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Abstract 9 

This study aims to evaluate the effects of space allowance during gestation on productivity, welfare, and blood constituents 10 

of group-housed primiparous sows. A total of 48 primiparous sows (Landrace × Yorkshire; 220.68 ± 17.29 kg initial body 11 

weight, mean ± SD) were randomly assigned to four space allowance treatments (1.9, 2.1, 2.3, and 2.5 m²; 12 sows per 12 

treatment) in a half-stall group housing system from day 42 to day 106 of gestation. The following parameters were 13 

measured in sows: reproductive performance, welfare indicators, and blood constituents. Space allowance did not affect 14 

sow body weight, backfat thickness, or reproductive performance, including litter size, litter and piglet weights, average 15 

daily gain, or survivability. However, the colostrum total solids and protein concentrations were higher (p < 0.05) in sows 16 

housed at a space allowance of 1.9 m² than those housed at 2.5 m². For the welfare indicators, skin injury scores were 17 

higher (p < 0.05) in sows allocated 1.9 and 2.1 m² than those allocated 2.5 m² during the first week after mixing, but 18 

lameness scores of sows were not different among space allowance treatments. Sow metabolic and stress-related blood 19 

indicators, including blood urea nitrogen, creatinine, triglycerides, free fatty acids, glucose, and cortisol concentrations, 20 

were not affected by space allowance treatments. In conclusion, space allowances ranging from 1.9 to 2.5 m² per sow did 21 

not affect sow productivity or metabolic status, indicating that productivity and metabolic status were maintained at 1.9 m² 22 

under commercial half-stall group housing conditions. However, larger space allowance was associated with progressively 23 

fewer skin injuries, suggesting that farms with greater facility capacity may improve sow welfare benefits by adopting 24 

space allowances toward the upper end of this range (2.3–2.5 m²). 25 

Keywords: Gestating sows, Group housing, Space allowance, Productivity, Colostrum composition, Skin injury 26 

 27 

Introduction 28 

The global swine industry is undergoing a major transition from individual gestation stalls to group housing systems 29 

for pregnant sows, driven by increasing consumer awareness of animal welfare and strengthening of related legislation [1, 30 

2]. Individual stalls, which are advantageous for individual management and the suppression of inter-sow aggression, have 31 

been widely criticized for severely restricting sow movement and preventing the expression of natural behaviors, such as 32 

exploration and rooting [3-5]. In response to these welfare concerns, the European Union (EU) mandated group housing 33 

for pregnant sows from four weeks post-service until one week before farrowing under Council Directive 2008/120/EC, 34 

with full implementation across all member states since 2013 [6, 7]. The EU Directive specifies a minimum unobstructed 35 

floor area of 2.25 m² per sow and 1.64 m² per gilt, with a 10% increase for groups of fewer than six animals and a 10% 36 

reduction permitted for groups of 40 or more [1, 6, 8]. 37 



Similarly, the Republic of Korea recently amended its Livestock Industry Act to mandate group housing for pregnant 38 

sows from six weeks post-insemination, with all existing farms required to complete the transition by 2030 [9, 10]. However, 39 

unlike the EU, Korean legislation has not yet established specific minimum space-allowance standards for group-housed 40 

gestating sows, and approximately 1.9 m² per sow is currently considered the practical minimum based on existing farm 41 

infrastructure [11]. Given that the EU minimum space allowance of 2.25 m² was established under different production 42 

systems and farm structures, the appropriate allowance should be empirically determined under Korean commercial 43 

conditions, where half-stall group housing represents the most feasible transition option. 44 

Space allowance is one of the most critical factors governing the welfare and health of group-housed gestating sows 45 

[5, 12, 13]. Insufficient space exacerbates competition for feed and resting areas and intensifies aggressive interactions, 46 

skin injuries, and chronic social stress among sows [14-16]. A space allowance of 1.4 m² per sow has been reported to be 47 

inadequate for welfare [5, 15], and increasing floor space from 1.4 to 3.0 m² has been shown to linearly reduce blood 48 

cortisol concentrations and improve conception rates from approximately 60% to 75% [15]. Skin injuries and lameness are 49 

recognized welfare indicators within established animal welfare assessment protocols, and lameness, in particular, has been 50 

associated with reduced productive longevity and increased culling rates in sows [17-19]. Because behavioral observations 51 

alone are insufficient to objectively quantify the degree of physiological stress experienced by sows, metabolic and stress-52 

related blood indicators (cortisol, blood urea nitrogen, creatinine, triglycerides, free fatty acids, and glucose) serve as useful 53 

objective complements for welfare assessment [2, 20-22]. 54 

Beyond welfare, space allowances may exert substantial effects on sow productivity via stress-mediated endocrine 55 

pathways. Chronic activation of the hypothalamic-pituitary-adrenal axis under space-restricted conditions may elevates 56 

glucocorticoid secretion, which can suppress reproductive function by interfering with gonadotropin release and embryo 57 

implantation [23, 24]. Although the relationship between space allowance and reproductive performance has yielded 58 

