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Abstract 
Improved nutrient digestibility is an important trait in genetic improvement in pigs due to global resource scarcity, increased human population 
and greenhouse gas emissions from pork production. Further, poor nutrient digestibility represents a direct nutrient loss, which affects the 
profit of the farmer. The aim of this study was to estimate genetic parameters for apparent total tract digestibility of nitrogen (ATTDn), crude fat 
(ATTDCfat), dry matter (ATTDdm), and organic matter (ATTDom) and to investigate their genetic relationship to other relevant production traits 
in pigs. Near-infrared spectroscopy was used for prediction of total nitrogen content and crude fat content in feces. The predicted content was 
used to estimate apparent total tract digestibility of the different nutrients by using an indicator method, where acid insoluble ash was used as 
an indigestible marker. Average ATTDdm, ATTDom, ATTDn, and ATTDCfat ranged from 61% to 75.3%. Moderate heritabilities was found for all 
digestibility traits and ranged from 0.15 to 0.22. The genetic correlations among the digestibility traits were high (>0.8), except for ATTDCfat, 
which had no significant genetic correlation to the other digestibility traits. Significant genetic correlations were found between ATTDn and feed 
consumption between 40 and 120 kg live weight (F40120) (−0.54 ± 0.11) and ATTDdm and F40120 (−0.35 ± 0.12) and ATTDom and F40120 
(−0.28 ± 0.13). No significant genetic correlations were found between digestibility traits and loin depth at 100 kg, nor backfat thickness at 100 
kg (BF), except between BF and ATTDn (−0.31 ± 0.14). These results suggested that selection for improved feed efficiency through reduced 
feed intake within a weight interval, also has led to improved ATTDdm, ATTDom, and ATTDn. Further, the digestibility traits are heritable, but 
mainly related to feed intake and general function of the intestines, as opposed to allocation of feed resources to different tissues in the body.

Lay Summary 
Improved nutrient digestibility is an important trait in genetic improvement of pigs due to global resource scarcity, increased human population 
and greenhouse gas emissions from pork production. The main aim of this study was to investigate whether nutrient digestibility traits in pigs are 
heritable, and if they are genetically linked to other production traits. The results showed that digestibility of dry matter, organic matter, nitrogen, 
and crude fat are heritable, and can be selected for in a pig breeding program. The traits are genetically linked to other relevant production traits, 
such as feed intake, but not to carcass traits, such as loin depth. The results suggest that nutrient digestibility are traits that can be selected for, 
and that the traits are under indirect selection through other traits in the pig breeding program. The results also indicate that the nutrient digest-
ibility traits express how well the animal utilizes consumed feed, rather than allocating feed to different tissue deposition.
Key words: feed efficiency, genetic variance, near-infrared spectroscopy, nitrogen digestibility, pig
Abbrevations: AIA, acid insoluble ash; ATTD, apparent total tract digestibility; ATTDCfat, apparent total tract digestibility of crude fat; ATTDdm, apparent total 
tract digestibility of dry matter; ATTDn, apparent total tract digestibility of nitrogen; ATTDom, apparent total tract digestibility of organic matter; BF, backfat 
thickness at 100 kg live weight; CT, computer tomography; D40120, days from 40 to 120 kg live weight; FCR, feed conversion ratio; F40120, feed consumption from 
40 to 120 kg live weight; LDP, loin depth at 100 kg live weight; NIRS, near-infrared spectroscopy

Introduction
Livestock products provide 34% of the protein consumed 
in human diets and provide a significant contributor to the 
global food supply (FAO, 2004). Hence, efficient use of 
nutrients in animal production is important to accommo-
date human population growth, climate changes that gen-
erally hamper food production, mitigating greenhouse gas 
emissions and uncertainties around food production. Pro-
teins are costly nutrients in animal feed and efficient use of 
proteins from feed ingredients is therefore important for 

