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The high mortality rate of suckling piglets in commercial farms is a cause for concern and requires the
adoption of innovative breeding and management approaches for effective mitigation. Piglets are partic-
ularly vulnerable during the first days of life, which concerns especially neonates with a low birth weight.
In this study, neonatal adaptation was analysed regarding genotype and housing conditions following
hormonally induced farrowing. A total of 96 piglets from 27 farrowings of German Landrace (GL; birth
induction at day 115 of gestation) and German Saddleback sows (GS; birth induction at day 112 of ges-
tation), kept either in crates (1.0 square metre) or pens (6.5 square metre) were studied. The piglets were
assigned to birth weight categories (hypotrophic: 800–1 100 g; eutrophic: > 1 100–1 500 g; hypertrophic:
> 1 500 g) and examined via repeated blood analyses on the following time period: 0–6 h, day 1, day 4,
day 20 postnatum, and one−day postweaning. Analysed plasma metabolites included albumin, ammonia,
chloride, cortisol, creatinine, fructose, glucose, haptoglobin, inositol, insulin, lactate, non-esterified fatty
acids, sodium, total protein, triglycerides, triiodothyronine, urea, and uric acid. Eutrophic and hyper-
trophic piglets were grouped as controls due to metabolic similarities (P = 0.272), whereas hypotrophic
piglets could be discriminated from heavier littermates (P = 0.025). The GS piglets appeared to have
higher tissue maturity compared to GL piglets, as indicated by improved clearance of plasma ammonia
and creatinine levels. This suggests that inducing birth in GS sows at gestation day 112 corresponds to
the physiological gestation length of this breed. The housing environment during farrowing influenced
plasma glucose and inositol levels during the neonatal adaptation period, which might be attributed to
differences in physical activity in farrowing pens compared to crates. Results suggest a higher risk for
hypotrophic neonates to exhibit a hypoglycaemia-hypothermia complex at birth, which can have signif-
icant implications for neonatal health and development but might be mitigated by the observed
increased release of cortisol. These findings highlight that piglet vitality and plasma metabolite dynamics
during the suckling period are shaped by genetic background, housing conditions, and birth weight,
reflecting differences in tissue maturity, physical activity, and energy reserves.

© 2025 Research Institute for Farm Animal Biology (FBN). Published by Elsevier B.V. on behalf of The
animal Consortium. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Implications

Farrowing and neonatal adaptation periods are crucial
moments in life and are influenced by various factors, e.g. genotype
and environment. Piglets of a traditional and a conventional breed
were born from sows in crates or pens. Repeated blood samples
were taken from these piglets over the suckling period. A higher
organ maturity was found in German Saddleback neonates, as well
as an influence of the housing system on carbohydrate metabolism,
implying higher physical activity in pens. Hypotrophic piglets
seem to be more susceptible to a hypoglycaemia-hypothermia
complex immediately after birth, which can affect the health and
development of the neonate.

Introduction

Lower average birth weights are associated with large litters,
which are common in modern pig breeds in conventional farming
(Baxter et al., 2008; König et al., 2021). Low birth weight piglets,
often defined as piglets with a birth weight less than 1 000 g
(Quesnel et al., 2008), have a significantly higher mortality risk
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compared to heavier littermates (Baxter et al., 2008; Panzardi et al.,
2013; Schild et al., 2020). Irrespective of birth weight, the
preweaning mortality has been reported to range between 15
and 20% on average (Kielland et al., 2018; Nuntapaitoon et al.,
2018), which raises both economic and ethical concerns. Most
losses occur during the early postnatal adaptation phase, i.e. within
the first three to four days of life (Baxter et al., 2008; Baude et al.,
2022; Gladbach, 2022). In this context, sufficient vitality is consid-
ered important for the survival of the piglets (Baxter et al., 2008).
Vitality at birth is expressed by physical activity, early suckling,
and skin colour (Panzardi et al., 2013; Schodl et al., 2019) and is
influenced by various factors, e.g. birth weight (Tuchscherer
et al., 2000; Baxter et al., 2008; Blim, 2020) and birth order
(Tuchscherer et al., 2000; Baxter et al., 2008; Langendijk and
Plush, 2019).

The animal-intrinsic responses in adapting to extra-uterine life
consist of three phases as reviewed previously by Diehl et al.
(2022). The first phase includes the onset of breathing and the
adaptation of the cardiovascular system immediately after birth.
With the shift from the intrauterine to the extrauterine environ-
ment, the neonatal piglet needs to adjust its body temperature
and acid-base balance within the first 24 h of life. Neonates exhibit
a poor status of endogenous energy reserves, i.e. protein and glyco-
gen content of body stores (Herpin et al., 2002; Theil et al., 2011)
and are therefore dependent on colostrum and transient milk, to
obtain macromolecules for energy utilisation as well as immune
components for the acquisition of passive immunity (Le Dividich
et al., 2005; Pedersen et al., 2011). In the second phase of neonatal
adaptation, homeostasis and organ maturation are established (up
to 14 days postnatum). As development progresses, the liver
becomes fully functional, enabling vital protein synthesis. Concur-
rently, the kidneys attain their full physiological capacity, allowing
for the regulation of plasma molarity and volume, thus maintain-
ing fluid homeostasis within the body. The final third phase (up
to the 28th day of life) shapes neurological, immunological and
muscular characteristics (Diehl et al., 2022).

Low birth weight piglets require more time to reach the udder
(Baxter et al., 2008; Pedersen et al., 2011) and are disadvantaged
when competing for teats with heavier littermates (Devillers
et al., 2007). Furthermore, the amount of colostrum does not
increase with the number of piglets and remains constant in quan-
tity. Consequently, a smaller amount of colostrum is available for
the individual piglet (Devillers et al., 2007). Due to the unfavour-
able surface-to-volume ratio, low birth weight piglets are particu-
larly prone to rapid cooling and hypothermia compared to heavier
littermates (Tuchscherer et al., 2000; Kammersgaard et al., 2011;
Quesnel et al., 2023), and therefore require a high amount of
energy metabolites for thermoregulation in relation to their BW
(Noblet et al., 1987; Tucker et al., 2022). Genetics also appear to
be relevant, as Meishan piglets with an average birth weight of
0.46 kg less than Large White piglets do not have a higher
preweaning mortality rate (Lee and Haley, 1995). Management
strategies discussed for successful neonatal adaptation that influ-
ence piglet vitality and survival include the sow’s housing condi-
tions during parturition and early lactation, i.e. conventional
farrowing crates or farrowing pens without fixation. However,
there are inconsistent reports on piglet mortality in relation to
housing systems, with higher preweaning mortality reported for
piglets kept in farrowing pens (Marchant et al., 2000; Nicolaisen
et al., 2019), while others found no differences (Pedersen et al.,
2011; Kilbride et al., 2012; Höbel, 2019).

