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Abstract
Background Our previous study confirmed that large litter size adversely affects prepartum maternal hormones 
and behaviour, concurrently with heightened oxidative stress in primiparous sows. The purpose of this study was to 
examine the effect of large litter size on litter performance, postpartum maternal behaviour, salivary cortisol levels, 
and colostral immunoglobulin levels in sows, as well as investigate their correlations with the levels of oxidative stress 
parameters.

Results A total of 24 primiparous sows (Landrace× Large white) and their offspring were categorised into two 
groups based on litter size: NORMAL (n = 8) with litter size ranging from 7 to 14 (mean 11.5± 2.7), and LARGE (n=16) 
with litter size ranging from 15 to 20 (mean 15.9± 1.4). All sows were housed in a group housing system during 
gestation and transitioned to an adaptable loose housing system (2.4× 2.3 m) during the farrowing and lactation 
periods. The nursing and carefulness behaviour of the sows was monitored over a 24-h period between 72 and 96 h 
after parturition. Saliva samples were collected for cortisol assay on 35, 21, and 7 days before parturition (D-35, D-21, 
and D-7, respectively), as well as on days 1, 7, and 28 after parturition (D1, D7, and D28, respectively). On D1, higher 
piglet mortality rates were observed among the LARGE group compared to the NORMAL group (p<0.01). The total 
and successful nursing behaviours of the sows were less frequent in the LARGE group than in the NORMAL group 
(p<0.05, for both), and the carefulness score of the LARGE group was also lower than that of the NORMAL group 
(p< 0.01). On D1, cortisol levels in LARGE sows were higher than those in NORMAL sows (p< 0.05), and for other 
time points (D-21, D-7, D7, and D28), cortisol levels in LARGE sows tended to be higher than those in NORMAL sows 
(p < 0.10, for all). Successful nursing behaviour displayed negative correlations with levels of salivary cortisol and 
certain oxidative stress parameters measured on D1.

Conclusions These findings suggest that the strategy for alleviating physiological and oxidative stress during the 
peripartum periods could benefit potential postpartum maternal behaviour and litter performance in the sows with 
large litters.
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Background
In the past three decades, genetic selection for larger lit-
ter sizes in the pig industry has led to a significant rise 
in the number of piglets born alive, increasing from 10 
to 20 per litter [1]. However, this increase in litter size 
has been accompanied by a simultaneous decrease in the 
birth weight of piglets and an extension of the farrowing 
duration from 1.5 to 2 to 7–8 h [1, 2].

Studies have reported that low birth weight in piglets 
and prolonged farrowing are associated with reduced 
neonatal piglet vitality [3]. Low-vitality piglets not only 
require more time to initiate their first teat sucking, but 
they also exhibit limited competitiveness when com-
peting for teats among their littermates [4], leading to a 
decrease in their milk intake [2]. Moreover, hyperprolific 
sows often face a shortage of functional teats to nurse 
their large litters [2]. These challenges contribute to a 
high preweaning piglet mortality rate in hyperprolific 
sows [2]. Therefore, given these challenges and findings, 
there is a pressing need for research aimed at improving 
lactation performance and maternal behaviour in hyper-
prolific sows to reduce piglet mortality rates.

Prolactin and oxytocin, which are maternal hormones 
secreted by the pituitary gland, play a vital role in influ-
encing lactation performance and maternal behaviour in 
sows [5–7]. However, the secretion of these hormones 
can be inhibited by physiological stress, which is associ-
ated with an increase in opioid receptors [8–11]. Previ-
ous research has indicated that hyperprolific sows, in 
particular, are susceptible to experiencing substantial 
stress owing to various factors, such as multiple foetal 
growths, prolonged farrowing, and the high demands of 
milk production from late gestation through lactation 
[12]. Furthermore, our recent companion study revealed 
that hyperprolific sows exhibited elevated levels of oxida-
tive stress during late gestation and lactation compared 

to normally prolific sows [13]. This study has also raised 
the possibility of a potential association between elevated 
oxidative stress and reduced prolactin levels [13].