inconsistent results across studies [15, 25, 26], the lack of consensus may partly reflect the differences in housing systems, 59 

group sizes, and the relatively narrow space ranges examined. Furthermore, the gestational environment may influence 60 

colostrum quality at parturition, as maternal stress during late gestation may alter nutrient partitioning and mammary 61 

secretory activity, potentially affecting colostrum composition [27, 28]. Colostrum is the primary source of passive 62 

immunity and energy for neonatal piglets, and its composition in terms of total solids, protein, fat, and lactose is affected 63 

by nutritional, hormonal, and environmental factors during gestation [29-31]. Given that colostrum quality directly 64 

determines piglet survival and early immune competence, understanding its relationship with the gestational housing 65 

environment is of practical importance for commercial swine production. 66 



Despite the growing body of evidence on space allowance effects, most studies have been conducted under ESF or 67 

free-access stall systems with space ranges exceeding 2.25 m², which exceeds the practical constraints of Korean 68 

commercial farms currently transitioning to group housing [8, 21, 26, 32]. Within the narrower range of 1.8 to 2.4 m², the 69 

effects of incremental changes in space allowance on welfare or productivity outcomes remain insufficiently characterized 70 

[5]. In particular, studies evaluating multiple incremental space allowance levels ranging from 1.9 to 2.5 m² in half-stall 71 

group housing systems are lacking. Moreover, only a few studies have simultaneously assessed productivity indicators, 72 

colostrum composition, skin injuries, lameness, and blood constituents within the same experimental cohort, thus limiting 73 

the ability to draw integrated conclusions regarding the space allowance that balances welfare improvement with 74 

productive efficiency [11]. 75 

Therefore, the present study was conducted to evaluate the effects of four space allowance levels (1.9, 2.1, 2.3, and 76 

2.5 m² per sow) on the productivity and welfare of primiparous gestating sows housed in a half-stall group housing system. 77 

Specifically, the objectives were to assess sow body weight and backfat thickness, reproductive performance, colostrum 78 

composition, skin injuries, lameness scores, and metabolic and stress-related blood indicators among the four space 79 

allowance treatments. 80 

 81 

Materials and Methods 82 

All the experimental protocols were reviewed and approved by the Institutional Animal Care and Use Committee of 83 

the National Institute of Animal Science (NIAS-2022-190). 84 

 85 

Experimental design and animals 86 

A total of 48 primiparous sows (Landrace × Yorkshire; 220.68 ± 17.29 kg initial body weight, mean ± SD) were used 87 

in this study. Sows were randomly assigned to one of four space allowance treatments (1.9, 2.1, 2.3, or 2.5 m² per sow), 88 

with 12 sows per treatment housed together in a single pen, resulting in four pens in total (one pen per treatment). Each 89 

pen was equipped with 12 individual half-stalls (short stalls; 0.65 m width × 1.4 m length per stall) and an adjacent shared 90 

group space. The half-stalls had no gates, allowing them to move freely between the feeding area and the shared space. 91 

Space allowance was calculated as the total available pen area (sum of the half-stall area and shared group space) divided 92 

by the number of sows per pen, and pen dimensions were adjusted to achieve the target space allowance for each treatment. 93 

The group-housing period was extended from 42 days after artificial insemination to 106 days of gestation, at which point 94 

all sows were relocated to individual farrowing crates (1.8 × 2.4 m²). 95 



Diets and feeding 96 

The ingredients and chemical compositions of the experimental diets used during gestation and lactation are presented 97 

in Table 1. Diets were formulated to meet or exceed the nutrient requirements of gestating and lactating sows, as 98 

recommended by the National Research Council [33]. During gestation, sows received a restricted allowance of 2.5 kg/day 99 

provided in two equal meals at 09:00 and 16:30. During lactation, sows were fed using an automatic feeder (Automatic 100 

Feeder of Lactating Sows, Koca), with daily allowances progressively increasing as follows: 2–4 kg/day from days 1–3 101 

postpartum; 4–6 kg/day during the first week; 6–8 kg/day during the second week; and 7–10 kg/day from the third week 102 

until weaning. Water was provided ad libitum throughout the experiment. 103 

 104 

Productivity measurements 105 

Sow performance 106 

Body weight and back fat thickness were measured at 42 and 106 days of gestation and at weaning. Backfat thickness 107 

was measured at the P2 position (5 cm lateral to the midline at the level of the 10th rib) using an ultrasound device (Anyscan 108 