This study investigates piglets from two pig breeds, which differ
fundamentally in performance, body composition, and breeding
history. The German Landrace (GL) represents a modern, commer-
cial line with pronounced maternity traits, whereas the German
Saddleback (GS) is a non-commercial, indigenous breed. The GS
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has been described to exhibit a lower lean meat content than GL
animals (Nürnberg et al., 1997). The gestation length of GS is
approximately 1.2 days shorter compared to GL sows (Gladbach,
2022). The breeds GL and GS differ in parturition characteristics,
such as a shorter farrowing duration of the GS (GS: 173.0 ± 104.7
min; GL: 266.6 ± 126.1 min), as well as in performance traits like
litter size (GL: 14.7 ± 3.61; GS: 11.4 ± 3.08 total born piglets)
(Gladbach, 2022). We hypothesised that the interaction between
genotype and housing environment is relevant for the neonatal
adaptation of low birth weight piglets (< 1 100 g) and that this
interaction is verifiable via the blood metabolite profile. The aim
of the study was to quantify plasma markers for energy utilisation,
organ maturation, and stress response in neonates and suckling
piglets depending on (i) the genetic background, (ii) the housing
system, and (iii) birth weight.
Material and methods

Experimental groups, housing conditions and management

In order to investigate the effects of (i) breed, (ii) housing and (iii)
birth weight class on the metabolic parameters of the piglets, the
statistical design aimed at recording at least 5 litters per experimen-
tal sow group (breed × housing) to obtain a total of 96 piglets repre-
senting the experimental groups (breed × housing × BW class). Four
experimental sow groups were analysed, consisting of 10 GL and 17
GS multiparous sows of parities two to eight (GL rate: 4.0 ± 0.55; GL
pen: 4.2 ± 0.92; GS rate: 5.4 ± 0.98; GS pen: 3.6 ± 0.63). Notably, 12
sows were included in the ‘GS farrowing pen’ group instead of the
planned five due to homogeneity of birth weight in some litters,
i.e., few numbers of hypotrophic piglets and missing samples during
the suckling period due to piglet losses. Sows were synchronised and
artificially inseminated and group-housed until moving to the
farrowing-station at 105 dpc (days postconception). Sows of both
breeds were housed in two different farrowing systems, i.e., crates
and pens (Fig. 1). Both housing systems had a total floor space of
6.5 square metres containing a creep area. The crate housing was
applied one day prior to the estimated parturition for a period of five
days. The accessible area for sows in crates was limited to 180 × 60–
70 cm. For the pen housing, the sows had access to the entire area of
6.5 square metres except the creep-area. To approximate commer-
cial conditions, a heating plate (76 × 60 cm) and a heating lampwere
offered to the offspring in the creep-area (temperature 30 °C). The
temperature in all farrowing compartments was set to 22 °C and
computer-controlled together with the ventilation. From 105 dpc,
all sows were fed twice daily in a total of 3.2 kg/day of a commercial
gestation diet containing 12.2 MJ metabolisable energy per kg DM
(Supplementary Table S1). From 109 dpc, the sows were switched
to a commercial lactation diet with a higher energy content of
13.2 MJ metabolisable energy per kg DM, and the daily feed amount
remained at 3.2 kg/day (Supplementary Table S1). On 112 dpc, the
amount of feed was reduced to 2 kg/day. Water was provided ad libi-
tum. Partus induction was applied for all 27 sows in consideration of
the specific gestation length of GS and GL sows, respectively. The far-
rowing process was induced with a standard regimen of prostaglan-
din F2a (PGF2a) and carbetocin, where 0.175 mg cloprostenol (2 ml
PGF Veyx forte®; Fa. Veyx, Schwarzenborn, Germany) was applied
at 112 dpc in GS sows and at 114 dpc in GL sows. At 113 dpc (GS)
or 115 dpc (GL), sows received 70 lg carbetocin (1 ml Depotocin®;
Fa. Veyx). Both injections were given intramuscularly.

Monitoring of sows and parturition data

All sows were video-monitored throughout the entire peripartal
period. The farrowing of all sows were supervised. The partus was



Fig. 1. Experimental groups to evaluate metabolic parameters of piglet vitality due to genotype, housing condition, and birth weight. German Landrace (GL) and German
Saddleback (GS) sows were artificially inseminated and group-housed until 105 days postconceptionem (dpc). After entering the farrowing station, they farrowed in two
different housing systems, i.e., crates and pens. The birth induction in the GS was done at 112/113 dpc and in the GL at 114/115 dpc with cloprostenol and carbetocin,
respectively. Piglets from the four experimental sow groups were assigned according to birth weight as hypotrophic (800–1 100 g), eutrophic (>1 100–1 500 g), and
hypertrophic (>1 500 g). Each experimental piglet group was represented by eight animals (n = 96) selected for repeated blood analyses during the whole suckling period.

Table 1
Vitality score applied to swine neonates. Source: Zaleski and Hacker (1993)

Parameter Score

0 1 2

Breathing Absent First breath >15 s First breath < 15 s
Skin-color Pale Cyanotic Pink
Standing

attempts
> 5 min < 5 min < 1 min

Meconium Moderate to high
amount

Low amount Absent

H. Lickfett, M. Oster, A. Vernunft et al. Animal 19 (2025) 101460
defined as the time between the expulsions from the first to the
last piglet. If there were inter-farrowing-intervals ≥ 60 min, man-
ual obstetrics was performed. The farrowing length was recorded.
Additionally, the time of birth was recorded for each individual
piglet and inter-farrowing-intervals were calculated. Numbers of
live-born piglets, stillborn piglets, and mummified piglets were
recorded. Piglet mortality was recorded daily.

Piglet birth weight classification

After completion of the farrowing, the piglets were weighed and
categorised by their birth weight. Applied birth weight classes
were based on the stock percentiles of 135 GS-neonates and
13 620 GL-neonates retrieved from the herd data of the Research
Institute for Farm Animal Biology (FBN) experimental station (un-
published results). Piglets with birth weights 800–1 100 g were
defined as hypotrophic, from 1 100–1 500 g as eutrophic, and >
1 500 g as hypertrophic neonates. The cut-off at a birth weight <
800 g was set to minimise effects from intrauterine growth retar-
dation (IUGR). For downstream data analyses, eutrophic and
hypertrophic piglets were summarised as control piglets.

Clinical parameters

Body weight of all piglets was recorded after the first colostrum
intake. In addition, the BW of those piglets (n = 96) that were
assigned to the respective birth weight classes was recorded at
24 h (day 1), day 4, day 20 of life, and one day after weaning. Indi-
vidual rectal temperature was measured after the first colostrum
intake and on day 1. As shown in Table 1, the vitality from the pig-
lets was quantified with a score based on Zaleski and Hacker
(1993). Scores from 0 to 2 were assigned for each of the four
parameters (breathing, skin-color, standing attempts, meconium
staining) and summarised, resulting in vitality scores between 0
and 8. It was carried out by one veterinarian. The time from birth
to first suckling was recorded.

Piglet management

Cross-fostering was not intended, except for three litters where
the number of live-born piglets exceeded the number of functional
teats on the sow, necessitating cross-fostering on day 1 of lacta-
tion. The piglets sampled during the suckling period always
remained with their original litter. On the first day of life, the pig-
lets received oral iron supplementation with additional vitamins
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(PUCORAL® FerroPlus, Pulte GmbH & Co. KG, Germany) and at
day 14 of life an iron-injection (Ursoferran® 100 mg/ml, Serumw-
erk Bernburg, Germany). The piglets received a prestarter (Hakra-
Immuno-G, 15.2 MJ/kg, 18.8% CP, Una Hakra) via an automatic fee-
der from day 14 of life. At the age of 21 days, the piglets were vac-
cinated against Lawsonia intracellularis (ENTERISOL® ILEITIS,
Boehringer Ingelheim Vetmedica GmbH, Germany). The piglets
were weaned at day 28 of life (GL piglets) and at day 30/31 of life
(GS piglets), reflecting the differences in gestation length.

Blood sampling

Blood sample was taken from the Vena jugularis of all live−born
piglets between 0.5 and 6 h of age, and the time of sampling was
recorded (n = 329). At least one completed suckling event took place
before sampling. Eight piglets were selected from each of the four
experimental sow groups and the three birth weight classes
(n = 96), which were monitored throughout the whole suckling per-
iod (Fig. 2). The eight piglets in each of the 12 experimental groups
(2 breeds × 2 housing conditions × 3 birth weight classes) originate
from > 3 litters to represent biological variation. To cover the neona-
tal adaptation period, blood samples were taken at 24 h (day 1) and
day four of life (day 4). In addition, blood samples were obtained at
day 20 and 1−day postweaning (GL: day 29; GS: day 31/32) to mon-
itor changes elated to organ maturation, development, and weaning.
Blood collection was performed using potassium-ethylenediaminete
traacetate (K-EDTA) tubes (Sarstedt, Nümbrecht, Germany). EDTA-
samples were stored on ice and centrifuged (3 500 revolutions per
minute; 4 °C; 15 min). Plasma was stored at −80 °C until analysis.