future animal production. Pigs are already efficient in pro-
tein deposition, and according to Norwegian Environment 
Agency (2023)  the Norwegian pig production account for 
less than 1% of the total greenhouse gas emissions from Nor-
way. However, by genetically improving nutrient efficiency 
in pigs, production efficiency can be improved even further. 
This improvement will impact aspects of environmental 
sustainability in pork production, as feed production is the 
most significant contributor to environmental impact from 
pork production (Bonesmo et al., 2012). The  improvement 
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could allow for reduced need for protein in feed, reduced 
greenhouse gas emissions from feces and reduced eutro-
phication related to spreading of manure (Møller et al., 
2022). The Norwegian maternal line has been selected for 
improved feed efficiency since 1958 and is highly feed effi-
cient (Gjerlaug-Enger et al., 2012). However, to further 
improve feed efficiency, reduce the loss of nutrients and car-
bon footprint of pig production, nitrogen digestibility can be 
a trait of interest for genetic selection. Previous studies have 
shown that between breed variation exists for digestibility 
of different nutrients (Kanengoni et al., 2002; Barea et al., 
2011; Urriola and Stein 2012). However, within breed vari-
ation is less investigated. This is partly due to the quantity of 
records needed for estimation of additive genetic variance, 
as recording of digestibility traits is labor intensive. A few 
studies have shown that genetic variation in different nutri-
ent digestibility traits exists (Noblet et al., 2013; Hardie et 
al., 2014; Déru et al., 2021). Déru et al. (2021) estimated 
heritabilities for fecal digestibility of energy, nitrogen, and 
organic matter on a European conventional diet to be 0.26, 
0.27, and 0.27, respectively.

Measuring digestibility on a large-scale can be challeng-
ing, as this previously has been measured by using respi-
ratory chambers and total excreta collection. Near-Infrared 
spectroscopy (NIRS) is a rapid and non-destructive tech-
nique used to estimate chemical composition of analytes. 
In recent years, NIRS has been frequently studied for the 
prediction of feces composition and digestibility of both her-
bivores (Dixon and Coates, 2009; Villamuelas et al., 2017) 
and omnivores (Steyaert et al., 2012). For pig digestibility, 
it has been shown that NIRS is a feasible technique both for 
predicting the chemical composition of feces and for pre-
diction of apparent total tract digestibility (ATTD) of dif-
ferent feed components (Bastianelli et al., 2015; Schiborra 
et al., 2015; Nirea et al., 2018). Recently, Paternostre et 
al. (2021) showed that a combination of NIRS feed and 
feces spectra resulted in increased prediction performance 
of nutrient digestibility compared to using the individual 
calibration models. The aim of this study was to estimate 
genetic parameters for ATTD of nutrients measured by fecal 
NIRS and investigate genetic relationships to other produc-
tion traits in pigs.

Materials and Methods
Approval of the Animal Care and Use Committee was not 
required for this study as the data was collected with a non-in-
vasive method or were acquired from an existing database. 
However, all animals were cared for according to laws and 
regulations controlling experiments with live animals in Nor-
way (the Animal Protection Act of 20 December 1974, and 
the Animal Protection Ordinance concerning experiments 
with animals of 15 January 1996).

Animals, fecal sampling, and chemical analyses
The data material for these analyses were collected at 
Norsvins boar testing station in Norway. Boars are housed 
in pens of 11. In each pen there is one feed station (FIRE; 
Osborne Industries Inc., Osborne, KS, USA), where indi-
vidual feed intake and weight is recorded at each visit. The 
animals are fed ad libitum on conventional concentrate 
containing 9.68 MJ NE and 11.11 g SID lysine per kilogram 