The acquisition of passive immunity through colostral 
immunoglobulins is crucial for piglet survival. This is 
because the epitheliochorial placenta impedes the trans-
fer of maternal immunoglobulins to the developing foe-
tuses during pregnancy [14]. The majority of colostral 
IgG and IgM, as well as 40% of IgA in sows, are derived 
from their bloodstream [15]. However, previous studies 
have reported that physical stress can decrease the serum 
immunoglobulin levels in sows [16]. Similarly, oxidative 
stress has been found to lower serum immunoglobulin 
levels in rats as well [17].

Given this context, enhanced knowledges regarding the 
negative influence of large litter sizes on the physiologi-
cal status of sows is crucial for improving litter perfor-
mance. Therefore, our primary objective was to evaluate 
the impact of an increased litter size at birth, which can 
potentially induce oxidative stress, on postpartum mater-
nal behaviour, salivary cortisol levels, and litter perfor-
mance in primiparous sows. We hypothesised that an 
increased litter size could have a negative influence on 
postpartum maternal behaviours, possibly due to height-
ened physiological and oxidative stress levels in peripar-
tum sows. To investigate this hypothesis, we examined 
the potential correlations between nursing and careful-
ness behaviors observed three days after parturition. 
Additionally, we explored the associations with peripar-
tum salivary cortisol levels and oxidative stress statuses 
of the primiparous sows. We used data on salivary oxida-
tive stress parameters and colostrum oxytocin and pro-
lactin from our previous publication by Lee et al. [13]. We 
anticipated that postpartum maternal behaviour, salivary 
cortisol levels, litter performance, and colostral immuno-
globulin levels would differ between sows with normal 
and large litter sizes, based on their respective oxidative 
stress statuses.

Results
Piglet mortality and growth
On D1, the piglet mortality rate was greater in the sows 
in LARGE group compared to those in the NORMAL 
group (P < 0.01, Table  1). Furthermore, the piglet mor-
tality rate due to crushing on D1 tended to be greater 
in the LARGE group compared to the NORMAL group 
(P = 0.05, Table 1). The mortality rate due to other causes 
on D1 was also greater in the LARGE group compared to 
the NORMAL group (P < 0.05, Table 1).

On D7, the piglet mortality rate in the LARGE group 
tended to be greater than that in the NORMAL group 
(P = 0.10, Table 1). However, there were no significant dif-
ferences in the piglet mortality rate on D28.

Table 1 Comparison of litter performance between the normal 
litter (NORMAL) and large litter (LARGE) groups
N NORMAL LARGE SEM P value

8 16
Piglet mortality (%)
 D11 1.3 4.0 1.0 < 0.01
  Crushing 1.1 2.5 0.8 0.053
  Other causes 0.2 1.5 0.1 0.013
 D72 1.9 7.2 1.5 0.103
 D282 2.9 7.7 1.5 0.137
Piglet body weight (kg)
 D11 1.7 1.4 0.1 0.033
 D72 3.0 2.6 0.1 0.037
 D282 7.6 7.3 0.2 0.338
1 The number of nursery piglets before cross-fostering in the NORMAL and 
LARGE groups was 11.4 ± 1.2 and 15.4 ± 0.4, respectively
2 Cross-fostering was performed within 48 h after the end of parturition, and 
the litter size was standardized to 12.6 ± 2.3 piglets per sow
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The piglet body weights in the LARGE group were 
lower on D1 and D7 than those in the NORMAL group 
(P < 0.05, for both, Table 1). However, there were no dif-
ferences in piglet body weights between the sow groups 
on D28 (Table 1).

Nursing and carefulness behaviour on D3 postpartum
Sows in the LARGE group exhibited reduced total and 
successful nursing bouts compared to those in the NOR-
MAL group (P < 0.05 for both, Table 2). The duration of 
total and successful nursing was longer for sows in the 
LARGE group compared to those in the NORMAL group 
(P < 0.01 for both, Table 2). The sow-terminated nursing 
rate was significantly higher in the LARGE group com-
pared to the NORMAL group (P < 0.05, Table 2).