Plasma analyses of hormones and metabolites

Total protein, albumin, blood urea nitrogen, creatinine, ammo-
nia, triglycerides, uric acid, sodium and chloride were quantified



Fig. 2. Sampling time points to evaluate metabolic parameters of piglet vitality due to genotype, housing condition, and birth weight class. At an age of 0–6 h, blood samples
were taken from all live-born piglets (n = 329) of the supervised parturitions as indicated by the green dot. A subset of n = 96 piglets was selected according to birth weight
class and subsequently longitudinal blood samples were taken at 24 h (day 1), day 4, day 20, and one−day postweaning as indicated by orange dots. GL = German Landrace; GS
= German Saddleback.
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in plasma via commercial kits (FUJI Dri-Chem 4000i, FujiFilm, Min-
ato, Japan). Levels of plasma fructose, glucose, inositol, and lactate
were quantified via HPLC (Agilent, Waldbronn, Germany) as
described previously (Metges et al., 2014). Plasma levels of non-
esterified fatty acids were quantified as single measurements with
an automatic enzymatic analyser (ABX Pentra 400, HORIBA Medi-
cal, Montpellier, France) using kits (WAKO Chemicals GmbH,
Neuss, Germany). Plasma haptoglobin (cat.-no. HAPT-9, Life Diag-
nostics, Inc., West Chester, Pennsylvania, USA) was determined in
duplicate according to the manufacturer’s protocol. Cortisol (cat.-
no. EIA-1887, DRG Diagnostics GmbH, Marburg, Germany), insulin
(cat.-no. EIA-4747, DRG Diagnostics GmbH, Marburg, Germany),
and total triiodothyronine (cat.-no. EIA-4569, DRG Diagnostics
GmbH, Marburg, Germany) were analysed in duplicate via com-
mercial ELISAs. Not all parameters were measured at each of the
time points. A corresponding overview is stated in Supplementary
Table S2. Dynamic ranges and coefficients of variation (CV) for the
applied methods are shown in Supplementary Table S3.

Statistical evaluation

Data on farrowing characteristics were analysed by a two-way
ANOVA considering breed and housing system as main factors (R
language v4.2.2; R package ‘car’, v3.1-1; R foundation for statistical
computing, Vienna, Austria). For the relative numbers of live-born
and stillborn piglets, litter size as an additional co-variable was
included. The pairwise comparison of the mean values between
experimental piglet groups assigned due to breed × housing
system × birth weight class was carried out using the Tukey post-
hoc test. A chi-square test was carried out to test whether hypo-
trophic piglets die more often compared to heavier littermates.
The effect of litter size on the number of piglets per birth weight
class was tested using a linear model, as was the effect of inter-
farrowing intervals on the number of stillborn piglets.

Differences in plasma parameter profiles between the birth
weight classes were assessed using a permutation test (R package
‘RVAideMemoire’, v0.9-83-7). Moreover, metabolite data were
interrelated by birth weight class using a Partial Least Squares Dis-
criminant Analysis (R package ‘mixOmics’, v6.24) (Rohart et al.,
2017). The variable selection and classification processes were con-
sidered two components. For the statistical evaluation of plasma
metabolites, a rank-based inverse normal transformation was
applied as raw data showed deviation from a normal distribution
(R package ‘RNOmni’, v1.0.1.2). In a repeated measurements
approach, the influence of breed, housing system, birth weight
class, and time as fixed effects as well as the interactions of
breed × housing system, breed × birth weight class, housing
system × birth weight class, and breed × housing system × birth
weight class were analysed (R package ‘stats’). Additionally, each
individual time point was evaluated via a linear model with breed,
housing system, and birth weight class as fixed effects as well as
the interactions of breed × housing system, breed × birth weight
class, housing system × birth weight class, and breed × housing
4

system × birth weight class (R package ‘stats’). In order to evaluate
potential temporal effects on the total plasma protein (0–6 h vs day
1) and plasma triglyceride levels (day 1 vs day 4 vs day 20), the lin-
ear model included the effect of sampling time point. The differ-
ence between age at sampling [min] and first colostrum intake
[min], representing the individual duration for digestion, was con-
sidered as co-variable at the first time point. The pairwise compar-
ison of the mean values between experimental groups was carried
out using the Tukey posthoc test. The significance level was set at
P < 0.05. All results are presented as mean ± SEM.

Results

Farrowing characteristics

In order to achieve the required number of piglets per experi-
mental group, the number of litters varied due to the partly homo-
geneous birth weights and the need for a complete time series
(Table 2). Notably, 3 of 12 sows in group GS (pen) were kept in
the analyses of farrowing characteristics but none of their piglets
were included in blood analyses due to incomplete time series.
The breed-specific conditions regarding gestation length were
mimicked with the applied partus induction protocol. All GL sows
received both PGF2a and carbetocin, but only 29.4% of GS sows
received carbetocin at 24 h after PGF2a administration, because far-
rowing had already started. Details on farrowing characteristics,
litter size, litter weight and the numbers of live-born and stillborn
piglets as well as mummies observed in the respective sow groups
are shown in Table 2. Neither farrowing length (breed: P = 0.131;
housing system: P = 0.706) nor individual farrowing intervals
(breed: P = 0.728; housing system: P = 0.767) were different
between GL and GS and between farrowing crates and pens. Litter
size (P = 0.018) as well as the number of live-born piglets
(P = 0.013) were higher in GL compared to GS, but the litter weight
was influenced neither by the breed (P = 0.128) nor by the housing
system (P = 0.784). The analyses revealed an effect of the housing
system on stillborn piglets (P = 0.025) whereby the absolute num-
ber of stillbirth was higher in the farrowing pens than in the far-
rowing crates. As shown in Table 2, no other litter characteristics
were affected by breed or housing system. There was no effect of
the inter-farrowing intervals for the number of stillborn piglets
(P = 0.659). The preweaning mortality was independent of breed
(P = 0.683) and housing system (P = 0.487), but hypotrophic piglets
died more often than there heavier littermates (P = 0.047).

Vitality score and rectal temperature

The vitality score of the 96 in-depth phenotyped piglets was
affected by the housing system (farrowing crate: 7.2 ± 0.2; farrow-
ing pen: 7.0 ± 0.2; P = 0.033), while the factor breed showed no
effect (GL: 7.2 ± 0.2; GS: 7.2 ± 0.2; P = 0.305). At 0–6 h postnatum,
the body temperature was dependent on the birth weight class
(hypotrophic: 36.9 ± 0.2 °C, control littermates: 37.4 ± 0.1 °C;



Table 2
Farrowing parameters in German Landrace (GL) and German Saddleback (GS) sows kept in farrowing crates one day prior to the estimated parturition for a period of five days and
farrowing pens. All farrowings were induced with PGF2a (Prostaglandin F2a) at 115 (GL) or 112 (GS) days postconceptionem (dpc). Carbetocin was administered 24 h later to all GL
sows and to 29.4% of the GS sows. Data are presented as mean ± SEM.