feed in phase 1, and 9.59 MJ NE and 9.11 g SID lysine per 
kilogram feed in phase 2 (from 65 kg live weight). More 
details regarding the diets can be found in Table 1. The test 
interval is from 40 to 120 kg live weight. As a standard, the 
test is terminated, and Computer Tomography (CT) scans 
performed when boars reach ~120 kg. Through image anal-
ysis of the scans, CT provides information directly on the 
selection candidate for the traits lean meat (kg) and fat (kg) 
on the carcass. In the process of CT scanning, fecal samples 
were collected for a random sample of Duroc boars (termi-
nal sire line) ending the test. Individual fecal samples were 
sampled as one grab sample during the test, in pens where 
the animals are kept individually for 24 h before and after 
CT scanning. At this stage, all animals had a body weight 
of ~120 kg. The samples were stored at −20 °C before 
pre-processing at the Livestock Production Research Cen-
tre, Norwegian University of Life Sciences (The Livestock 
Production Research Centre, 2022; The Livestock Pro-
duction Centre, 2022). The samples were freeze dried, 
homogenized, and grounded (1 mm sieve) prior to chemi-
cal analyses, performed at LabTek, Norwegian University 
of Life Sciences (The Livestock Production Centre, 2022) 
and NIRS analysis, performed at Norwegian Institute of 
Food, Fisheries and Aquaculture Research (Norwegian 
Institute of Food, Fisheries and Aquaculture Research., 
2022). In total, 1,975 fecal samples were sampled from 
randomly selected Duroc boars from June 2019 to April 
2021. Feed samples were taken from the feeding station 
in each pen. All feed and fecal samples were analyzed for 
dry matter (DM) and acid insoluble ash (AIA), whereas all 
feed samples also were analyzed for total nitrogen content 
(Kjeldahl-N) (Kjeldahl, 1883) and crude fat (Accelerated 
Solvent Extraction). A subset of the fecal samples (in total 
300 samples) was selected and used for developing calibra-
tion models for total nitrogen content and crude fat in fecal 
samples. For these 300 samples, analysis for total nitro-
gen content (Kjeldahl-N) (Kjeldahl, 1883) and crude fat 
(Accelerated Solvent Extraction) were performed. Average 
fecal content of total nitrogen content (Kjeldahl-N) and 
crude fat (Accelerated Solvent Extraction) was 26.8 ± 3.0 
g/kg and 50.8 ± 11.3 g/kg, respectively, for the 300 samples 
used for the calibration curves. Subsequently, the obtained 

Table 1. Diet composition

Phase 1 Phase 2

Ingredients1 Unit Value Value

Dry matter % 87.80 87.72

Water % 12.20 12.28

Crude protein % 19.15 15.85

Fat_HCl % 5.53 4.73

Crude fiber % 5.07 5.78

Ash % 5.39 4.86

Starch and sugar % 39.88 43.28

Energy MJ NE/kg 9.68 9.59

SID lysine g/kg 11.11 9.11

1The finisher diets are grain based with barley, wheat, and oats as the 
main raw materials. Soy is the main source of protein together with small 
amounts of fish meal.
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 calibration models were used to  predict crude fat and total 
nitrogen content in the remaining fecal samples.

Fecal near-infrared spectroscopy
Fecal NIRS were recorded on all fecal samples for total 
nitrogen content and crude fat content. NIR spectra were 
acquired using an XDS Rapid Content Analyzer (Foss, Hil-
leroed, Denmark) equipped with a quartz halogen lamp and 
a PbS detector. The spectra were collected in reflectance 
mode with a ceramic reference standard over the spectral 
region of 400 to 2500 nm, with a digital resolution of 0.5 
nm. All spectra were acquired in a standard sample cell with 
a quartz window. For each spectrum acquisition, the sam-
ple cell was automatically moved over the NIR sampling 
window for maximum sampling area exposure. Each spec-
trum resulted as the average of 32 scans, and all samples 
were measured in duplicates. Partial least squares regression 
was used for calibration and prediction, and segmented 
cross-validation employing 20 segments were used in the 
calibration stage. Subsequently, the calibration models were 
used to predict nitrogen and fat contents in the remaining 
fecal samples. Prior to regression and prediction, all NIR 
spectra were pre-processed employing first-order derivative 
and subsequent normalization using the Standard Normal 
Variate approach (Barnes et al., 1989).

Estimation of apparent total tract digestibility
Apparent total tract digestibility was calculated according to 
Maynard and Loosli (1969), specified in Model 1. Acid insol-
uble ash was used as an internal marker, occurring naturally 
in the feed. All nutrients were measured as fraction of DM. 
Apparent total tract digestibility was estimated as

ATTD ( % ) = 100−
Å
100×

ÅÅ
nutrient in faeces, kg DM
nutrient in feed, kg DM

ã
×

Å
marker in feed, g DM

marker in faeces, kg DM

ããã
. (1)

Digestibility and production traits
The digestibility traits included in the genetic analyses were 
apparent total tract digestibility of dry matter (ATTDdm), 
organic matter (ATTDom), nitrogen (ATTDn), and crude fat 
(ATTDCfat), whereas recorded ATTDdm, ATTDom, ATTDn, 
or ATTDCfat that were more than four standard deviations 
from the mean were discarded from the dataset. The follow-
ing production traits were included in the genetic analyses; 
feed consumption from 40 to 120 kg (F40120), days from 40 
to 120 kg (D40120), loin depth at 100 kg (LDP) and back fat 
at 100kg (BF).