The frequency of lying down events showed no signifi-
cant differences between the two groups. However, the 
LARGE group exhibited a lower carefulness score than 
the NORMAL group (P < 0.01, Table 2).

Salivary cortisol levels
Sows in the LARGE group tended to have higher cortisol 
levels on D-21, D-7, D7, and D28 compared to those in 
the NORMAL group (P < 0.10 for all, Figure). On D1, the 
cortisol levels of sows in the LARGE group were signifi-
cantly greater than those of sows in the NORMAL group 
(P < 0.05, Fig. 1).

There was a positive correlation between cortisol lev-
els on D1 and the sow-terminated nursing rate (r = 0.42, 
P < 0.05, Fig. 2).

Colostrum IgG, IgM, and IgA levels
There were no significant differences in the levels of IgG, 
IgM and IgA between the two groups (P > 0.10 for all, 
Table 3).

Correlations with oxidative stress parameters
The total nursing frequency was negatively correlated 
with levels of tumour necrosis factor-alpha (TNF-α) 
on D1 (r = − 0.54, P < 0.01, Fig.  2). Additionally, the sow-
terminated nursing rate showed a negative correlation 
with Trolox equivalent antioxidant capacity (TEAC) lev-
els on D1 (r = − 0.44, P < 0.05, Fig.  2), and the frequency 
of successful nursing exhibited a negative correlation 
with hydrogen peroxide (H2O2) levels on D1 (r = − 0.46, 
P < 0.05, Fig.  2). A significant negative correlation was 
also observed between the duration of successful nursing 
and H2O2 levels on D1 (r = − 0.47, P < 0.05, Fig. 2). On D1, 
cortisol levels showed a tendency towards a positive cor-
relation with H2O2 levels (r = 0.35, P = 0.10).

Table 2 Comparison of nursing behaviour, carefulness score, 
and lying-down events between sows with normal litters 
(NORMAL) and large litters (LARGE)1

N NORMAL LARGE SEM P value
8 16

Total nursing behaviour
 Frequency 35.8 30.7 1.1 0.035
 Duration (min) 232.4 180.4 8.4 < 0.01
 Bout duration (min)2 6.5 5.9 0.2 0.115
 Sow-terminated nursing, 
(%)

25.5 40.2 3.5 0.039

Successful nursing behaviour
 Frequency 23.8 19.5 0.8 0.033
 Duration (min) 162.1 122.1 6.8 < 0.01
 Bout duration (min) 2 6.8 6.3 0.2 0.344
Carefulness score (0–5)3 3.4 2.8 0.1 < 0.01
Lying-down event (n) 8.7 8.5 1.4 0.901
1 Behaviours were monitored from 72 to 96 h after the end of parturition
2 Duration/frequency
3 Represents the total occurrence [1] or non-occurrence (0) of each carefulness 
behaviour parameters

Fig. 1 Salivary cortisol levels at 35, 21, and 7 d before parturition, and 1, 7, and 28 d after parturition between sows with normal litters (NORMAL, n = 8) 
and large litters (LARGE, n = 16). All salivary samples were collected around 1000 h on each sampling day. Values represent LS means and SEM. *P < 0.10, 
**P < 0.05, ***P < 0.01
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When using litter size as a control variable, the sow-
terminated nursing rate exhibited no statistically sig-
nificant partial correlation with cortisol levels on D1 
(r = 0.23, P > 0.10). Additionally, the partial Spearman 
correlation values using litter size as the control variable 
between successful nursing frequency and H2O2 levels on 
D1, as well as between H2O2 levels and cortisol levels on 
D1, did not yield statistically significant results (r = − 0.35, 
P > 0.10; r = 0.19, P > 0.10, respectively).