Item GL GS SEM P-value

Farrowing crate Farrowing pen Farrowing crate Farrowing pen B H B × H

No. of observed litters 5 5 5 12
Farrowing length [min] 267.6 284.5 185.0 152.7 17.88 0.131 0.706 0.982
Inter-farrowing interval [min] 17.8 15.7 15.7 17.1 1.73 0.728 0.766 0.687
Litter size [n] 16.4 19.0 12.2 11.9 0.73 0.018 0.129 0.195
Live-born piglets [n] 16.0 15.8 11.2 10.3 0.72 0.013 0.911 0.750
Stillborn piglets [n] 0.4 3.2 1.0 1.7 0.38 0.176 0.025 0.176
Live-born piglets [%] 97.5 83.3 92.0 86.7 2.43 0.351 0.150 0.484
Stillborn piglets [%] 2.5 16.7 8.0 13.3 2.43 0.351 0.150 0.484
Mummies [n] 0.4 0.2 0.6 0.5 0.19 0.761 0.761 0.907
Litter weight [kg] 20.6 21.3 16.7 15.3 0.88 0.128 0.784 0.539
Hypotrophic piglets [n] 4.8 4.0 1.6 1.6 0.55 0.070 0.639 0.725
Eutrophic piglets [n] 7.2 5.8 4.0 3.8 0.57 0.083 0.436 0.264
Hypertrophic piglets [n] 4.2 6.6 5.6 4.8 0.64 0.526 0.281 0.949
Preweaning mortality [%] 14.6 22.0 14.6 18.3 2.10 0.683 0.487 0.386
Weaned piglets [n] 13.4 11.6 9.6 8.3 0.58 0.309 0.020 0.002

B = breed; H = housing system.
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P = 0.008), whereas no effect of breed (GL: 37.3 ± 0.1 °C; GS: 37.
2 ± 0.2 °C; P = 0.127) and housing system was observed (crate:
37.2 ± 0.2 °C; pen: 37.3 ± 0.1 °C; P = 0.903). On day 1, the rectal
temperature was affected by breed (GL: 37.8 ± 0.1 °C; GS: 38.1 ±
0.1 °C; P = 0.013), while the applied housing system showed no dif-
ference (crate: 38.1 ± 0.1 °C; pen: 37.8 ± 0.1 °C; P = 0.244).

Evaluation of BW

The GS piglets showed a higher average birth weight (P = 0.049)
than the GL piglets when considering all 329 live-born piglets (GS:
1.5 ± 0.03 kg; GL: 1.3 ± 0.03 kg). While the GL had 15.9 ± 0.95 live-
born piglets, the GS had only 10.5 ± 0.62 live-born piglets
(P = 0.013; Table 2). The number of hypotrophic and eutrophic pig-
lets was depending on the number of total born piglets (hy-
potrophic: P < 0.001; eutrophic: P = 0.002), but the number of
hypertrophic piglets was independent of the litter size
(P = 0.971). When considering the 96 piglets selected by birth
weight, the repeated measurement analysis revealed that the BW
was affected by breed (P = 0.026), birth weight class (P < 0.001),
and time (P < 0.001), and a tendency due to the housing system
(P = 0.056) (Table 3). An interaction for the bodyweight was
observed between the housing system × the birth weight class in
the repeated measurement approach. When analysing the individ-
ual time points, no effect of the single factors breed or housing sys-
tem on BW was found. Analyses of BW showed an interaction
between breed × birth weight class on day 4 (P = 0.024) and
between breed × housing system on day 20 (P = 0.008). Hypo-
trophic piglets had consistently lower BWs compared to the con-
Table 3
BW of neonates and suckling piglets at 0–6 h, day 1, day 4, day 20, and one−day postweanin
classes of German Landrace (GL) and German Saddleback (GS) breeds born either in farro

Parameter per time point B H

GL GS Farrowing crate Farrowing pen

BW
0–6 h [kg] 1.36 1.40 1.36 1.40
Day 1 [kg] 1.36 1.46 1.39 1.43
Day 4 [kg] 1.88 2.01 1.93 1.96
Day 20 [kg] 6.08 6.08 6.01 6.14
Postweaning [kg] 7.78 8.19 7.77 8.22

B = breed; H = housing; BWC = birth weight class.
A,BDifferent superscripts indicate statistical significance per individual time point within
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trol littermates at all applied time points (Fig. 3), with a lowered
BW by 34.2% on day 1 and by 18.8% less on the day postweaning.

Evaluation of plasma metabolites via partial least squares-
discriminant analysis

According to the results of the partial least squares-
discriminant analysis based on the plasma metabolites data
(Fig. 4), hypotrophic piglets were partially discriminated from
eutrophic piglets (adjusted P = 0.026; Fig. 4A), whereas the dis-
crimination of hypotrophic vs hypertrophic littermates showed a
trend (adjusted P = 0.063; Fig. 4B). Moreover, animals assigned to
the eutrophic and hypertrophic birth weight classes had a similar
metabolic profile (adjusted P = 0.272; Fig. 4C). From these, i.e., both
eutrophic and hypertrophic piglets, the hypotrophic piglets were
partially discriminated (adjusted P = 0.025; Fig. 4D). Therefore,
the subsequent analysis focussed on the differences between pig-
lets with a low birth weight (800–1 100 g) and their larger litter-
mates with a birth weight of > 1 100 g, referred to as control
littermates.

Comprehensive longitudinal evaluation of plasma metabolites

The repeated measurement analyses revealed effects on the
plasma lactate level (Supplementary Table S4) due to breed and
housing system as well as due to the three-way interaction
between breed, housing system, and birth weight class. Both insu-
lin and glucose levels were dependent on the birth weight class,
whereas the latter were additionally influenced by the housing
g. The data were collected from selected piglets (n = 96) assigned to two birth weight
wing crates or farrowing pens. Data are presented as mean ± SEM.

BWC SEM P-values for interactions of B × H

800–1 100 g >1 100 g

1.04A 1.54B 0.032 0.958
1.05A 1.59B 0.035 0.767
1.51A 2.15B 0.047 0.242
5.12A 6.49B 0.136 0.024
6.87A 8.50B 0.185 0.186

birth weight class (P < 0.05).



Fig. 3. BWs of German Landrace (A, B) and German Saddleback (C, D) piglets assigned to hypotrophic (800–1 100 g), eutrophic (1 100–1 500 g), and hypertrophic (> 1 500 g)
piglets during the neonatal adaptation period (A, C) as well as at day 20 and one−day postweaning (B, D). Data are presented as mean ± SEM. a,b,c,d,e Different superscripts
highlight significant differences (P < 0.05).
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system. Moreover, a significant two-way interaction between the
breed and housing system was observed for plasma glucose. The
plasma inositol levels were dependent on the housing system,
birth weight class, and time. For plasma fructose, which was quan-
tified only within 0–6 h postnatum (undetectable at day 1 and day
4), the two-way interaction between breed and housing system
was significant. The plasma non-esterified fatty acid concentra-
tions showed significant effects due to the housing systems and
time. Plasma triglycerides showed effects due to time. Both plasma
total protein and albumin levels were dependent on breed and
time. Plasma urea levels were affected by time and the two-way
interaction between breed and birth weight class, whereas ammo-
nia levels were dependent on breed. The plasma creatinine concen-
tration was dependent on the housing system, birth weight class,
time, and the two-way interaction between breed and housing sys-
tem. For uric acid, the analyses showed significant effects of breed,
birth weight class, and time. The plasma triiodothyronine concen-
tration was independent of the experimental factors investigated.
The haptoglobin levels revealed a significant two-way interaction
between breed and housing system. The plasma cortisol levels
were dependent on the housing system and time. The plasma
levels for the electrolytes sodium and chloride were dependent
on breed. Additionally, sodium levels were dependent on birth
weight class and time, while for chloride, there was a significant
two-way interaction between the housing system and birth weight
class.