Genetic analyses
The traits were analyzed using linear animal models, and 
estimation of variance components and genetic correlations 
were performed using the DMU software package (Madsen 
and Jensen, 2013). The fixed effects used in the models were 
determined based on a general linear model analysis in R (R 
Core Team, 2021).

For all traits, heritability (h2) was defined as 
h2 = σ2

a/(σ
2
a + σ2

e ), where σ2
a is the additive genetic variance 

and σ2
e  is the residual variance of the trait.

The coefficient of genetic variation (CV) was calculated as 
CV = (σa/̄ µ )× 100, where σa is the additive genetic stan-
dard deviation and ¯µ is the trait mean in the dataset.

For the genetic analyses of ATTDdm, ATTDom, ATTDn, 
and ATTDCfat the following model was used in univariate 
analyses:

yijklmnopq = ¯µ +MOBi +OPj +DAYk +HYSl
+ LITT _ NOm + animaln + groupo + eijklmnopq. 

 (2)

The fixed effects included in the model were birth month 
(MOB, i =1 to 12), operator taking the fecal sample (OP, j =1 
to12), day of sampling (DAY, k =1 to 75), herd-year-season 
born (HYS, l =1 to 130) and dam’s litter number (LITT_NO, 
m = 1 to 3). The animal’s additive genetic effect (animal) and 
group (group, o =1 to 186 for ATTDdm and ATTDom, and 
o = 1 to 181 for ATTDn and ATTDCfat) were included as 
random effects.

For the genetic analyses of F40120, D40120, LDP, and 
BF the following model was used in trivariate analyses with 
ATTD traits:

yijklmno = ¯µ +MOBi +HYSj + LITT _ NOk

+ animall + groupm + eijklmno. (3)

The fixed effects included in the model were birth month 
(MOB, i =1 to 12), herd-year-season born (HYS, j =1 to 603) 
and dam’s litter number (LITT_NO, k = 1 to 3). The animal’s 
additive genetic effect (animal) and group (group, m = 1 to 
1022) were included as random effects.

Pedigree information was traced back for 10 generations 
and in total there were 33,348 animals in the pedigree, 
included as a pedigree relationship matrix A. These analyses 
were performed using the DMU software (Madsen and Jen-
sen, 2013). Genetic and environmental trait correlations were 
estimated by applying the above models in bivariate analyses.

Results
Descriptive statistics
Table 2 shows descriptive statistics of the dataset. The aver-
age feed intake from 40 to 120 kg was 171.4 ± 13.7 kg, with 
a high variation among animals. The boars used on average 
75.0 ± 8.8 d from 40 to 120 kg and showed an average daily 
gain of 1.06 kg/d. The boars average backfat thickness and 
loin depth at 100 kg was 5.9 ± 1.5 mm and 57.0 ± 6.4 mm, 
respectively. The average apparent total tract digestibility of 
different nutrients varied between 61% to 75.3%, depending 
on nutrient (Table 2). The average ATTDdm and ATTDom 
were 73.2 ± 4.5% and 75.3 ± 4.2%, respectively. Whereas 
ATTDn and ATTDCfat were 71.5 ± 5.8% and 61.0 ± 8.9%, 
respectively. The calibration results obtained for total nitro-
gen content and crude fat were as follows: Total nitrogen: 
cross-validated R2 = 0.73, estimation error (RMSECV) = 1.6 
g/kg; and crude fat: cross-validated R2 = 0.44, estimation 
error (RMSECV) = 8.5 g/kg.

Variance components and heritabilities
Estimates of variance components and heritabilities for all 
digestibility traits are presented in Table 3. In all traits except 
for ATTDCfat, additive genetic variance explained more of 
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the phenotypic variance than the pen variance (Table 3). 
Moderate heritability estimates were found for ATTDdm, 
ATTDom, ATTDn, and ATTDCfat. The lowest heritability 
was found for ATTDCfat (0.15), whereas the heritability esti-
mated for ATTDdm and ATTDn was 0.22 and 0.20, respec-
tively. The heritability of ATTDom was estimated to 0.22 
(Table 3). The coefficients of variation for the four different 
digestibility traits were low, ranging from 2.0 (ATTDom) to 
3.2 (ATTDCfat) (Table 3). The results suggested that there 
was little genetic variation expressed in the traits in the cur-
rent dataset.