BF; SongKang GLC, Korea) [11]. 109 

 110 

Reproductive performance 111 

Litter size was recorded at birth and categorized as total-born, stillborn, mummified, born alive, cross-fostered, or 112 

weaned. The number of piglets per sow was adjusted within one day after farrowing based on piglet birth weight to ensure 113 

uniformity across treatment groups. Litter weight was recorded at birth and again at weaning, which occurred at 28 days 114 

of age. Weaning-to-estrus intervals were monitored twice daily (09:00 and 16:30 h) following weaning. The gestation 115 

length was recorded for each sow. 116 

 117 

Colostrum composition 118 

Colostrum samples were collected from sows during active parturition after the delivery of 2–4 piglets. This sampling 119 

window was selected to obtain colostrum during the early stage of farrowing while minimizing interference with active 120 

parturition. The exact sampling time and the number of piglets born before sampling were not included as covariates in the 121 

statistical analysis. Approximately 30 mL of colostrum was collected from the anterior mammary glands by hand massage 122 

without oxytocin administration and stored in 50 mL tubes at −20°C until analysis. Before analysis, the samples were 123 

thawed at room temperature (20°C). Colostrum composition, including total solids, protein, fat, and lactose, was 124 



determined using a Fourier-transform infrared milk analyzer (CombiScope FTIR 300 HP, Delta Instruments, The 125 

Netherlands) [10, 11]. 126 

 127 

Welfare measurements 128 

Lameness 129 

Lameness was assessed in all sows before group mixing (week 0) and at weeks 1, 3, 5, 7, and 9 of the group housing 130 

period. Before assessment, the sows were allowed to walk or trot freely for approximately 30–50 m in an open corridor. 131 

Lameness was scored using a four-point scale (0–3) as described by Karlen et al. [34] and applied in previous studies [10, 132 

11]: score 0, normal gait with no apparent posture or movement abnormalities; score 1, occasional signs of discomfort or 133 

minor alterations in gait while maintaining support from all four limbs; score 2, one or more limbs occasionally lifted off 134 

the ground during movement; and score 3, one or more limbs incapable of bearing weight, accompanied by joint swelling 135 

or pain-related vocalization. Lameness was assessed independently by three trained evaluators, and the final score was the 136 

mean of their evaluations. 137 

 138 

Skin lesions 139 

Skin lesions were assessed in all sows before group mixing (week 0) and at weeks 1, 3, 5, 7, and 9 of the group housing 140 

period. The total number of scratches and lesions on the body surface of each sow was recorded by a single trained observer 141 

following the method described by Karlen et al. [34]. The observer was not blinded to treatment group, as pen identity and 142 

housing configuration were visible during scoring.  143 

 144 

Blood collection and analysis 145 

Blood samples (10 mL) were collected from the jugular vein of each sow at 106 d of gestation. The samples were 146 

transferred into serum-separating Vacutainer tubes and centrifuged at 3,000 × g for 20 min. Separated serum was stored at 147 

−20°C until analysis. Metabolic blood indicators, including blood urea nitrogen (BUN), creatinine, triglycerides, free fatty 148 

acids, and glucose, were analyzed using an automated biochemistry analyzer (Dri-Chem 3500i, Fujifilm, Japan). Serum 149 

cortisol concentrations were measured using a commercial ELISA kit (Cusabio, USA) according to the manufacturer's 150 

instructions. 151 

  152 



Statistical analysis 153 

All data were analyzed using the GLM procedure in SAS (version 9.4; SAS Institute Inc., Cary, NC, USA). Space 154 

allowance was included as the fixed effect. Because only one pen was assigned to each space allowance treatment, 155 

treatment and pen effects were completely confounded, and individual sows within the same pen could not be considered 156 

independent experimental replicates of the space allowance treatment. Measurements were collected from individual sows 157 

within each pen, and data were analyzed using individual sows as the observational unit, consistent with previous studies 158 

conducted under similar group-housing conditions [11, 32]. For skin injury and lameness scores, each assessment time 159 

point (weeks 0, 1, 3, 5, 7, and 9) was analyzed independently to examine treatment differences at each week. This approach 160 

was used because the primary objective was to compare space allowance treatments at each assessment week rather than 161 

to evaluate changes over time. When significant differences were detected among the treatment means, they were separated 162 

using Tukey's honestly significant difference test. Significance was declared at p < 0.05, and tendencies were considered 163 

at 0.05 ≤ p < 0.10. All data are presented as least squares means ± standard error of the mean.  164 

 165 
Results  166 

Productivity 167 

Sow performance 168 

Space allowance did not affect sow body weight or backfat thickness during gestation and lactation (Table 2; p > 169 

0.05). 170 

 171 

Reproductive performance 172 

Space allowance did not affect reproductive performance, including litter size traits, litter and piglet weights, average 173 

daily gain, or survivability (Table 3; p > 0.05). Gestation length did not differ among the treatments (p = 0.100). 174 

 175 

Colostrum composition 176 

Space allowance affected the colostrum composition (Table 4). Total solids concentration was higher in sows housed 177 

at a space allowance of 1.9 m² (33.38%) than in those housed at 2.5 m² (24.63%; p = 0.042), whereas values at 2.1 m² 178 

(28.95%) and 2.3 m² (29.19%) were intermediate and not different from either extreme. The colostrum protein 179 

concentration followed the same pattern, being higher at 1.9 m² (17.09%) than at 2.5 m² (12.33%; p = 0.019). Colostrum 180 

fat tended to differ among the treatments (p = 0.063), whereas lactose concentration was not affected by space allowance 181 