Plasma metabolites related to energy metabolism per time point

The plasma lactate levels (Table 4) were 25% lower in GS piglets
compared to GL piglets at day 1 (P = 0.025) and 41% lower at day 4
(P = 0.004). Pen-born piglets had significantly lower plasma lactate
levels at day 1 compared to piglets born to crated dams. There was
6

a three-way interaction on plasma lactate concentrations between
breed, housing system and birth weight class at day 4. Plasma lac-
tate levels were independent from birth weight class. There was a
significant two-way interaction on the plasma lactate concentra-
tion between the breed and housing system at day 4. Plasma insu-
lin concentrations were higher in GS piglets compared to GL piglets
on day 1 (P = 0.024) and day 4 (P = 0.027), but insulin levels were
unaffected by the housing system and birth weight class. Plasma
glucose levels were higher in GL piglets compared to GS piglets
on day 4 (P = 0.002). The glucose levels in piglets born in the far-
rowing pens were reduced compared to piglets born to sows kept
in crates on day 1 (P = 0.018) and day 4 (P = 0.010). The birth
weight class showed an effect as plasma glucose levels were 21%
lower on day 1 (P = 0.031) and 4% lower on day 4 (P = 0.006) in
hypotrophic piglets compared to control littermates. For plasma
inositol, which was only detectable at 0–6 h and day 1, piglets born
in the pen showed lower levels compared to crate-born piglets
with reductions of 14% at initial sampling postnatum (P = 0.013)
and 7% at day 1 (P = 0.014). There were significant two-way inter-
actions between breed and housing system on inositol levels 0–6 h
postnatum and between housing system and birth weight class at
day 1. Plasma inositol levels were independent of breed and birth
weight class. Plasma non-esterified fatty acid levels were similar
between breeds and housing systems, while hypotrophic piglets
showed an increase of 42% compared to control piglets at day 4
(P = 0.013). Plasma triglycerides showed an increase (P < 0.001)
from day 1 (55.2 ± 3.62 mg/dl) compared to day 4 (147.4 ± 6.42
mg/dl), followed by a decline (P < 0.001) until day 20 (61.0 ± 3.0
5). Hypotrophic piglets had 20% lower plasma triglyceride concen-
trations compared to control piglets at day 1 (P = 0.038). Plasma
triglyceride levels were independent of breed and housing system.
Compared to GL piglets, the GS piglets showed an increase of
plasma total protein levels of 21% at day 4 (P = 0.006) and of 11%



Fig. 4. Partial least squares-discriminant analysis according to birth weight classes using the available plasma metabolite data. The panel shows comparisons between (A)
hypotrophic and eutrophic piglets, (B) hypotrophic and hypertrophic piglets, and (C), eutrophic and hypertrophic piglets. (D) The applied partial least squares-discriminant
analysis further discriminated between hypotrophic piglets (800–1 100 g) and their eutrophic and hypertrophic littermates (> 1 100 g). Eutrophic and hypertrophic piglets
were summarised as control littermates. The corresponding symbols represent individual animals and the circles indicate the 95% confidence interval for each group.

H. Lickfett, M. Oster, A. Vernunft et al. Animal 19 (2025) 101460
at day 20 (P = 0.001). There were two-way interactions between
the housing system and birth weight class for the total protein at
0–6 h postnatum (P = 0.044) and between breed and birth weight
class at day 1 (P = 0.017). Furthermore, two-way and three-way
interactions between breed, housing system, and birth weight class
appeared on day 20. Plasma total protein levels were increased by
93% (P < 0.001) between a few hours postnatum (2.7 ± 0.07 g/dl)
and day 1 (5.2 ± 0.11 g/dl). No effect of the individual factors hous-
ing system and birth weight class was observed for plasma total
protein levels. The plasma triiodothyronine levels remained
unchanged due to breed, housing system, and birth weight class.
Hypotrophic piglets had 50% (P = 0.025) higher plasma cortisol
levels compared to control piglets on day 1. The difference
remained until day 4, where the hypotrophic piglets showed 32%
(P = 0.011) higher plasma cortisol levels. There was a two-way
interaction effect between breed and birth weight class for the
7

plasma cortisol at day 20 (P = 0.019). For plasma cortisol, there
was no significant effect of the single factors breed and housing
system observed.

Plasma metabolites related to tissue maturation per time point

Fructose and haptoglobin levels appeared to be unaffected by
breed, housing system and birth weight class. However, numeri-
cally higher haptoglobin levels were measured at day 1 (42%)
and day 4 (131%) in GS compared to GL piglets. The analyses
revealed two-way and three-way interactions on haptoglobin at
day 1 and day 20. This parameter increased during the neonatal
adaptation period. Plasma albumin (Table 5) concentrations were
9% higher in piglets born in the pen compared to piglets born to
crated sows a few hours postnatum (P = 0.036). Albumin levels
appeared to be unaffected by breed and birth weight class. The



Table 4
Plasma metabolites covering the energy metabolism assessed during the suckling period (0–6 h, day 1, day 4, day 20), and one−day postweaning. The data were collected from
selected piglets (n = 96) assigned to birth weight classes of German Landrace (GL) and German Saddleback (GS) breeds born either in farrowing crates or farrowing pens. Data are
presented as mean ± SEM.

Parameter per time point B H BWC SEM P-values for
interactions of B × H

GL GS Farrowing crate Farrowing pen 800–1 100 g >1 100 g

Cortisol [ng/ml]
0–6 h 91.4 104.9 97.5 99.0 114.2 90.9 5.98 0.222
Day 1 123.2 85.7 116.0 93.4 134.4§ 90.0$ 9.16 0.483
Day 4 71.3 39.6 70.5 39.7 65.6§ 49.9$ 4.39 0.628
Day 20 35.0 26.0 36.0 24.9 26.7 32.0 2.65 0.836
Postweaning 32.7 48.4 45.5 36.8 41.6 40.9 2.85 0.184

Glucose [mmol/l]
0–6 h 5.9 6.7 6.6 6.0 5.2 6.8 0.24 0.402
Day 1 5.9 5.9 6.2A 5.6B 5.0§ 6.3$ 0.18 0.056
Day 4 7.0a 6.6b 6.9A 6.7B 6.6§ 6.9$ 0.15 0.053

Inositol [mmol/l]
0–6 h 4.4 5.3 5.2A 4.5B 6.3 4.2 0.21 0.049
Day 1 3.0 2.8 3.0A 2.8B 3.5 2.6 0.12 0.169

Insulin [mU/l]
0–6 h 31.1 33.4 28.9 36.1 19.8 36.8 3.30 0.748
Day 1 9.9a 17.8b 16.5 12.8 9.9 16.7 1.95 0.258
Day 4 11.2a 11.3b 10.7 11.8 13.8 10.1 0.93 0.018

Lactate [mmol/l]
0–6 h 4.3 4.0 4.3 3.9 3.7 4.3 0.26 0.076
Day 1 5.6a 4.2b 5.4A 4.4B 5.1 4.8 0.19 0.965
Day 4 6.6a 3.9b 5.5 4.9 5.1 5.3 0.26 0.154

NEFA [lmol/l]
0–6 h 107.6 128.5 121.7 114.6 91.5 130.9 7.61 0.757
Day 1 125.5 139.1 126.2 138.1 137.8 129.5 4–34 0.503
Day 4 223.1 183.7 193.3 213.5 254.4§ 179.5$ 8.97 0.135
Day 20 275.9 305.9 313.5 270.4 300.5 287.8 14.95 0.590
Postweaning 335.8 419.2 243.0 507.8 532.3 313.4 40.78 0.269

Total protein [g/dl]
0–6 h 2.7 2.6 2.6 2.7 2.3 2.8 0.07 0.057
Day 1 4.7 5.8 5.3 5.1 5.1 5.3 0.11 0.066
Day 4 4.4a 5.3b 4.8 4.9 4.8 4.9 0.07 0.090
Day 20 4.5a 4.9b 4.8 4.7 4.8 4.7 0.08 0.032
Postweaning 4.5 4.8 4.7 4.6 4.7 4.7 0.06 0.331

Triglyceride [mg/dl]
0–6 h 35.1 37.4 38.7 33.8 28.9 39.6 2.79 0.439
Day 1 51.3 59.2 56.2 54.3 47.3§ 59.0$ 3.63 0.887
Day 4 168.5 126.7 147.5 147.3 158.5 142.0 6.49 0.308
Day 20 63.3 58.8 62.7 59.3 66.0 58.8 3.14 0.685
Postweaning 39.2 44.0 38.3 44.9 50.2 38.1 2.93 0.207

