucose synthesis results in the 
liberation of ammonia, which is then converted to urea. 

In the current study, cows exposed to increased am-
bient T and RH environments on the calving day were 
characterized by lower plasma glucose and increased 
plasma NEFA and BHBA concentrations concurrent with 
unchanged insulin and urea levels. This indicates that 
the previously reported anti-lipolytic effect of HS was 
not observed under our experimental conditions. The 
differences in the severity of HS between studies might 
have contributed to the inconsistency of the results. In 
previous climate-controlled research, HS cows were 
exposed to temperatures of 28°C (THI 76; Lamp et al., 
2015; Koch et al., 2016), 29–39°C (THI varying between 
72 and 83; Rhoads et al., 2009; Wheelock et al., 2010; 
Ruiz-Gonzalez et al., 2023) and 32–36°C (THI 84; Gao 
et al., 2017). In our study, we set temperature thresholds 
at 16°C (which, according to the formula recommended 
by the National Research Council (NRC, 1971), corre-
sponds to THI of approximately 60 independently from 
RH) and 20°C (corresponding to THI of 63, 65 and 68 at 
0%, 50% and 100% RH, respectively). It cannot, there-
fore, be excluded that environmental conditions experi-
enced by HS animals in this experiment were not severe 
enough to trigger all metabolic responses previously ob-
served in lactating dairy cows. 

Once liberated from adipose tissue, NEFAs are pri-
marily taken up by the liver. They can either be oxidized 
or esterified and deposited in the hepatocytes as triglycer-
ides, disturbing liver function and leading to hepatocyte 
damage. Consequently, cholesterol and albumin synthe-
sis can be reduced, and hepatic enzymes such as ALT and 
AST can be released into the blood (Yang et al., 2023). 
In this study, greater mobilization of NEFA was not as-
sociated with changes in plasma concentrations of these 
indices, suggesting that the function of the liver in cows 
exposed to increased T and RH was not substantially 
compromised. 

Heat shock proteins (HSPs) are a highly conserved 
family of proteins that bind to their cellular protein sub-
strates and stabilize them against denaturation or misfold-
ing caused by high temperatures or other stressful condi-
tions, thereby improving cell viability. Among them, the 
HSPs with a molecular weight of 70 kDa (HSP70) are the 
most sensitive to changes in environmental temperature, 
and their plasma levels have been recognized as a marker 
for monitoring stress induced by heat exposure in ani-
mals (Hassan et al., 2019). The increased concentrations 
of HSP70 that we observed in the blood of cows exposed 
to ambient T >20°C on a calving day indicate that this 
temperature was high enough for cows to be in a state 
of hyperthermia. In line with our findings, Shahzad et al. 
(2015) showed higher expression of the HSP701A1 gene 
in postpartum dairy cows during the summer compared 
to the spring season. Although HSP70 proteins help to 
protect cells from damage, they can also, when released 
from cells, stimulate the production of pro-inflammatory 
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cytokines (Bradford et al., 2015; Lemal et al., 2023). In 
this research, we observed increased plasma levels of IL-
1, IL-6, and TNF-α cytokines in cows under T >20°C and 
RH >75% conditions, which is consistent with the results 
of other studies analyzing HS effects on cytokine levels 
in the blood (Chen et al., 2018) or cytokine genes expres-
sion (Gao et al., 2019). This inflammatory response could 
also be triggered by altered levels of adipokines secreted 
from adipose tissue, such as leptin and adiponectin. It is 
well known that although the primary function of AT is 
energy storage for the body, it can also release various 
humoral factors, playing an important role in regulat-
ing energy balance, reproduction, and immunity. LEP is 
considered mostly a pro-inflammatory factor, while ADP 
has anti-inflammatory effects (Frühbeck et al., 2017). We 
found increased LEP and lower ADP levels in the blood 
of cows exposed to the increased T and RH, suggesting 
that AT remodeling in early lactation stimulates inflam-
mation. As reviewed by Bradford et al. (2015) and Lemal 
et al. (2023), strong links exist between inflammatory 
markers and periparturient diseases, as well as decreased 
milk production. Although mechanisms associating HS 
with immune response have not been fully explained, 
these results indicate that HS-induced inflammation dur-
ing the transition period may contribute to compromised 
performance of cows in early lactation. 

It is well recognized that environmentally induced 
hyperthermia compromises reproductive physiology, and 
mechanisms underlying impaired fertility of dairy cows 
exposed to HS are complex (Cartwright et al., 2023; Do-
volou et al., 2023). When considering the association of 
exposure to a hot environment early after calving with 
subsequent reproductive performance, HS effects on the 
development of ovarian follicles are of particular interest. 
There is evidence that HS negatively alters the dynamics 
of follicular growth, steroidogenesis, and the quality of 
the oocyte and corpus luteum that forms following ovu-
lation, therefore influencing postpartum interval to first 
ovulation, the intensity of external estrous signs and the 
maintenance of pregnancy (Ferguson, 2020; De Rensis 
et al., 2021; Dovolou et al., 2023). The estimated time 
needed for antral follicles to develop into pre-ovulatory 
follicles is 40 to 50 days (Negrón-Pérez et al., 2019). This 
means that HS conditions early postpartum can cause 
damage to follicles and oocytes that are destined to ovu-
late much later, during the time when most cows are be-
yond the voluntary waiting period and are eligible to be 
bred. Menta et al. (2022) recently showed that exposure 
to HS for 28 days after calving depressed the percentage 
of cows that became pregnant after the first insemination. 
Similarly, cows exposed in this study to ambient T >20°C 
during the first three weeks postpartum were character-
ized by decreased reproductive efficiency as indicated by 
more days from calving to the first service and from the 
first service to conception, more services per conception, 
more days open and a longer calving interval. The de-
cline in fertility observed in these cows was associated 
with altered metabolic and endocrinal profiles at 21 d af-