(p = 0.210). 182 



Welfare 183 

Skin injuries 184 

Skin injury scores (Table 5) did not differ among treatments at weeks 0, 3, and 9 (p > 0.05). At week 1, sows housed 185 

at 1.9 and 2.1 m² had more skin injuries than those at 2.5 m² (31.3 and 31.1 vs. 17.9, respectively; p = 0.002), with the 2.3 186 

m² treatment (23.1) showing an intermediate value. A treatment effect was detected at week 5 (p = 0.049), although Tukey’s 187 

multiple comparison test did not identify any significant pairwise differences. At week 5, the pattern across treatments was 188 

non-monotonic, with the 2.3 m² treatment showing the numerically lowest score (7.1). Skin injury scores tended to differ 189 

among the treatments at week 7 (p = 0.087). Across all treatments, skin injury scores peaked at week 1 following grouping 190 

and declined progressively thereafter. 191 

 192 

Lameness 193 

Space allowance did not affect lameness scores at any assessment time point (Table 6; p > 0.05). 194 

 195 

Metabolic and stress-related blood indicators 196 

Space allowance did not affect blood metabolic or stress indicators, including blood urea nitrogen, triglycerides, free 197 

fatty acids, glucose, and cortisol (Table 7; p > 0.05). Serum creatinine levels tended to differ among treatments (p = 0.076). 198 

 199 

Discussion 200 

Productivity 201 

Space allowance ranging from 1.9 to 2.5 m² did not affect sow body weight or backfat thickness at any measurement 202 

point during gestation or lactation, nor did it influence reproductive performance, including litter size, litter and piglet 203 

weight, average daily gain, or survivability. These findings are consistent with previous literature, demonstrating largely 204 

stable sow body condition and reproductive output across comparable space allowance ranges in group-housed gestating 205 

sows. Mack et al. [26] reported no effects of space allowance (1.93, 2.68, or 3.24 m²) on body weight, body condition score, 206 

litter size, or piglet birth weight in a free-access stall system, and Remience et al. [8] similarly found no differences in sow 207 

body weight gain, backfat change, or litter traits when comparing 2.25 and 3.0 m² under an electronic sow feeder system. 208 

Equivalent null effects across broadly consistent ranges of space allowance have been reported under various group housing 209 

systems [5, 10, 15, 25, 35]. In a previous study comparing two levels (1.9 vs. 2.3 m²) under a half-stall system, Min et al. 210 

[11] reported higher body weight at farrowing crate relocation and greater total litter weight in the 1.9 m² group, suggesting 211 

that narrow space allowance may influence certain performance indicators under specific conditions. The absence of such 212 



differences in the present study, which examined four incremental levels across a wider range (1.9–2.5 m²) with 12 sows 213 

per pen, may reflect the influence of group size, pen composition, or the broader range of space allowance tested. 214 

Collectively, these findings suggest that within the commercially relevant range of 1.9 to 2.5 m² under a half-stall housing 215 

system, incremental increases in space allowance were not associated with reduced sow body condition or reproductive 216 

output in the present study. 217 

In contrast, space allowance significantly affected colostrum composition in the present study (Table 4), with sows 218 

housed at 1.9 m² producing colostrum with higher total solids (33.38%) and protein concentrations (17.09%) than those at 219 

2.5 m² (24.63% and 12.33%, respectively; p < 0.05). Colostrum fat content tended to differ among treatments (p = 0.063), 220 

whereas lactose concentration was unaffected (p > 0.05). The direction of this effect—higher nutrient concentrations at a 221 

narrower space allowance—is not consistent with a stress-mediated interpretation, as chronic gestational stress is expected 222 

to impair mammary secretory activity and colostrum quality rather than enhance them [27, 28]. Furthermore, the absence 223 

of treatment-related differences in serum cortisol concentrations in the present study (discussed below) provides additional 224 

evidence against a stress-driven mechanism. 225 

Colostrum composition is inversely related to colostrum yield, as lactose-driven osmotic water influx during the 226 

periparturient period dilutes pre-formed immunoglobulins and protein fractions even when their absolute quantities remain 227 

unchanged [29, 31]. A colostrum dilution effect is one plausible explanation, whereby the observed compositional 228 

differences may reflect differences in colostrum yield between space allowance groups—potentially associated with 229 

differences in hormonal milieu or mammary gland development during gestation—resulting in lower proportional 230 

concentrations of total solids and protein in wider-space sows [29, 31]. However, as colostrum yield and immunoglobulin 231 

concentrations were not measured in the present study, this interpretation is necessarily speculative, and the precise 232 

mechanism underlying the observed compositional differences could not be determined from the available data. Alternative 233 

nutrient- or hormone-mediated mechanisms cannot be excluded based on the present data. Future studies incorporating 234 

direct measurements of colostrum yield are warranted to clarify whether the observed differences in total solids and protein 235 

concentrations reflect meaningful changes in nutrient and passive immune transfer to neonatal piglets [29, 31, 36]. 236 