Triiodothyronine [ng/ml]
0–6 h 3.9 3.1 3.4 3.7 3.0 3.8 0.25 0.885
Day 4 6.1 3.9 4.9 5.0 4.7 5.1 0.30 0.703

Different superscripts indicate statistical significance per individual time point (P < 0.05) within breed (a,b), within housing system (A,B), and within birth weight class (§,$).
B = breed; H = housing; BWC = birth weight class; NEFA = Non-esterified fatty acids.
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GS piglets had higher plasma urea levels compared to GL piglets on
day 20 (P = 0.020). Piglets born in the pen had higher plasma urea
concentrations compared to piglets born to crated sows a few
hours postnatum (P = 0.023). Plasma urea concentrations were
36% elevated in hypotrophic piglets compared with control piglets
on day 4 (P = 0.002). There were significant two-way interactions
between breed and birth weight class on day 4 and day 20. The
plasma ammonia level was 24% lower in GS piglets compared to
GL piglets on day 1. For plasma ammonia concentration, a signifi-
cant three-way interaction between breed, housing system, and
birth weight class was obtained one−day postweaning. For ammo-
nia, no impact of the housing system and birth weight class was
observed. Plasma creatinine levels were affected by the breed (0–
6 h: P = 0.001; day 1: P = 0.025; P = 0.001) and housing system
8

(0–6 h: P = 0.003; day 1: P < 0.001; day 4: P < 0.001) during the
neonatal adaptation phase. The GS piglets had higher creatinine
concentrations compared to GL piglets a few hours postnatum
(P = 0.001) and lower levels at day 1 (P = 0.025) and day 4
(P = 0.001). Piglets born in the pen had higher plasma creatinine
concentrations compared to piglets born to crated sows during
the neonatal adaptation period (0–6 h: P = 0.003, day 1:
P < 0.001; day 4: P < 0.001) and postweaning (P < 0.001). There
was a significant two-way interaction between breed and housing
system on plasma creatinine throughout the neonatal adaptation
period. There was a significant three-way interaction between
breed, housing system, and birth weight class one−day postwean-
ing, but no significant effects were found due to birth weight class.
Compared to the GL piglets, GS piglets had 25% and 33% higher



Table 5
Plasma metabolites covering the tissue maturity assessed during the suckling period (0–6 h, day 1, day 4, day 20), and one−day postweaning. The data were collected from
selected piglets (n = 96) assigned to birth weight classes of German Landrace (GL) and German Saddleback (GS) breeds born either in farrowing crates or farrowing pens. Data are
presented as mean ± SEM.

Parameter per time point B H BWC SEM P-values for
interactions of B × H

GL GS Farrowing crate Farrowing pen 800–1 100 g >1 100 g

Albumin [g/dl]
0–6 h 1.1 1.2 1.1A 1.2B 1.0 1.2 0.04 0.320
Day 1 1.8 2.1 2.0 1.9 1.9 2.0 0.05 0.153
Day 4 2.2 2.5 2.3 2.4 2.3 2.4 0.05 0.160
Day 20 3.9 4.0 3.9 4.0 4.1 3.9 0.06 0.227
Postweaning 3.8 4.0 3.8 4.0 3.9 3.9 0.06 0.366

Ammonia [lg/dl]
0–6 h 183.6 143.2 160.0 166.5 162.2 163.6 6.65 0.661
Day 1 168.3a 128.6b 153.3 143.8 150.0 147.7 5.19 0.667
Day 4 146.2 93.7 120.9 118.4 114.1 122.3 5.82 0.001
Day 20 125.5 115.0 122.2 117.9 116.1 121.8 6.73 0.814
Postweaning 85.8 84.1 79.5 90.0 83.6 85.4 3.67 0.823

Chloride [mmol/l]
0–6 h 88.3 89.3 89.2 88.4 88.3§ 89.0$ 0.62 0.994
Day 1 89.5 91.2 90.9 89.7 91.7 89.8 0.68 0.601
Day 4 90.0 91.4 91.3A 90.2B 90.2§ 91.0$ 0.57 0.527
Day 20 87.7a 94.9b 92.1 90.8 92.5 91.0 0.85 0.837
Postweaning 92.7a 97.9b 95.8 95.1 95.2§ 95.6$ 0.92 0.446

Creatinine [mg/dl]
0–6 h 1.63a 1.87b 1.70A 1.80B 1.75 1.74 0.062 0.010
Day 1 0.92a 0.86b 0.83A 0.95B 0.94 0.86 0.028 <0.001
Day 4 0.75a 0.66b 0.70A 0.71B 0.65 0.74 0.021 <0.001
Day 20 0.85 0.92 0.79 0.99 0.83 0.92 0.023 0.102
Postweaning 0.98 0.97 0.80A 1.14B 0.94 0.99 0.028 0.671

Fructose [mmol/l]
0–6 h 2.0 2.2 2.1 2.1 2.2 2.1 0.07 0.171

Haptoglobin [lg/ml]
0–6 h 51.7 52.7 46.7 57.7 33.0 61.3 5.25 0.832
Day 1 120.7 171.2 121.2 169.7 157.7 139.8 8.61 0.006
Day 4 159.8 369.7 293.4 238.8 400.2 200.8 48.18 0.192
Day 20 337.8 281.1 316.0 299.5 359.5 284.1 65.03 0.080
Postweaning 474.22 380.1 439.0 408.3 504.7 388.1 43.39 0.914

Sodium [mmol/l]
0–6 h 126.4a 123.8b 124.4 125.7 121.4§ 126.6$ 0.59 0.364
Day 1 130.5a 127.1b 129.1A 128.4B 127.9 129.1 0.55 0.126
Day 4 129.9a 125.5b 127.7 127.5 125.7 128.5 0.52 0.809
Day 20 120.2 119.0 120.1 118.7 118.0 120.2 0.88 0.201
Postweaning 121.3 119.6 119.4 121.4 118.2§ 121.2$ 0.78 0.232

Urea [mg/dl]
0–6 h 11.9 11.7 11.4A 12.2B 11.6 11.9 0.25 0.051
Day 1 19.5 20.1 19.6 20.0 20.3 19.6 0.57 0.830
Day 4 8.4 6.7 7.2 7.8 9.1§ 6.7$ 0.42 0.760
Day 20 5.9a 6.3b 6.4 5.8 5.6 6.3 0.26 0.107
Postweaning 5.8 6.1 5.6 6.3 6.4 5.8 0.26 0.832

Uric acid [mg/dl]
0–6 h 0.4a 0.5b 0.5 0.4 0.5 0.4 0.01 0.003
Day 1 0.5 0.6 0.5 0.5 0.6 0.5 0.01 0.696
Day 4 0.6 0.6 0.6 0.5 0.6§ 0.5$ 0.01 0.432
Day 20 0.3a 0.4b 0.3 0.3 0.3 0.3 0.01 0.391
Postweaning 0.3 0.4 0.3 0.3 0.3 0.3 0.01 0.981