Genetic correlations
The estimated genetic correlations from the multivariate 
analysis are presented in Table 4. Genetic correlations were 
estimated among digestibility traits (ATTDdm, ATTDom, 
ATTDn, and ATTDCfat) and relevant production traits 
(F40120, D40120, BF, and LDP) measured on boars at the 

testing station. Overall, the genetic correlations were low to 
moderate, and mostly not significant. Significance was tested 
based on the estimate ± 1.96 × SE, which signifies a 95% 
confidence interval for the estimate (P < 0.05). The genetic 
correlations among ATTDn, ATTDdm, and ATTDom 
were high and ranged from 0.83 ± 0.68 to 0.99 ± 0.002. 
The genetic correlations between ATTDCfat and the other 
ATTD traits were low to zero, ranging from −0.10 ± 0.23 to 
0.028 ± 0.22.

Four genetic correlations were found to be significantly 
different from zero, between ATTDdm and F40120 (−0.35), 
ATTDn and F40120 (−0.54), ATTDom and F40120 (−0.28), 
and ATTDn and BF (−0.31). These results suggested that the 
animals with a lower feed intake over a fixed growth period 
would be expected to have a higher apparent total tract 
digestibility of DM, organic matter, and nitrogen. Further, 
animals with a genetic potential for lower BF, would have 
a higher ATTDn. No significant genetic correlations were 
found between D40120 and digestibility traits, nor LDP and 
digestibility traits.

Discussion
The current study found heritable variation existing for dif-
ferent digestibility traits in pigs and hence confirms that it is 
possible to select for improved digestibility of nutrients such 
as nitrogen and crude fat to minimize nutrient loss in pig 
production. In a global perspective, such a selection could 
reduce the use of protein rich feed ingredients to pigs, and 
hence reduce the competition for feed resources between 
human and animal consumption. Further, improved utiliza-
tion of nutrients in feed can reduce the demands to nutrient 
level in the feed, as the animals can utilize the nutrients 
more efficiently than earlier. This again, can allow increased 

Table 2. Descriptive statistics for feed consumption from 40 to 120 kg (F40120), days from 40 to 120 kg (D40120), loin depth at 100 kg (LDP), and back 
fat at 100kg (BF) 

Trait n1 Mean SD1 Min1 Max1

ATTDdm, % 1,950 73.2 4.6 47.2 84.4

ATTDom, % 1,949 75.3 4.2 58.2 86.6

ATTDn, % 1,890 71.5 5.8 47.2 85.5

ATTDCfat, % 1,893 61.0 8.9 24.9 85.1

F40120, kg 16,009 171.4 13.7 100.3 274.7

D40120, d 16,118 75.0 8.8 45.9 140.3

BF, mm 10,681 5.9 1.5 2.9 13.0

LDP, mm 10,887 57.0 6.4 30.6 77.6

1Number of animals (n), standard deviation (SD), minimum value (min), and maximum value (max).
. Apparent total tract digestibility of nitrogen (ATTDn), apparent total tract digestibility of crude fat (ATTDCfat), apparent total tract digestibility of dry 
matter (ATTDdm), and apparent total tract digestibility of organic matter (ATTDom).

Table 3. Variance components ± standard error (SE), heritabilities (h2), and coefficient of variation (CV) for apparent total tract digestibility of dry matter 
(ATTDdm), organic matter (ATTDom), nitrogen (ATTDn), and crude fat (ATTDCfat)

Additive genetic variance (σ2
a)± SE Pen variance (σ2

pen) ± SE Residual variance (σ2
e) ± SE h2 CV (%)

ATTDdm, % 2.6 ± 0.8 1.9 ± 0.5 9.1 ± 0.6 0.22 2.2

ATTDom, % 2.3 ± 0.6 1.4 ± 0.4 8.1 ± 0.5 0.22 2.0

ATTDn, % 4.9 ± 1.5 2.3 ± 0.8 20.0 ± 1.3 0.20 3.1

ATTDCfat, % 3.8 ± 1.3 6.1 ± 1.4 21.7 ± 1.2 0.15 3.2

Table 4. Genetic correlations and standard errors between apparent 
total tract digestibility of dry matter (ATTDdm), organic matter (ATTDom), 
nitrogen (ATTDn), and crude fat (ATTDCfat) and production traits

F401201 D401202 LDP3 BF4

ATTDdm −0.35 (0.12) 0.07 (0.14) −0.17 (0.13) −0.10 (0.14)