 237 

Welfare 238 

Space allowance substantially influenced the skin injury scores, whereas lameness was unaffected throughout the 239 

experimental period. These divergent outcomes suggest that the welfare consequences of space allowance in a half-stall 240 

group housing system are primarily expressed through social aggression and its dermal consequences, rather than through 241 

locomotor impairment. 242 



Skin injury scores were the highest in week 1 following group mixing across all treatments and then declined 243 

progressively throughout the housing period. Although aggressive or agonistic behavior was not directly measured in the 244 

present study, this pattern is consistent with the well-documented behavioral response of group-housed sows to social 245 

mixing, in which agonistic interactions peak within the first 24 to 48 h as individuals compete to establish a dominance 246 

hierarchy and then diminish as social rank stabilizes over subsequent days to weeks [8, 16, 25]. The transient peak at week 247 

1 observed in the present study, followed by progressive stabilization, may reflect the capacity of sows to adapt behaviorally 248 

and physiologically to group environments once the social order is established [4, 5]. 249 

Space allowance significantly affected skin injury scores at week 1, with sows allotted 1.9 and 2.1 m² sustaining more 250 

injuries than those allotted 2.5 m² (31.3 and 31.1 vs. 17.9, respectively; p = 0.002), while the 2.3 m² group (23.1) was 251 

intermediate. A treatment effect was also detected at week 5 (p = 0.049); although Tukey's post hoc test detected no 252 

significant pairwise differences, a tendency was observed at week 7 (p = 0.087). The observed differences in skin injury 253 

scores are consistent with the general finding that reduced space allowance increases the frequency and severity of skin 254 

lesions in group-housed sows by limiting the escape distance available to subordinate individuals and intensifying 255 

competition for feeding and resting areas [5, 14]. A narrower space allowance has also been associated with increased 256 

agonistic interactions and elevated cortisol concentrations during the mixing period, even in cases in which the total injury 257 

counts did not differ significantly among treatments [15]. The present findings extend the space allowance–skin injury 258 

relationship into the 1.9–2.5 m² range under a half-stall system and are consistent with the previously reported advantage 259 

of 2.3 m² over 1.9 m² in reducing overall skin lesion frequency under comparable conditions [11]. 260 

This pattern suggests a possible threshold effect in the welfare benefit of increasing space allowance, whereby the 261 

improvement between 2.1 and 2.3 m² may be meaningful but insufficient to reach statistical separation from either extreme 262 

within the sample size of the present study. The half-stall structure used in this study provided partial physical protection 263 

at the feeding station, which likely moderated the magnitude of space-related aggression compared with that observed in 264 

open-pen floor-feeding systems [2, 5, 13, 37]. The protective function of the stall partition reduces direct confrontation 265 

during feeding. However, because the rear of the sow remains exposed, displacement from the feeding station and 266 

vulnerability to attacks from behind are not fully eliminated, and the effects of floor space on inter-sow aggression remain 267 

evident [10, 35]. 268 

Space allowance did not affect lameness scores at any assessment time point, consistent with previous reports 269 

examining comparable space-allowance ranges. The overall low prevalence and severity of lameness observed in this 270 

cohort may have limited the statistical power to detect differences among space allowance treatments. Mack et al. [26] 271 

found no differences in lameness among space allowance levels of 1.93, 2.68, and 3.24 m² in a free-access stall system, 272 



and DeDecker et al. [38] similarly reported no significant effect of space allowance (1.7 vs. 2.3 m²) on lameness score. 273 

Min et al. [11] also observed no effect of space allowance (1.9 vs. 2.3 m²) on lameness under a half-stall system, and Pluym 274 

et al. [17] found no association between housing system type and lameness prevalence across Belgian group-housing farms. 275 

In contrast, Pluym et al. [39] reported that enlarging space allowance from 1.7 to 3.0 m² reduced the risk of lameness 276 

development, and Hallowell and Pierdon [19] identified a significant association between available floor area and 277 

lameness-related culling in US commercial farms. The discrepancy across studies may be because of confounding factors, 278 

such as flooring type, group stability, and housing system design, which may independently affect claw and limb health to 279 

a greater extent than space allowance alone within the range examined in the present study [7, 39].  280 

 281 

Metabolic and stress-related blood indicators 282 

Space allowance did not significantly affect any of the metabolic or stress-related blood indicators measured at the 283 

end of the experimental period, including BUN, creatinine, triglyceride, free fatty acid, glucose, and cortisol concentrations 284 

(p > 0.05). This absence of treatment effects is consistent with the lack of differences observed in sow productivity (see 285 

Productivity above) and suggests that space allowance within the 1.9 to 2.5 m² range did not affect the measured metabolic 286 

and stress-related indicators at day 106 of gestation. 287 

The lack of a cortisol response is consistent with previous reports showing that differences within a comparable or 288 

even narrower range failed to elicit detectable changes in circulating or salivary cortisol concentrations. Mack et al. [26] 289 

found no effect of space allowance (1.93, 2.68, or 3.24 m²) on cortisol concentration in a free-access stall system, and 290 