ter parturition, including lower levels of LH, FSH, IGF-
1, and glucose and higher concentrations of NEFA and 
BHBA. IGF-1 is a growth factor that promotes growth 
and development within a variety of cell types, and its 
concentration in the blood largely depends on the nutri-
tional status of an animal (Lucy, 2000). Previous research 
provided evidence that IGF-1 stimulates the gonadotro-
pin-releasing hormone, and thereby, LH and FSH release, 
and acts synergistically with gonadotropins to stimulate 
follicle development (Zulu et al., 2002). Other studies re-
ported that NEFA and BHBA, whose concentrations are 
elevated in follicular fluid during NEB, adversely affect 
oocyte quality (Leroy et al., 2005) and steroidogenesis 
(Garverick et al., 2013). Glucose, as the primary energy 
source for the ovary, was found to have a stimulating ef-
fect on follicular growth and LH secretion at the hypo-
thalamic level (De Rensis et al., 2017). Taken together, 
these findings suggest that body energy balance is crucial 
for follicular growth and ovarian function. It is, there-
fore, likely that the exacerbated NEB that we observed 
in cows exposed to the hot environment early postpartum 
at least partly contributed to their decreased subsequent 
fertility. Other possible mechanisms by which HS im-
pairs cows’ reproductive function may be related to HS-
induced inflammation (Chastant and Saint-Dizier, 2019) 
or the direct effect of hyperthermia on the endocrine and 
reproductive organs (Dovolou et al., 2023). 

Levels of most traits associated with environmental 
conditions in the current study changed gradually with 
increasing ambient temperatures, starting from 16°C. 
Within the T and RH ranges used in this study, the hu-
midity had a smaller effect than the temperature on milk 
yield and composition and did not affect fertility param-
eters. Previous research shows considerable differences 
in HS thresholds among breeds, traits studied, climate 
indices used, and climate regions (Vinet et al., 2023). 
Most studies used the THI index as an HS measure. THI 
thresholds reported for deterioration of Holstein cows’ 
fertility traits ranged from 60 to 75 (García-Ispierto et al., 
2007; Morton et al., 2007; Schüller et al., 2014; Gernand 
et al., 2019). The onset of decline in milk yield has been 
declared at THI of 68–78 in various regions of the USA 
(Bohmanova et al., 2007; Dikmen and Hansen, 2009; 
Zimbelman et al., 2009), 73 in Spain (Carabaño et al., 
2016), 69 in Belgium (Carabaño et al., 2016), 62 in Lux-
embourg (Hammami et al., 2013) and 60–62 in Germany 
(Brügemann et al., 2012; Gorniak et al., 2014). It has 
been proposed that cattle raised in temperate regions ex-
hibit lower climatic adaptation and higher environmental 
sensitivity than those raised in warmer areas (Carabaño 
et al., 2016). Our results are not fully comparable with 
those of earlier studies as we analyzed the longer-term ef-
fects of cows’ exposure to excessive heat during the early 
postpartum period and used T and RH parameters sepa-
rately as HS measures. Although RH is an important fac-
tor for thermal comfort, it has a small effect on THI when 
air temperatures are relatively low. Following the equa-
tion developed by the NCR (1971), ambient T of 16°C 
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corresponds to THI of approximately 60 independently 
from RH (ranging from 59.3 at RH of 0% to 60.8 at RH 
of 100%). Thus, our results generally align with those ob-
tained in Germany (Brügemann et al., 2012; Gorniak et 
al., 2014), located in the same region of Central Europe 
as Poland. They indicate that heat abatement strategies 
to minimize HS effects on high-producing dairy cows in 
temperate climates should be used even when air temper-
atures are still relatively low. Also, in these conditions, 
ambient T suffices to indicate HS.

Like all observational field research, this study is 
limited by the possibility that confounding factors could 
account for the observed associations. For example, we 
could not collect data on cows’ individual DMI and phys-
iological HS indicators, such as respiration rate and rectal 
temperature, which could help interpret our results. Also, 
even though the analyzed cows were clinically healthy, 
the occurrence of some subclinical disorders cannot be 
excluded. However, the results of this study contribute to 
the limited knowledge of the effects of cows’ exposure 
to hot environments during the early postpartum period. 
Our findings indicate that housing cows under increased 
ambient T conditions during the first three weeks after 
calving was not only associated with altered immuno-
metabolic blood parameters indicating more severe NEB 
and state of inflammation in these animals, but also had 
long-term negative effects on milk production and repro-
ductive performance. Levels of these traits changed grad-
ually with increasing ambient T, starting from 16°C. This 
suggests that dairy cows that calve during seasons when 
air temperatures exceed this threshold should be provid-
ed effective cooling during the early postpartum period 
starting on the day of calving. This would ensure optimal 
environmental conditions for high milk production and 
prevent economic losses associated with reduced milk 
yield and low fertility.
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