Discussion
To the best of our knowledge, this is the first study to 
investigate the effects of litter size at the time of partu-
rition on postpartum nursing and carefulness behaviour 
of sows. We confirmed that poor postpartum mater-
nal behaviour and litter performance were correlated 
with increased physiological and oxidative stress levels 
induced by the large litter size of the farrowing sows. 
These findings emphasize the significance of addressing 
physiological and oxidative stress to achieve optimal lac-
tation and litter performance in hyperprolific sows. In the 
meantime, performing cross-fostering within 2 d after 
birth and providing a milk replacer to all litters starting 
from 7 d after birth, as our primary focus was directed 

towards examining the physiological stress experienced 
by hyperprolific sows during the peripartum periods and 
its consequential impact on postpartum maternal behav-
iour and litter performance.

The current findings indicating poor litter performance 
in the LARGE group during early lactation are consis-
tent with those of previous studies. These studies have 
shown that hyperprolific sows often exhibit poor litter 
performance due to insufficient milk production to sup-
port a large number of offspring [2, 18]. However, we did 
not observe any significant differences in litter perfor-
mance at weaning between the two groups. This could be 
attributed to the specific care measures implemented in 
this study, such as cross-fostering and provision of milk 
replacers to all litters, under the management routine of 
the experimental farm. These measures were taken to 
prevent subpar litter performance caused by inadequate 
milk intake in large litters. In fact, recent studies reported 
that cross-fostering and the provision of milk replacer 
can prevent poor litter performance resulting from inad-
equate milk production and thereby improve piglet sur-
vival in large litters [19, 20]. Therefore, it is possible that 
these management strategies played a role in the absence 
of significant differences in litter performance at weaning 
between the NORMAL and LARGE groups.

We found greater postnatal piglet mortality rates due 
to crushing or other causes in large litters. This outcome 
may be linked to the reduced vitality of piglets in large lit-
ters. Our previous study by Lee et al. [13] confirmed that 
sows with large litters have longer farrowing durations. 
Prolonged farrowing, as confirmed in previous studies, 
can lead to neonatal piglet hypoxia, ultimately reducing 
piglet vitality [21]. Low-vitality piglets often encounter 
challenges in competing for teat access within large lit-
ters, leading to a reduction in colostrum intake. This 

Table 3 Comparison of colostral IgG, IgM, and IgA levels 
between sows with normal litters (NORMAL) and large litters 
(LARGE)1

N NORMAL LARGE SEM P value
8 16

Concentrations (ng/ml)
IgG 192.2 179.4 4.7 0.18
IgM 6.0 5.8 0.3 0.81
IgA 11.7 9.2 1.1 0.21
1 All colostrum samples were collected within 3  h after the initiation of 
parturition

Fig. 2 Spearman correlations between salivary oxidative stress parameters, salivary cortisol, and sow nursing behaviour. Data for salivary oxidative stress 
parameters were obtained from our previous study [13]. *P < 0.10, **P < 0.05, ***P < 0.01. Abbreviations: H2O2, Hydrogen peroxide; TEAC, Trolox equivalent 
antioxidant capacity; TNF-α, Tumour necrosis factor- α
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diminished competitiveness for teat access contributes to 
piglet mortality attributed to various causes such as star-
vation and hypothermia [2, 22, 23]. Hypothermia, in par-
ticular, is closely associated with insufficient colostrum 
intake, as colostrum provides essential fats for thermo-
genesis [24, 25]. Moreover, it was reported that hypother-
mic piglets often seek warmth near the sow, making them 
more susceptible to being crushed [22, 24, 26, 27]. Baxter 
et al. [2] and Peltoniemi et al. [4] have also highlighted 
the association between poor colostrum intake and piglet 
deaths due to starvation, hypothermia, and crushing in 
hyperprolific sows. Therefore, the elevated postnatal pig-
let mortality rates observed in the LARGE group can be 
attributed to the limited colostrum intake of low-vitality 
piglets.

An observed tendency for increased piglet mortal-
ity rates was noted in large litters on D7, although the 
specific cause of death remained unconfirmed. Previous 
studies have indicated that piglet crushing is most preva-
lent within the first three days after birth, but hypother-
mia can contribute to piglet mortality not only during 
the neonatal period but also throughout the pre-weaning 
period [28, 29]. It is therefore plausible that low-vitality 
piglets with poor colostrum intake may experience long-
term adverse effects on survival during the lactation 
period in large litters.