Remience et al. [8] similarly reported no difference in salivary cortisol between sows housed at the EU minimum (2.25 m²) 291 

and a wider allowance (3.0 m²) under an electronic sow feeder system. Comparable null effects have also been reported 292 

when sows were mixed after pregnancy confirmation, the group size varied, and urinary cortisol was assessed as an 293 

alternative measure of adrenal activity [20, 21, 40]. In contrast, cortisol differences have been detected when space 294 

allowance was reduced to more restrictive levels (1.0–1.4 m²) or when individually stalled sows were compared with group-295 

housed sows, suggesting that the cortisol response to space restriction may follow a threshold pattern, becoming detectable 296 

only below a certain minimum allowance rather than varying linearly across the moderate range examined in the present 297 

study [15, 41]. 298 

The absence of sustained cortisol elevation at the study endpoint is also consistent with the transient nature of the 299 

stress response to social mixing. Circulating and salivary cortisol concentrations typically peak within 2 h of mixing and 300 

return to baseline within 24–48 h as dominance hierarchies stabilize, while behavioral and physiological adaptations to the 301 

group environment continue to develop over the following days [8, 13, 16]. Given that blood samples in the present study 302 



were collected on day 106 of gestation, more than nine weeks after the initial group formation on day 42, the sampling 303 

time point was well beyond the acute mixing-stress window, which likely explains the absence of detectable treatment 304 

differences in cortisol, despite the skin injury differences observed earlier in the study period (see Welfare above). 305 

The remaining indicators reflect protein, lipid, and carbohydrate metabolism and show no evidence of nutritional or 306 

metabolic compromise associated with space allowance. BUN did not differ among treatments, and serum creatinine 307 

showed a tendency to differ among treatments (p = 0.076), which is unlikely to reflect a biologically meaningful change in 308 

renal function or protein metabolism, given that the values remained within the normal physiological range. Triglyceride 309 

and free fatty acid concentrations, which indicate lipid storage status and the degree of fat mobilization under a negative 310 

energy balance, were also unaffected, suggesting that the energy balance during late gestation did not differ significantly 311 

among the treatments [2, 36]. This is consistent with previous findings of no treatment effects on serum or colostrum 312 

triglyceride concentrations in individually housed and group-housed sows [10, 42]. Glucose concentration, which can be 313 

elevated by cortisol-mediated gluconeogenesis under stress, did not differ among treatments, providing further indirect 314 

support for the absence of stress-related metabolic responses [2]. 315 

Taken together, the uniform absence of treatment effects across this panel of metabolic and stress-related blood 316 

indicators reinforces the interpretation presented in the productivity section that the higher colostrum total solids and 317 

protein concentrations observed at 1.9 m² are unlikely to reflect a stress-mediated mechanism. Instead, it more plausibly 318 

arises from a colostrum dilution effect in which greater colostrum volume in wider-space sows resulted in lower 319 

proportional concentrations of total solids and protein, although this remains speculative in the absence of colostrum yield 320 

data. 321 

 322 

Implications for space allowance in commercial practice 323 

Our findings indicate that, within the 1.9 to 2.5 m² range under a half-stall housing system, space allowance did not 324 

affect sow productivity, reproductive performance, lameness, or metabolic and stress-related blood indicators, whereas 325 

skin injury scores were consistently higher at 1.9 and 2.1 m² than at 2.5 m², with 2.3 m² occupying an intermediate position. 326 

This pattern, in which welfare benefits accrue with increasing space while productivity remains stable, is broadly consistent 327 

with previous reports across a range of group housing systems and space-allowance intervals [5, 8, 15, 26]. 328 

From regulatory and commercial perspectives, the minimum space allowance that can be practically achieved during 329 

the conversion of existing individual-stall facilities to group housing in South Korea is estimated at 1.9 m² per sow [11]. 330 

The present results suggest that this minimum, while not compromising productivity or metabolic status, is associated with 331 

a greater incidence of skin injuries than wider space allowances, consistent with previous comparisons of 1.9 and 2.3 m² 332 



under comparable half-stall conditions [11]. Therefore, increasing space allowance toward 2.3 to 2.5 m² represents a 333 

practical means of improving sow welfare without an accompanying cost to productivity in the present study. This range 334 

also falls within the broader 1.8 to 2.4 m² interval that previous literature has identified as a transitional allowance that 335 

preserves production performance while extending behavioral freedom relative to individual stalls [5, 19]. 336 

However, expanding space allowance is not without economic costs. Increasing floor space per sow increases facility 337 

construction and infrastructure costs in proportion to the additional area required, and the associated increase in fixed costs, 338 

including depreciation and opportunity costs of land and capital, can account for a substantial share of the total production 339 

cost [43]. Nonetheless, the magnitude of this cost increase appears modest relative to total production expenses: converting 340 

from individual stalls (1.4 m²) to group housing in the 2.0 to 2.3 m² range has been estimated to raise total production costs 341 

by approximately 0.7 to 1.2%, a difference that can be offset by even small improvements in reproductive performance, 342 

such as a 1% increase in the number of weaned piglets per sow [43]. This cost estimate was derived from a general 343 

economic analysis of the stall-to-group-housing transition and was not specific to the half-stall system evaluated in the 344 

present study. Group housing systems compliant with welfare regulations have also been shown to maintain investment 345 

returns comparable to those of stall-based systems, indicating that the transition is economically viable in the longer term 346 

