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Introduction 

Adverse environmental conditions contribute to phenotypic variability in commercial pig 

production and can impact sow reproductive performance (Renaudeau et al., 2012; Amavizca-

Nazar et al., 2019). Traits expressed around farrowing are particularly sensitive to 

environmental conditions, especially heat stress, due to the high metabolic demands of late 

gestation and parturition, combined with the pigs’ limited capacity to dissipate excess body 

heat (Renaudeau et al., 2012; Huynh et al., 2005).  

Variations in ambient temperature and relative humidity can affect piglet viability and birth 

weight traits, with direct consequences for productivity, animal welfare, and reproductive 

performance (Bloemhof et al., 2013; Amavizca-Nazar et al., 2019). Under increasingly 

variable climatic conditions, understanding how genetic components of reproductive traits 

responds to environmental gradients is therefore relevant for the genetic improvement of 

maternal pig lines (Freitas et al., 2021; Tiezzi et al., 2020). Therefore, the main objectives of 

this study were to quantify genotype-by-environment (GxE) interactions for reproductive 

performance traits in Landrace and Large White sows using temperature–humidity index (THI) 

as a continuous environmental gradient. 

 

Materials & Methods 

Phenotypic records were obtained from up to seven farrowing events of 31, 132 Landrace (LR) 

and 24, 329 Large White (LW) sows distributed across four commercial farms located in the 

United States. The traits analyzed were: number of piglets born alive (NBA; n = 44, 160 in LR 

and 66, 008 in LW), stillborn piglets (SB), number of mummified piglets (NM), litter birth 

weight (LBW), and average piglet birth weight (APBW). Outliers were removed based on the 

interquartile range criteria (IQR; Tukey, J.W. 1977).  

Environmental information was obtained from the NASA POWER database using hourly 

records of air temperature and relative humidity measured at 2 m above ground level, according 

to the geographic coordinates of each farm. THI was computed based on the following formula 

from the US National Oceanic and Atmospheric Administration (1976, cited by Zumbach et 

al. 2008): THI (°C) = T – (0.55 – 0.0055 x RH) x (T -14.5), where T is air temperature (°C) 

and RH is relative humidity expressed as a percentage. The environmental gradient was defined 

as the mean of the daily maximum THI over the 15 days preceding farrowing 

(THI_MAX_15d), representing short-term pre-farrowing thermal conditions. 

Single-trait reaction norm models were fitted for each trait and breed separately using 

THI_MAX_15d as a continuous environmental descriptor, which ranged from -17.45 to 27.52. 

Only the intercept and linear terms of the Legendre orthogonal polynomials were used to model 

random additive genetic and permanent environmental effects, allowing individual-specific 
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reaction norms along the environmental gradient. For each farrowing record, the statistical 

model was defined as: 

where 𝑦 is the phenotypic record; 𝜇 is the overall mean; 𝐶𝐺 is the fixed effect of contemporary 

group (Farm, Year and Month of farrowing); 𝑃𝑎𝑟𝑖𝑡𝑦 is the fixed effect of parity (levels 1 to 

7); 𝑀𝑎𝑡𝑖𝑛𝑔𝑇𝑦𝑝𝑒 is the fixed effect of mating type defined by the sire breed used to mate the 

sow (purebred or crossbred); 𝐴𝑔𝑒 is the covariate for age of the sow in days at farrowing; 𝐿𝑒𝑔0 

and 𝐿𝑒𝑔1 are the intercept and slope Legendre orthogonal polynomial coefficients evaluated 

at the normalized THI_MAX_15d; 𝑎0 and 𝑎1 are the random additive genetic regression 

coefficients; 𝑝𝑒𝑖0 and 𝑝𝑒𝑖1 are the random permanent environmental regression coefficients; 𝑒 

is the residual term; subscript 𝑖 denotes the observation, and subscripts 0 and 1 index the 

regression coefficients associated with the intercept and slope terms, respectively. 