The present findings, which indicate poor nursing 
behaviour in large litters, can support the suggestion that 
deficient postpartum maternal behaviour in sows may be 
associated with physiological stress [30]. This stress can 
increase opioid receptors, inhibiting the secretion of oxy-
tocin [7]. A previous study conducted on rats similarly 
found a negative correlation between corticosterone lev-
els and the frequency of maternal care [31]. Consistent 
with these findings, the present study revealed a positive 
correlation between postpartum cortisol levels and the 
sow-terminated nursing rate. This implies that increased 
physiological stress may have a negative influence on 
nursing behaviour, possibly by affecting the secretion of 
maternal hormones.

Additionally, we identified negative correlations 
between the frequency of total nursing behaviour and 
postpartum TNF-α as well as between the frequency of 
successful nursing behaviour and postpartum H2O2 lev-
els. Furthermore, the sow-terminated nursing rate exhib-
ited a negative correlation with postpartum antioxidant 
capacity. It is important to note that oxidative stress 
inhibits the secretion of hormones that play a crucial 
role in promoting parental behaviour, such as oxytocin, 
vasopressin, and prolactin, which are produced via HPA 
axis activity [32–34]. Oxidative stress often accompanies 
physiological stress as it can result in the production of 
pro-inflammatory cytokines and reactive oxygen species 
through cell death [35–37]. This notion is substantiated 

by our finding with the partial correlation observed 
between postpartum cortisol and H2O2 levels. Further-
more, our companion study demonstrated that sows with 
larger litter sizes experience significant oxidative stress 
during the peripartum periods [13]. In this regard, the 
elevated levels of physiological and oxidative stress in 
sows in the LARGE group may have contributed to their 
suboptimal nursing behaviour.

In a recent study by Baxter et al. [30], the authors dis-
covered that sows with high cortisol levels exhibited a 
reduced level of attentiveness towards their offspring 
when changing their posture. Our findings also revealed 
that sows in the LARGE group exhibited decreased care-
ful behaviour when transitioning from standing to lying 
down. This finding implies that the pronounced stress 
experienced by sows in the LARGE group may contribute 
to a decline in their overall carefulness, as such attentive-
ness is known to be primarily regulated by oxytocin levels 
in sows [38, 39]. Consequently, this reduced carefulness 
in sows in the LARGE group may explain the elevated 
rates of postpartum piglet crushing compared to that in 
the NORMAL group.

Similar to a previous study by Roelofs et al. [12], which 
found a positive correlation between litter size at birth 
and cortisol concentrations during the last week of preg-
nancy in sows, the current findings provide evidence 
that sows with large litters experience higher stress levels 
compared to those with normal litter sizes. This elevated 
stress in sows with large litters appears to be primarily 
due to physiological and physical challenges. These chal-
lenges include the substantial energy requirements for 
developing numerous foetuses and limitations in move-
ment caused by their larger body size [12, 40, 41]. Simi-
larly, research on mice has shown that mice with large 
litters exhibit more anxiety-related behaviours during 
pregnancy, such as stereotyped climbing and maternal 
aggression, as a stress response [42, 43]. During the lac-
tation period, sows also face various stressors, including 
increased energy demands for milk production and heat 
stress due to heightened metabolic activity [2, 44]. There-
fore, our findings suggest that the physiological burdens 
and physical discomfort associated with large litter size 
can lead to increased cortisol levels in sows with large 
litters during late gestation. Additionally, it is probable 
that this elevated cortisol level likely persists until wean-
ing, driven by the ongoing physiological challenges of 
milk production. However, it is noteworthy that the cur-
rent findings suggest tendencies rather than statistical 
significance.