[43]. 347 

Taken together with the present results, these findings suggest that a space allowances of 2.3 to 2.5 m² may be 348 

associated with some welfare benefits in half-stall group housing of gestating sows under conditions representative of 349 

South Korean commercial farms. This range reduces skin injury relative to the practical minimum of 1.9 m² without 350 

measurable cost to productivity, reproductive performance, or metabolic and stress-related blood indicators, while 351 

remaining within a space allowance interval that has consistently been associated with manageable infrastructure cost 352 

increases in economic analyses of the stall-to-group-housing transition [11, 43]. Although further increases in space 353 

allowance beyond 2.5 m² (e.g., 2.5–3.6 m²) have been associated with additional welfare benefits in some studies, 354 

particularly with respect to the expression of exploratory behavior and reduction of aggression in small groups, the marginal 355 

welfare gain relative to the additional facility cost should be evaluated against the specific constraints of commercial swine 356 

operations before recommending allowances beyond this range [4, 14, 44]. As only one pen was assigned per treatment, 357 

the treatment effects should be interpreted with caution, as they represent responses observed under commercial-scale pen 358 

conditions rather than fully replicated experimental units. 359 

 360 

  361 



Conclusions 362 

Space allowance within 1.9 to 2.5 m² did not affect sow body weight, backfat thickness, reproductive performance, 363 

lameness, or metabolic and stress-related blood indicators in primiparous sows housed under a half-stall group housing 364 

system from day 42 to day 106 of gestation. However, skin injury scores were consistently higher at 1.9 and 2.1 m² than at 365 

2.5 m², with 2.3 m² occupying an intermediate position, and colostrum total solids and protein concentrations were higher 366 

at 1.9 m² than at 2.5 m², although the mechanism underlying this difference could not be determined in the present study. 367 

These results indicate that increasing space allowance within the 1.9 to 2.5 m² range reduces skin injury while productivity 368 

and metabolic status remain stable, whereas the concurrent difference in colostrum composition warrants further 369 

investigation. Given the practical minimum space allowance of approximately 1.9 m² achievable during the conversion of 370 

existing stall facilities in South Korea, these findings indicate that sow productivity and metabolic status were maintained 371 

at 1.9 m². Nevertheless, because skin injury scores decreased with increasing space allowance, allocating space toward the 372 

upper end of the tested range (2.3–2.5 m²) may be considered as an additional welfare-oriented option for farms with the 373 

facility capacity to do so, without compromising productivity. 374 
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 496 

Tables  497 

Table 1. Ingredient and chemical composition of the experimental diets (as-fed basis) 498 

Ingredient, % Gestation Lactation 
Corn 58.80 59.47 
Lupine seed 6.00 - 
Wheat bran 11.00 8.00 
Soybean hull 4.00 - 
Soybean meal 9.00 21.10 
Rapeseed meal 3.00 3.00 
Animal fat 2.50 3.60 
Molasses 1.80 0.50 
L-Lysine 0.33 0.57 
Threonine 0.02 0.15 
Tryptophan 0.10 0.05 
Mono-dicalcium phosphate 1.50 1.20 
Limestone 1.38 1.67 
Salt 0.40 0.40 
Vitamin and mineral premix1 0.15 0.15 
Phytase 0.02 0.02 
Total 100.00 100.00 

Chemical composition, %   
Digestible energy (kcal/kg) 3,300 3,480 
Crude protein 14.31 17.31 
Calcium 0.93 0.96 
Phosphorus 0.67 0.64 
Lysine 0.79 1.05 
Methionine 0.22 0.33 
Threonine 0.53 0.78 

1Supplied per kilogram of diet: vitamin A, 9600.00 IU; vitamin D3, 1800.00 IU; vitamin E, 24 mg; vitamin K3, 1.5 mg; 499 
vitamin B1, 1.5 mg; vitamin B2, 12 mg; vitamin B6, 2.4 mg; vitamin B12, 0.045 mg; pantothenic acid, 24 mg; niacin, 45 mg; 500 
biotin, 0.09 mg; folic acid, 0.39 mg; Fe, 150 mg; Cu, 96 mg; Zn, 72 mg; Mn, 46.5 mg; I, 0.9 mg; Se, 0.3 mg.501 



Table 2. Effects of space allowance on sow performance 

Items 
Space allowance, m2 SEM 1 p-value 1.9 2.1 2.3 2.5 

Number of sows 12 12 12 12 - - 
BW, kg 2       
Gestation       
At d 42 221.42 220.92 218.64 221.58 5.18 0.978 
At d 106 274.00 263.42 264.55 272.42 5.97 0.521 

Lactation       
At weaning 234.00 231.50 232.80 242.55 7.28 0.742 

BFT, mm 3       
Gestation       
At d 42 22.00 19.21 21.08 21.33 0.93 0.177 
At d 106 23.88 21.46 22.73 23.83 0.85 0.187 

Lactation       
At weaning 17.04 16.45 17.55 18.45 0.89 0.444 

1 SEM, standard error of means. 2 BW, body weight. 3 BFT, backfat thickness.  
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Table 3. Effects of space allowance on reproductive performance in sows. 