Different superscripts indicate statistical significance per individual time point (P < 0.05) within breed (a,b), within housing system (A,B), and within birth weight class (§,$).
B = breed; H = housing; BWC = birth weight class.
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plasma uric acid concentrations a few hours postnatum (P = 0.006)
and at day 20 (P = 0.007), respectively. In hypotrophic piglets,
plasma uric acid levels were increased by 20% compared to control
piglets on day 4 (P = 0.018). There was a significant two-way inter-
action between the breed and housing system a few hours after
birth. For plasma uric acid, there was no effect of the housing sys-
tem. The plasma sodium levels of GS piglets were significantly
lower compared to those of GL piglets during the neonatal adapta-
9

tion period and ranged from 2% lower a few hours postnatum to 3%
lower on day 4. Piglets born in the pen had lower plasma sodium
levels compared to piglets born to a crated sow on day 1
(P = 0.044). Hypotrophic piglets had 4% (P = 0.011) lower plasma
sodium levels compared to control piglets a few hours postnatum
and 3% (P = 0.007) lower one day after weaning. There were two-
way interactions between the housing system and birth weight
class on day 1 and one−day post-weaning. The GS piglets had 8%
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(P = 0.001) higher plasma chloride levels compared to GL piglets at
day 20 and 6% (P = 0.027) higher levels one−day postweaning. The
plasma chloride concentrations were lower in piglets born in the
pen compared to those born to a crated sow at day 4 (P = 0.035).
Hypotrophic piglets had lower plasma chloride levels compared
to control piglets a few hours postnatum (P = 0.035), at day 4
(P = 0.013), and one−day postweaning (P = 0.039).
Discussion

Farrowing characteristics

Results refer to the dynamics of neonatal adaptation and vitality
parameters of newborn piglets with divergent genetic background,
and housing conditions at farrowing, and birth weight classes. The
relative proportions of live-born piglets were not different
between the breeds indicating unaffected piglet viability. In fact,
the observed differences in absolute litter size between commer-
cial and traditional dam lines were to be expected and are in line
with previous results (König et al., 2021; Ponsuksili et al., 2024;
Gladbach, 2022). The results show that the housing conditions
did not influence the length of the expulsion phase and there
was no effect of the inter-farrowing intervals on the number of
stillborn piglets. Nevertheless, management could affect the num-
ber of stillbirths, as indicated by the significantly higher numbers
of stillbirth retrieved from farrowing pens compared to farrowing
crates in this study. A number of studies analysed stillbirth rates
in different housing systems with inconsistent results (Glencorse
et al., 2019; Goumon et al., 2022) due to differences in prolificacy
and the provision of enrichment such as straw or pen size. The
preweaning mortality corresponds to the literature data of 15–
20% on average (Kielland et al., 2018; Nuntapaitoon et al., 2018)
and thus appears to be similar for the modern and traditional
breeds analysed and the farrowing crates and farrowing pens used.

Vitality score and rectal temperature

The vitality scores appeared to be similar between GL and GS
piglets, but were lower due to pen housing compared to the crate
housing system. This goes along with the higher number of still-
born piglets in the pen. The rectal temperature of hypotrophic pig-
lets was lower compared to control piglets at 0–6 h postnatum. In
fact, hypotrophic piglets cool down more quickly due to the less
favourable body surface-to-volume ratio (Herpin et al., 2002) and
consequently positive correlation between birth weight and rectal
temperature was reported (Baxter et al., 2008). Therefore, the
selected hypotrophic neonatal piglets in this study indeed repre-
sent a vulnerable subgroup. At 24 h of life, GS piglets had higher
rectal temperatures than GL, indicating different development.
An effect of breed on body temperature was already observed in
commercial crossbreeds, where birth weight was assumed to be
a relevant factor (Schild et al., 2020).

Development of BW and discrimination of hypotrophic piglets from
eutrophic and hypertrophic piglets

Considering all live-born piglets (n = 329), the higher average
birth weight of GS piglets and the tendency for a higher number
of hypertrophic piglets in GS compared to GL might reflect less
intrauterine crowding and suitable nutrient availability during foe-
tal development in traditional breeds (Vázquez-Gómez et al.,
2018). Indeed, average birth weight decreases with litter size
(mean and SD total number born: 15.1 ± 3.5 piglets) (Vernunft
et al., 2018) and became a problem in modern pig breeds during
the last decades (Knap et al., 2023). In our study, the repeated mea-
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surement analysis including 96 selected piglets revealed a signifi-
cant effect due to breed on BW development, which was found
to be numerically higher for GS piglets at all selected time points.
BW development appeared to be independent of the housing sys-
tem used, suggesting that maternal environmental perceptions of
available space and physical activity are not significant for nutrient
allocation or colostrum production. Regarding the effects of birth
weight, hypotrophic piglets consistently had lower BWs than con-
trol piglets at each selected time point until weaning, which is con-
sistent with previous reports (Škorjanc et al., 2007; López-Vergé
et al., 2018; Vodolazska et al., 2023). Blood parameter patterns of
hypotrophic piglets could be separated from their heavier litter-
mates via partial least squares-discriminant analysis analyses, with
particular differences in plasma metabolites related to energy sup-
ply, organ maturation, and stress response. This allows to identify
compensatory mechanisms for successful neonatal adaptation and
catch-up growth.

Energy metabolism thorough neonatal adaptation

Energy is a fundamental requirement for biological processes in
organisms and can be derived from endogenous reserves or exoge-
nous sources through dietary intake. The current results show that
hypotrophic piglets exhibit a fully developed thyroid hormone sys-
tem which indicates a sufficiently developed orchestration of the
energy metabolism (Ritacco et al., 1997; Morise et al., 2008). New-
born piglets mainly rely on limited glycogen reserves, which become
depleted within approximately 10 h after birth, necessitating the
restoration of glucose levels from lactate (Mota-Rojas et al., 2011).
Although there might be a genetic contribution to muscle glycogen
content in pigs (Liu et al., 2019), porcine neonates of breeds with pro-
nounced differences in body composition such as Meishan and Large
White exhibited similar glycogen levels (Le Dividich et al., 1991). An
unaffected glycogen content might be assumed for GL and GS neo-
nates, although glycogen contents have not been analysed in the pre-
sent study. However, the GL piglets showed higher blood lactate
levels compared to the GS piglets on day 1 and day 4, indicating an
increased anaerobic metabolism in GL compared to GS neonates. In
turn, the GS piglets might have received a higher lipid supply via
the colostrum in order to maintain their energy stores. Differences
in milk composition between GL and GS sows are conceivable, con-
tributing to the observed variations in total protein content in the
plasma of their respective piglets, as was described for Meishan and
Yorkshire (Zou et al., 1992). The observed course of increased blood
insulin levels also indicates an active regulation of lipid and carbohy-
drate metabolism in GS piglets, potentially aimed at replenishing
glycogen stores. It is widely known that pigs of different breeds, espe-
cially those bred divergently for lean mass, exhibit differences in
energy metabolism which also applies to their piglets (Nürnberg
et al., 1997; Ponsuksili et al., 2024). Total protein levels were found
to be higher in GS piglets on day 4 and day 20. Protein supplementa-
tion in suckling piglets was demonstrated to lead to higher total pro-
tein levels in plasma (Kósa et al., 2020).

The farrowing environment was also found to affect the carbo-
hydrate metabolism of the piglets during the neonatal adaptation
period. Although the parameters glucose, inositol, and lactate did
not exhibit consistent changes over the time points evaluated,
their levels were consistently lower in piglets born in farrowing
pens compared to those in farrowing crates. Interpreting these
observations is challenging, as the farrowing environment and
the time elapsed between the last suckling and blood collection
are often not comparable across studies (Nowland et al., 2019).
However, a plausible explanation for the observed effects might
be the increased freedom of movement afforded to sows in farrow-
ing pens, which makes it more difficult for piglets to access the
udder, requiring greater physical activity compared to their coun-
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terparts in farrowing crates. This increased locomotor activity
could potentially contribute to alterations in carbohydrate meta-
bolism and utilisation in neonatal piglets, although there were no
differences in BWs between housing systems.