Mild stress triggers the secretion of glucocorti-
coids within the HPA axis, consequently leading to 
an increased synthesis of immunoglobulin [35, 45]. 
Conversely, severe and chronic stress can potentially 
impair immune system functionality and suppress the 
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production of immunoglobulin [46]. Notably, stress is 
intricately related to oxidative stress, as stressors stimu-
late the production of pro-inflammatory cytokines that 
generate reactive oxygen species [35–37]. This oxida-
tive stress negatively affects immune function by causing 
damage to the organs comprising the immune system, 
particularly in chickens [47]. Ercal et al. [17] suggested 
that oxidative stress induces immunosuppression, result-
ing in a decrease in serum immunoglobulin levels in 
rats. In our study, however, the large litter size does not 
appear to influence colostral immunoglobulin levels, 
which contradicts our initial hypothesis that such levels 
would vary in response to the increased stress and oxida-
tive stress caused by a large litter. This may be because 
parturition itself is a powerful acute stressor that causes 
significant pain in sows, as reported in studies by Law-
rence et al. [48], Mainau and Manteca [49], and Nagel 
et al. [50]. Therefore, we speculate that the parturition 
process acts as a severe acute stressor for sows in both 
NORMAL and LARGE groups, regardless of litter size. 
This stressor potentially leads to a decrease in colostral 
immunoglobulin levels in both groups, even though sows 
in the NORMAL group may experience lower stress 
levels, attributable to a comparatively lower number of 
foetuses, than those experienced by sows in the LARGE 
group during late gestation and parturition.

Conclusions
In conclusion, this study highlights the negative impact 
of increased litter size on both litter performance and 
postpartum maternal behaviour in sows. The findings 
suggest that the compromised physiological status of 
sows is intricately associated with suboptimal post-
partum maternal behaviour, which ultimately leads to 
increased piglet mortality during lactation. Therefore, in 
order to achieve optimum litter performance in the sows 
with large litters, it is imperative to formulate nutritional 
and management strategies aimed at mitigating potential 
increases in physiological and oxidative stress induced by 
the increased litter size in periparturient sows.

Methods
The experimental protocols were approved by the animal 
experimental ethics committee of Chonnam National 
University (Approval number: 202106-189). The study 
was conducted on a commercial pig farm located in 
Southern South Korea from January to March 2022.

Animals and housing
A total of 24 primiparous sows (Landrace× Large white) 
were selected from a pool of 28 sows within a single far-
rowing batch. Detailed information regarding the experi-
mental animals and farrowing housing conditions can be 
found in Lee et al. [13]. Briefly, the sows were divided into 

two groups based on litter size. The NORMAL group 
consisted of 8 sows with a litter size ranging from 7 to 
14, while the LARGE group consisted of 16 sows with 
a litter size between 15 and 20. The LARGE group was 
specifically characterized by a litter size surpassing the 
number of functional teats on the sow, which was deter-
mined to be 14. Within 48 h after birth, the piglets from 
the LARGE group were cross-fostered exclusively to 
sows in the NORMAL group to ensure an equal num-
ber of piglets per sow. By performing cross-fostering, we 
controlled for the potential confounding effects of the 
increased number of suckling piglets on lactation per-
formance by standardizing the number of piglets within 
2 d after birth. This adjustment resulted in an average of 
12.6 ±  2.3 piglets per sow. The piglets had free access to 
water through a water cup, and starting from 7 d after 
birth, a milk replacer was provided ad libitum to all pig-
lets through a milk feeder (Mini Transition Feeder; Baker 
Feeders, UK). At day 28 ± 2 of lactation, all piglets were 
weaned.

Data collection
Piglet mortality and body weight
Piglet mortality and body weight were assessed at three 
time points on the farm: day 1 (D1), day 7 (D7), and day 
28 (D28). On D1, piglet mortality was categorized into 
two groups: (1) crushing, or (2) other causes, based on 
visible signs of injury such as bruises or broken bones.