ATTDom −0.28 (0.13) 0.10 (0.14) −0.19 (0.13) −0.01 (0.14)

ATTDn −0.54 (0.11) 0.11 (0.14) −0.11 (0.13) −0.31 (0.14)

ATTDCfat −0.20 (0.16) −0.05 (0.17) 0.25 (0.14) −0.18 (0.16)

1Feed consumption from 40 and 120 kg live weight, kg
2Days from 40 to 120 kg live weight
3Loin depth at 100 kg, mm
4Back fat at 100 kg, mm
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use of local feed resources, use of novel feed ingredients, 
and reduced greenhouse gas emissions from the feces. Still, 
most of the nitrogen excretion from pig manure are from 
urine and diet dependent (Jørgensen et al., 2013), but a 
reduction in nutrient loss in feces could contribute to less 
emissions.

Various studies have investigated the genetic background 
of different traits related to improved feed efficiency and 
digestibility and found similar results (Do et al., 2013; Déru 
et al 2020, 2021; Santiago et al. 2021; Bouquet et al. 2022). 
Improved digestibility of nutrients will increase the resource 
utilization of the animal. Selection for changed body compo-
sition, such as carcass leanness and reduced backfat has been 
a strategy to obtain feed efficient animals in traditional pig 
breeding for decades. Other traits, such as gross feed intake, 
feed conversion ratio and residual feed intake has also been 
used in selective breeding programs (Patience, 2012). These 
traits provide selection responses that are related to the allo-
cation of feed resources to different tissues. This has ensured 
that feed is used for growth of lean tissue. However, to 
improve feed efficiency further, it is important to know how 
well the pig can utilize the nutrients in the feed. Therefore, 
a more direct trait of proportion of nutrients absorbed in 
the intestines can provide new insight to the individual feed 
efficiency of pigs. The digestibility traits in the current study, 
such as ATTDn or ATTDCfat, can further improve the effi-
ciency of the animals, and hence reduce nutrient loss to the 
environment, which is becoming an increasing global pollu-
tion issue in the pork production.

Apparent total tract digestibility with indicator 
method
In practical situations, the measure of total feed intake and 
feces output of an animal can be challenging, both from a cost 
(including labor) perspective, but also from an animal welfare 
perspective. Further, pigs are kept in groups, which makes it 
even more challenging. Apparent total tract digestibility based 
on spot sampling and using an indicator is therefore a less 
labor-intensive and more animal friendly method, compared 
to total collection method, where all feces and urine are col-
lected (Adeola, 2000). However, it is important to ensure that 
the sample is representative, with a proper sample weight. A 
disadvantage is that variation in digestibility over time exists 
(increasing with age) and this information could be lost when 
an indicator method with one grab sample is used (Le Goeff 
and Noblet, 2001; Bastianelli et al., 2015). Jang et al. (2014) 
reported that the total collection method gave higher esti-
mated ATTD than the indicator method in pigs, suggesting 
that the indicator method could underestimate the digestibil-
ity values. However, this underestimation could be handled 
by pooling multiple spot samples (Moughan et al., 1991; Jang 
et al. 2014). Moore (1958) reported that errors from using 
one grab sample could be improved by pooling multiple grab 
samples. However, to fit the practical routines at the testing 
station and avoid animal stress and labor, one grab sample 
was performed in the current study. Jang et al. (2014) found 
similar estimates for apparent total tract digestibility of dif-
ferent nutrients within treatment but between different day of 
grab sampling, supporting the current methodology.

Acid insoluble ash as an indigestible marker
To predict ATTDdm and ATTDn based on a spot fecal sam-
ple, AIA was used as a marker. Brestenský et al. (2017) and 

Prawirodigdo et al. (2019) suggested that AIA was a suitable 
marker to use in digestibility studies for pigs. In a review by 
Sales and Janssens (2003), most studies comparing total col-
lection method with indicator method where AIA was used 
as a marker, found similar results between the two methods. 
McCarthy et al. (1977) found low daily variation in fecal 
AIA content, suggesting that use of one grab sample would 
be feasible. However, caution must be made during sam-
pling, to avoid contamination. In the current study, rooting 
material was held back for three days prior to sampling to 
avoid contamination of feces with AIA from other sources 
than the feed. Due to welfare regulations in Norway, activa-
tion material must be provided. The hay was therefore sub-
stituted by non-printed newspaper. Non-published results of 
chemical analysis of regular printed newspaper, showed an 
average level of 0.25 g AIA/kg newspaper. The level of AIA 
was assumed to be related to the ink of the newspaper, and 
this level of AIA would influence the estimate of digestibility 
based on how much is eaten by the animal, but in a minor 
manner. The paper provided in the current study was there-
fore non-printed newspaper, which was assumed to have neg-
ligible influence on the digestibility estimates in the study.