The random effects assumptions were as follows: additive genetic effects were assumed to be 

normally distributed with mean zero and variance structure Var(a) = A ⊗ G, where A is the 

pedigree-based relationship matrix, and G is the 2 × 2 covariance matrix of additive genetic 

regression coefficients. Permanent environmental effects were assumed as Var(pe) = I ⊗ P, 

where P is the 2 × 2 covariance matrix of permanent environmental regression coefficients, 

and I is an identity matrix. Residuals were assumed as Var(e) = Iσe
2, where σe

2 residual 

variance. Variance components were estimated based on the Average Expectation Restricted 

Maximum Likelihood (AIREML) algorithm implemented in the BLUPF90+ family of 

software (Misztal et al., 2018). 

For a given THI level, additive genetic variance was computed as 𝜎𝐺(𝑇𝐻𝐼)
2 =

 𝒛(𝑇𝐻𝐼)𝑮 𝒛(𝑇𝐻𝐼)′, where 𝒛(𝑇𝐻𝐼) is the vector of first-order Legendre coefficients evaluated 

at THI. The first-order Legendre polynomials expand to 𝜎𝐺(𝑇𝐻𝐼)
2 =  𝑔11  ×  𝐿𝑒𝑔02 +

 2 ×  𝑔12  ×  𝐿𝑒𝑔0 ×  𝐿𝑒𝑔1 + 𝑔22  ×  𝐿𝑒𝑔12, where 𝑔11, 𝑔12, and 𝑔22 are elements of the 

additive genetic covariance matrix G. Permanent environmental variance was computed 

analogously using the P matrix. Phenotypic variance at a given THI level was defined as 

𝜎𝑃ℎ𝑒𝑛𝑜(𝑇𝐻𝐼)
2 =  𝜎𝐺(𝑇𝐻𝐼)

2 + 𝜎𝑃𝐸(𝑇𝐻𝐼)
2 + 𝜎𝑒

2. Heritability as a function of the environmental 

gradient was calculated as: ℎ2(𝑇𝐻𝐼) =
𝜎𝐺(𝑇𝐻𝐼)

2

𝜎𝑃ℎ𝑒𝑛𝑜(𝑇𝐻𝐼)
2 . Genetic covariance between two 

environmental levels 𝑇𝐻𝐼1 and 𝑇𝐻𝐼2 was computed as 𝐶𝑜𝑣𝐺(𝑇𝐻𝐼1,𝑇𝐻𝐼2) =  𝒛𝟏 ×  𝑮 ×  𝒛𝟐
′ , 

where 𝒛𝟏 and 𝒛𝟐 are vectors containing the Legendre coefficients (Leg0 and Leg1) evaluated 

at 𝑇𝐻𝐼1 and 𝑇𝐻𝐼2, respectively. The genetic correlations between THI levels were calculated 

as 𝑟𝑔(𝑇𝐻𝐼1 ,𝑇𝐻𝐼2) =
𝐶𝑜𝑣𝐺(𝑇𝐻𝐼1,𝑇𝐻𝐼2)

√[𝑉𝑎𝑟𝐺(𝑇𝐻𝐼1)× 𝑉𝑎𝑟𝐺(𝑇𝐻𝐼2)]
.  

 

Results 

Additive genetic variance declined with increasing THI for NBA, SB, and LBW in both lines, 

whereas phenotypic variance remained relatively stable across the gradient. In contrast, NM 

showed a slight increase in genetic variance at higher THI, and APBW exhibited a convex 

pattern, with increasing additive genetic variance, particularly in the Landrace breed. These 

patterns indicate that changes in heritability across THI were primarily driven by shifts in 

genetic variance. 

As shown in Figure 1, for NBA, heritability estimates ranged from 0.11 to 0.13 in Large White 

and from 0.12 to 0.13 in Landrace, while SB showed values between 0.12 and 0.14 in both 

lines. LBW showed moderate environmental sensitivity, with heritability estimates ranging 

from 0.16 to 0.22 in Large White and from 0.18 to 0.23 in Landrace, with higher values 

observed under low to intermediate THI values. NM showed low heritability in both lines, 

ranging from 0.03 to 0.05, with slightly higher estimates at elevated THI levels, suggesting 
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greater expression of genetic differences under heat stress. The highest heritability estimates 

were observed for APBW and ranged from 0.31 to 0.34 in Large White and from 0.31 to 0.39 

in Landrace. 