Behavioural observation
All sows and piglets in the experiment were video-
recorded from 72 to 96 h after the initiation of parturi-
tion to evaluate nursing and carefulness behaviours. 
Internet protocol (IP) cameras (HN0-E60; Hanwha 
Techwin, South Korea) were positioned 1.5  m vertically 
above their heads so that there was no blind spot. Per 
each two sows, the camera was installed. The sequence 
output was recorded using IP-camera software (Smart 
Cam Lite v.1.3.2, Hanwha Techwin, USA). Two trained 
researchers reviewed the recorded sequence output using 
a media player (Naver series on player, Naver Corp., 
South Korea). The display resolution was 1920 × 1080 
pixels, and the frame rate was 30 FPS. One researcher 
observed half of the NORMAL and LARGE groups, and 
the other researcher observed the remaining NORMAL 
and LARGE groups. The researchers were blinded to the 
assignment of sows to the LARGE or NORMAL groups 
during video observations. Inter-observer reliability 
(IOR) was evaluated using the Cronbach alpha reliability 
test, yielding a substantial value of 0.97, indicating a sig-
nificantly high level of agreement.

Nursing behaviour criteria were established following 
the procedure described by Valros et al. [51] and Yun et 
al. [52] (Table  4). The variables analysed included total 
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and successful nursing frequency, duration and bout 
duration, as well as the termination of total nursing dur-
ing a 24-h period (Table  4). The total nursing variables 
represent the combined sum of successful and unsuccess-
ful nursing variables (Table 4).

To assess the carefulness behaviour of the sows, two 
parameters were utilized: the frequency of lying-down 
events, which is the number of times a sow transitions 
from a standing to a lying position, and the careful-
ness score during a 24-h period (Table  4). The careful-
ness score was calculated by adding up the occurrence 
of five behaviour patterns associated with sow careful-
ness while lying down. Each observed behaviour pattern 
was assigned a value of 1 if present or 0 if not present 
(Table 4, Yun et al. [52]).

Sow saliva sampling and assays
Saliva samples were obtained without restraint from each 
sow using synthetic swabs (Salivette® Cortisol; Sarstedt, 
Nümbrecht, Germany) on days 35, 21, and 7 before far-
rowing (D-35, D-21, and D-7, respectively), and on days 1, 
7, and 28 after farrowing (D1, D7, and D28, respectively), 
approximately 30  min before morning feeding (1030  h). 
The swabs were carefully placed and positioned around 
the back teeth using curved forceps until fully saturated, 
which typically took approximately 1  min. Immediately 

after collecting the saliva samples, they were stored at 
− 55 °C using a deep freezer on the farm during the sam-
pling period. Subsequently, the saliva samples were trans-
ported to the laboratory while maintaining a temperature 
of − 20 °C using a portable freezer. In the laboratory, the 
samples were centrifuged for 15 min at 1500 rpm to anal-
yse the cortisol levels. The resulting supernatant was allo-
cated into pre-labelled 1.5-mL microcentrifuge tubes and 
stored at − 80 °C until further analysis.

To analyse salivary cortisol levels, an ELISA kit (Sali-
metrics Cortisol Enzyme Immunoassay Kit, Salimet-
rics, LLC., San Diego, USA) was used. No dilution was 
applied, and the manufacturer’s instructions were fol-
lowed. The detection range of the kit was 0.012− 3.0 ug/
dL. Both intra- and inter-assay CVs were below 10%.

The levels of salivary TNF-α, TEAC, and H2O2, were 
also determined using ELISA kits (MybioSource). For 
a more comprehensive understanding of the ELISA 
kits and their associated detection ranges, readers are 
directed to the detailed descriptions presented in our 
companion study by Lee et al. [13].

Colostrum sampling and assays
Approximately 30 mL of colostrum samples were 
obtained without restraint from each functional teat 
of all sows using a 50-mL conical tube (SPL, Pocheon, 
South Korea) ranging from the initiation of the parturi-
tion to after three hours. The teat order was not consid-
ered to minimize the colostrum sampling time required. 
During the sampling period, the collected colostrum 
samples were immediately frozen at − 55  °C using a 
deep freezer on the farm. Subsequently, the colostrum 
samples were transported to the laboratory while keep-
ing − 20  °C through the use of a portable freezer. In the 
lab, the colostrum samples were centrifuged at 1000 × g 
for 15 min, and the aqueous fraction was collected. This 
process was repeated three times. The collected aqueous 
fraction samples were then stored at − 80 °C using a deep 
freezer until further analysis of IgG, IgM, and IgA.