The birth weight class of newborn piglets exerts effects on
blood glucose levels on day 1 and day 4, but not at initial sampling
postnatum. Accordingly, previous studies had not found a signifi-
cant correlation between umbilical cord blood glucose levels and
birth weight (Quesnel et al., 2023). Due to their lower muscle mass,
altered body composition, and variable rates of hepatic glycogen
mobilisation (Vanden Hole et al., 2019), low birth weight piglets
are more dependent on exogenous glucose sources and are more
susceptible to dietary fluctuations in the first days of life compared
to their counterparts with normal birth weights. This observation
is further supported by similar blood lactate values across the birth
weight classes per time point, which indicate high plasma lactate
levels as a general characteristic of newborn piglets (Uddin et al.,
2022). Other parameters related to carbohydrate metabolism, e.g.
insulin or lactate, were not affected by birth weight class at the
individual time points evaluated in the present study. In previous
investigations (Morise et al., 2008; Quesnel et al., 2023), plasma
insulin levels were also shown to be independent of birth weight.
Inositol, an important component of cell membranes and recep-
tors, is known to exhibit elevated values in cases of intrauterine
growth restriction (IUGR) (Gao et al., 2022). However, in the pre-
sent study, hypotrophic piglets had comparable inositol levels,
but it has to be mentioned that piglets with a birth
weight < 800 g were excluded from the study to minimise the
influence of IUGR on the observed parameters. Total protein con-
tent in plasma serves as an indicator of colostrum intake in neona-
tal piglets (Devillers et al., 2011; Quesnel et al., 2012). In the
present study, the observed levels of total protein in the plasma
of hypotrophic piglets suggest that these animals had sufficient
colostrum intake during the early postnatal period.

Cortisol may be transferred from the sow to the piglets (Grün
et al., 2013; Morgan et al., 2021), but the short-term housing of
the sows in the two different farrowing environments had no effect
on the stress response measurable at the piglet level. Physiological
functions of cortisol comprise immunomodulation (Li et al., 2019),
and stimulation of the lung function (Czock et al., 2005) essential
for neonatal adaptation (Diehl et al., 2022). In this context, the
observed higher cortisol release in hypotrophic piglets can be seen
as a compensatory mechanism. Moreover, the catabolic effect of cor-
tisol via mobilisation of body reserves via increased gluconeogenesis,
lipolysis and protein turnover contributes to meeting the required
energy metabolites of hypotrophic piglets during neonatal adapta-
tion. Since the observed hypotrophic neonates are susceptible to
the development of a hypoglycaemia-hypothermia complex, an
increased release of cortisol indicates an efficient counter-control.

The high energy requirements and low endogenous reserves in
hypotrophic piglets lead to elevated non-esterified fatty acid con-
centrations on day 4, as observed in the present study and reported
previously (Stange et al., 2020). This phenomenon is likely attribu-
table to the mobilisation of lipid reserves, although limited, to
meet the increased energy demands of these piglets during the
early postnatal period. Even though the hypotrophic piglets in
our study show specific metabolic adaptation processes, the data
indicate a sufficiently developed energy metabolism to survive.
Interestingly, lipids might accumulate during the neonatal adapta-
tion period, as the digestive kinetics increase more rapidly than the
metabolic capacity (Odle, 1997).

Proxies for tissue maturation of liver and kidney

The analysed proxies for assessing tissue maturation in neo-
nates revealed reduced ammonia and creatinine levels in the
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plasma of GS compared to GL piglets during the neonatal adapta-
tion period. Despite a shorter gestation length in GS compared to
GL, this might be attributed to an increased hepatic detoxification
of ammonia and an improved renal clearance of creatinine in GS
piglets, as suggested previously in determining kidney maturity
(Bauer et al., 2000). The metabolite results depend in part on the
timing of the sucking event, which was not controlled in the exper-
imental design prior to the initial blood sampling at 0.5–6 h. How-
ever, this bias is present in all 12 experimental groups and the
measurements should therefore be regarded as informative.
Plasma sodium showed a consistent breed difference, with the
GS piglets having lower values and thus exhibiting physiological
values of around 125 mmol/l early postnatum. Breed-specific dif-
ferences in litter size could obviously contribute to differences in
the hydration status of newborn piglets and consequently influ-
ence their blood sodium concentration in the early postnatal per-
iod (Devillers et al., 2007; Quesnel et al., 2012).

Haptoglobin levels in the blood reflect the balance between
haemolysis and erythrocyte production, but can fluctuate depend-
ing on hepatic synthesis function, acute phase responses, genetic
factors, and age (Alayash, 2018). Directly postnatal, haptoglobin is
absorbed via the colostrum, thereby the neonate receiving stimula-
tion for the hepatic synthesis (Hiss-Pesch et al., 2011). In the cur-
rent study, the increase in haptoglobin levels during neonatal
adaptation was consistent with results obtained for the first week
of life in piglets (Martin et al., 2005), although the reported time-
dependent increase in blood haptoglobin was more prominent.

Housing conditions showed elevated plasma creatinine levels in
piglets born in farrowing pens compared to piglets born in farrow-
ing crates throughout the neonatal adaptation period. This could
reflect a higher level of physical activity or higher total muscle
mass (James et al., 2002). Other markers of tissue maturation such
as plasma albumin, sodium, chloride, and urea showed no system-
atic change. Elevated plasma urea and albumin levels immediately
after birth could be related to the utilisation of proteins for energy
production (Dazuk et al., 2019). Overall, the housing system did
not indicate a major impact on organ maturity.

Newborn piglets possess low endogenous fat reserves and are
heavily reliant on the intestinal absorption of triglycerides from
colostrum and milk (Zhao et al., 2021). Therefore, it is conceivable
that the plasma triglyceride profile of hypotrophic piglets may
reflect the maturity of cells and organs, particularly their ability
to metabolise ingested lipids. Additionally, the effects of teat com-
petition among littermates could play a role, as hypotrophic piglets
generally suckle on teats with lower colostrum quality and addi-
tionally ingest usually smaller amounts of colostrum compared
to their heavier littermates (Milligan et al., 2002; Oliviero, 2023).

Fructose levels are used as an indicator of maturity in neona-
tal piglets, with higher levels observed in immature neonates
compared to mature piglets (Gondret et al., 2018; Diehl et al.,
2022; Quesnel et al., 2023). Thus, the hypotrophic piglets in this
study appeared to be sufficiently developed, as evidenced by
their fructose levels. In the hypotrophic piglets, plasma urea
and uric acid levels were both elevated compared to the control
piglets at day 4. The time-dependent pattern shows a decrease
in the values along the suckling period, which might reflect dif-
ferences in metabolic status or tissue maturation. Higher urea
levels in hypotrophic piglets are thought to be caused by
reduced protein synthesis, which was associated with lower
muscle growth in suckling piglets (Getty et al., 2015). As the
kidneys are not yet fully developed at birth (Bostedt and
Walser, 2008), uric acid appears to accumulate in hypotrophic
piglets during the neonatal adaptation phase, although com-
pensation was achieved during further development. In sum-
mary, hypotrophic piglets appear to have a slight delay in
organ maturation.
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Conclusion

Our results provide new insights into piglet vitality and the
dynamics of plasma metabolite concentrations during the suckling
period in relation to different genetic background, housing condi-
tions at farrowing, and birth weights following artificial birth induc-
tion. Both GL and GS breeds subjected to divergent housing systems
exhibited breed-specific metabolite profiles to maintain neonatal
adaptation. The GS piglets appeared to exhibit a higher level of tissue
maturity than GL piglets, suggesting that the time of birth induction
in GS at gestation day 112 is corresponding to the physiological time
of birth in this breed. The farrowing environment revealed an impact
on plasma glucose, inositol and lactate in neonatal piglets, poten-
tially due to higher physical activity to access the udder in farrowing
pens. The hypotrophic piglets remained small during the suckling
phase and were characterised by the co-occurrence of low blood glu-
cose levels as well as reduced body temperature, i.e., a
hypoglycaemia-hypothermia complex. This can have significant
implications for neonatal health and development but might be mit-
igated by an increased release of cortisol. Additionally, lipid metabo-
lism appears to develop more slowly in hypotrophic piglets.
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