 

(a)

 

(b) 

 

Figure 1. Heritability of reproductive traits across the THI gradient. Heritability estimates for total 

number of piglets born (TNB), number of stillborn piglets (SB), number of mummified piglets (NM), litter birth 

weight (LBW), and average piglet birth weight (APBW) plotted along the THI_MAX_15d gradient for (a) 

Landrace (LR) and (b) Large White (LW) sows. 
 

Genetic correlations across the THI_MAX_15d gradient were generally high, indicating 

stability of genetic components across environments, although some line-specific sensitivity 

was observed. In Landrace, correlations between low and high THI were 0.85 for NBA, 0.78 

for SB, 0.87 for LBW, 0.89 for APBW, and 0.47 for NM. Large White showed comparable 

correlations of 0.87 for NBA, 0.82 for SB, 0.82 for LBW, 0.91 for APBW, and 0.42 for NM.  

 

Discussion 

The results obtained indicate that the genetic background of farrowing traits in Large White 

and Landrace sows is not constant across the THI_MAX_15d gradient, with most changes in 

heritability estimates being driven by variation in additive genetic variance rather than 

phenotypic variance. The decline in additive genetic variance for NBA, SB, and LBW as THI 

increased, indicates a reduction in the expression of genetic differences under warmer 

conditions. The relative stability of phenotypic variance is unlikely to reflect effective 

protection from external climate in modern pigs. Despite climate-controlled housing systems, 

internal barn temperatures may closely track or exceed outdoor conditions due to animal heat 

load in high-density systems, and limitations in ventilation and cooling may restrict heat stress 

mitigation (Huynh et al., 2005; Renaudeau et al., 2012), supporting the relevance of NASA 

POWER–derived indices as indicators of thermal challenge. 

The decline in additive genetic variance for NBA, SB, and LBW with increasing THI suggests 

that warmer conditions before farrowing constrain the expression of genetic differences for 

litter size and litter weight traits. This interpretation is consistent with evidence that heat stress 

during late gestation affects reproductive performance and fetal development in sows 

(Renaudeau et al., 2012). The sensitivity observed for LBW across the THI gradient aligns 

with previous reports showing that prenatal thermal conditions influence litter weight in pigs 

(Huynh et al., 2005; Zumbach et al., 2008). 

NM showed low heritability in both lines, with slightly higher genetic variance and heritability 

at higher THI levels, suggesting that adverse thermal conditions may enhance the expression 
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of genetic differences related to piglet survival, as expected for fitness-related traits under 

environmental challenge (Mulder and Bijma, 2005). 

APBW showed high heritability and stable genetic correlations across the THI gradient, 

indicating limited re-ranking across environments. Similar stability for litter birth weight traits 

has been reported in previous reaction norm studies (Zumbach et al., 2008; Tiezzi et al., 2020). 

However, the tendency toward reduced heritability at higher THI suggests that increasing heat 

load may progressively limit additive genetic expression, even for traits that appear stable 

within the observed range (Freitas et al., 2021) 

Genetic correlations across THI levels were generally high for NBA, SB, LBW, and APBW in 

both lines, indicating substantial stability of genetic effects across environments and limited G 

x E interactions for these traits. In contrast, NM showed the lowest correlations between low 

and high THI levels, indicating greater environmental sensitivity and a higher potential for re-

ranking under heat stress conditions. The similarity of correlation patterns between Large 

White and Landrace suggests that, despite differences in absolute variance components, both 

maternal lines respond in a comparable manner to increasing thermal load. 

 

Conclusions 

Climatic conditions around farrowing influence the expression of additive genetic variance for 

reproductive traits in Large White and Landrace sows. For NBA, SB, LBW, and APBW, 

genetic effects were largely stable across the THI_MAX_15d gradient, with high genetic 

correlations and limited evidence of G x E interactions. These results suggest that selection for 

most farrowing traits can be effectively applied across a range of thermal environments, 

whereas NM may require greater consideration of environmental conditions in breeding 

programs targeting heat-stress resilience. 
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