Colostrum IgG, IgM and IgA levels were quantified 
using ELISA kits (Bethyl, E101-104; E101-117; E101-
102, USA, respectively). Following the provided instruc-
tions, the aqueous fraction samples were diluted at ratios 
of 1:1,000,000, 1:50,000, and 1:30,000 in dilution buffer 
for IgG, IgM, and IgA analysis, respectively, and subse-
quently subjected to analysis. The detection ranges for 
IgG, IgM, and IgA were 1.37− 1000 ng/mL. The intra 
assay CVs for colostrum IgG, IgM, and IgA were below 
10%.

Calculations and statistical analysis
SAS version 9.4 (SAS Institute Inc., Cary, NC, USA) was 
used for the statistical processing of all data using a com-
pletely randomized design, where sow groups (LARGE 

Table 4 Definition and description of nursing and carefulness 
behaviours of sows
Variables Definition
Nursing behaviour1

 Start of nursing Over 50% of the piglets in a litter were 
vigorously massaging the udder

 End of nursing Over 50% of the piglets had either moved 
away from the udder or were in a state of 
inactivity close to the udder

 Successful nursing Piglets exhibited sucking behaviour that 
lasted for over 15 s following vigorous 
udder massaging

 Unsuccessful nursing Piglets did not show sucking behaviour
 Sow-terminated 
nursing

When the sows were standing up or 
turning around to prevent further udder 
massage by the piglets

Carefulness behaviour2

 Sniffing Sow uses her snout to touch the piglets 
before settling down

 Rooting or Pawing Sow uses her nose or front paws to dig into 
the floor before lying down

 Turning the head 
towards piglets

Sow watches the position of the piglets 
while sitting, kneeling, or lying down

 Progressing carefully Careful, gentle, cautious, and slow move-
ments while sitting, kneeling, or lying down

 No piglets in the dan-
ger zone

There are no piglets positioned where the 
sows sit, kneel, or lie down

1The definition of nursing behaviour was adapted from Valros et al. [50] and 
Yun et al. [51]
2The definition of carefulness behaviour was adapted from Yun et al. [51]
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and NORMAL) were treated as a fixed effect. The experi-
mental unit was either the sow or the litter, and the 
results are presented as means with the standard error of 
the mean (SEM) indicated. The normality of the data was 
assessed using PROC UNIVARIATE with the Shapiro-
Wilk test.

We used a PROC GLIMMIX model with a Lognormal 
distribution to determine the piglet mortality rate. Addi-
tionally, the PROC GLM model was fitted to the data for 
piglet body weight. A PROC GLIMMIX model with a 
Poisson distribution was also utilized to analyse the data 
for the frequency, duration and bout duration of total 
and successful nursing, and the sow-terminated nursing 
rate of total nursing behaviour. Salivary cortisol levels on 
D-35, D-21, D-7, D1, D7, and D28 were analysed using 
a PROC GLM model for repeated measures with a com-
pound symmetry structure. The smallest AIC and BIC 
values were adopted to select the best model for salivary 
cortisol data analysis.

Furthermore, a PROC GLIMMIX model with a log-
normal distribution was employed to analyse colostrum 
IgG, IgM, and IgA levels. In all PROC GLIMMIX mod-
els, a random statement was incorporated with a residual 
option.

To examine the correlations between nursing behav-
iour and cortisol, nursing behaviour and oxidative stress 
parameters, and cortisol and oxidative stress parameters, 
Spearman’s rank correlation coefficients (r) were used. 
Additionally, we conducted partial Spearman’s rank cor-
relations where litter size served as the control variable to 
assess its impact on these relationships. Cortisol and oxi-
dative data analysed using repeated measures throughout 
the entire sampling period were used. The data for oxida-
tive stress parameters were obtained from our previous 
study [13].
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