Items 
Space allowance, m2 SEM 1 p-value 1.9 2.1 2.3 2.5 

Litter size, no. of piglets       
Total born 14.25 13.27 11.27 12.22 1.07 0.241 
Stillbirth 1.42 1.64 0.70 1.11 1.06 0.426 
Mummy 0.25 0.36 0.36 0.44 0.22 0.938 
Dead 2 0.58 0.55 0.18 0.33 0.24 0.613 
Born alive 12.58 11.27 10.27 10.78 1.06 0.426 
Cross-fostering 11.92 10.27 11.18 10.78 0.70 0.419 
Weaned 10.92 9.45 10.64 10.00 0.65 0.422 

Litter weight, kg       
Total born 19.41 18.77 16.73 17.24 1.23 0.413 
Born alive 17.62 16.64 16.01 15.52 1.28 0.696 
Cross-fostering 16.47 15.58 17.34 15.88 0.98 0.657 
Weaned 91.65 83.88 96.49 94.06 5.47 0.461 

Piglet weight, kg       
Total born 1.43 1.45 1.61 1.50 0.07 0.324 
Born alive 1.45 1.47 1.61 1.51 0.08 0.406 
Cross-fostering 1.40 1.59 1.56 1.51 0.09 0.431 
Weaned 8.40 9.08 9.25 9.56 0.38 0.184 

Average daily gain, g/pig 3 249.99 267.40 274.80 287.55 11.77 0.176 
Survivability, % 3 92.01 93.29 95.01 93.04 2.58 0.879 
Gestation length, day 115.08 116.09 115.64 116.67 0.42 0.100 

1 SEM, standard error of means. 2 Number of piglets born alive but found dead within 24 h after farro

wing; stillborn and mummified piglets were excluded. 



Table 4. Effects of space allowance on colostrum composition in sows 

Items 
Space allowance, m2 

SEM 1 p-value 
1.9 2.1 2.3 2.5 

Number of sows 12 12 12 12 - - 
Total solids, % 33.38a 28.95ab 29.19ab 24.63b 1.73 0.042 
Protein, % 17.09a 15.89ab 14.73ab 12.33b 0.84 0.019 
Fat, % 4.19 2.77 4.55 3.07 0.49 0.063 
Lactose, % 3.50 2.42 2.53 1.44 0.45 0.210 
1 SEM, standard error of means. 
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Table 5. Effects of space allowance on skin injury scores in sows 

Treatment duration 
Space allowance, m2 

SEM 1 p-value 
1.9 2.1 2.3 2.5 

At week 0 0.8 0.6 1.0 0.7 0.3 0.773 
At week 1 31.3a 31.1a 23.1ab 17.9b 2.7 0.002 
At week 3 14.3 12.2 10.5 9.8 1.7 0.250 
At week 5 11.7 10.9 7.1 8.9 1.2 0.049 
At week 7 9.3 13.6 13.5 8.6 1.7 0.087 
At week 9 10.7 12.4 9.8 9.2 1.5 0.468 
1 SEM, standard error of means. 
abc Values with different superscripts in the same row differ significantly (p < 0.05). 
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Table 6. Effects of space allowance on lameness score in sows 

Treatment duration 
Space allowance, m2 

SEM 1 p-value 
1.9 2.1 2.3 2.5 

At week 0 0.2 0.0 0.2 0.1 0.1 0.506 
At week 1 0.1 0.3 0.1 0.0 0.1 0.249 
At week 3 0.2 0.1 0.4 0.3 0.2 0.468 
At week 5 0.3 0.3 0.6 0.1 0.2 0.265 
At week 7 0.3 0.3 0.7 0.1 0.2 0.139 
At week 9 0.3 0.3 0.3 0.2 0.1 0.878 
1 SEM, standard error of means. 

 
 
 



Table 7. Effects of space allowance on metabolic and stress-related blood indicators in 
sows 

Items 
Space allowance, m2 

SEM 1 p-value 
1.9 2.1 2.3 2.5 

BUN, mg/dL 6.3 6.2 5.8 5.5 0.47  0.556 
Creatinine, mg/dL 2.5 2.4 2.4 2.2 0.10  0.076 
Triglyceride, mg/dL 16.2 15.8 14.7 21.8 2.50  0.232 
Free fatty acid, μEq/L 852.0 713.8 848.0 895.4 100.9 0.590 
Glucose, mg/dL 81.6 84.4 88.8 89.3 2.98  0.233 
Cortisol, μg/dL 4.5 6.3 4.6 6.0 0.66  0.147 
1 SEM, standard error of means; BUN, blood urea nitrogen. 
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