Thonney et al. (1985) indicated that the level of dietary AIA 
should be minimum 7.5 g/kg DM in cattle to avoid inaccu-
rate measurements. The current study had an average of 3.2 
g AIA/kg DM, which might be a reason for lower digestibil-
ity estimates than previous literature (Moughan et al. 1991; 
Brestenský et al., 2017; Déru et al., 2021). However, for pigs, 
no such minimum level was found in literature. It is notable, 
however, that Prawirodigdo et al. (2021) had a lower dietary 
AIA than the current study. Further, the method for chemical 
analysis could influence the level of digestibility estimates, but 
as the same method are used across animals, it is not expected 
to affect the variation in digestibility estimates. Bastianelli et 
al. (2015) proposed to use direct prediction of digestibility of 
different nutrients using NIRS. Then, the need for a marker 
would be minimized, as it is only needed for the fecal samples 
used for developing the calibration curves.

Near-infrared spectroscopy
There are a few aspects of the NIRS calibrations that need 
to be addressed. First, the choice of freeze-drying all samples 
prior to NIRS analysis was done out of two reasons: 1) to 
avoid practical sampling uncertainties related to changing 
moisture contents of feces; and 2) to potentially pre-concen-
trate minor feces components and thus make them more vis-
ible in the NIRS spectra. The downside of this choice is that 
by removing water, it also removes one of the main chemi-
cal components in the feces contributing to gross component 
modelling. It is well known that when using NIRS for predic-
tion of e.g., proteins or fats, the water component in the NIRS 
spectra is indirectly used in the models, since more water in 
one sample might lead to less protein or fat in the same sam-
ple (Eskildsen et al., 2021). Doing NIR measurements on wet 
feces, Paternostre et al (2021) obtained good calibrations for 
all gross components in the feces samples. In the current study, 
the protein calibration model has comparatively lower predic-
tive performance (see under “Results – descriptive statistics”), 
but the model can still be regarded as feasible for screening 
studies. For the fat calibration, on the other hand, the pre-
dictive performance is too low for screening purposes (see 
under “Results – descriptive statistics”). It should be noted 
that for the crude fat reference measurements of the  current 
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study, accelerated solvent extraction was used, and using 
other extraction approaches could most likely provide more 
accurate numbers for fat contents in feces. The  calibration 
range of fat contents is also significantly lower than for pro-
tein contents, which also could be one explanation why the 
protein calibration performs better than the respective crude 
fat calibration. The calibration results of the current study 
are comparable to the results provided in Nirea et al. (2018), 
that also performed NIR measurements on freeze-dried feces.

Genetic parameters
The variance components estimated in this study suggested 
that all digestibility traits are heritable and can be selected for. 
Few studies have previously carried out genetic analyses of 
digestibility traits in pigs. However, Déru et al (2021) found 
similar results for digestibility coefficients of energy, organic 
matter and nitrogen. Déru et al (2021) estimated a heritability 
for digestibility coefficients for nitrogen to be 0.27. This result 
was higher than in the current study, but on a smaller data-
set, a different breed and for animals fed a conventional diet. 
The same study found an even higher heritability for nitrogen 
digestibility on a high-fiber diet (0.56), due to higher genetic 
variation. Increasing fiber content in the diet might increase 
the genetic variation in the trait but could at the same time 
reduce the digestibility of nutrients (Zhang et al., 2013). Déru 
et al. (2021) also corrected for the feed intake of the animal 
in the genetic model, to avoid that the variation in feed intake 
affects the estimated genetic variance in digestibility of nutri-
ents. The current study did not correct for individual feed 
intake, as this was tested. Adding daily feed intake as a fixed 
covariate in the model lead to minor reduction in variance 
components and genetic correlations among ATTD traits and 
F40120. This suggests that there was no systematic relation-
ship between digestibility and feed intake in the current data-
set. The current dataset is highly standardized in weight and 
environment, as the data is recorded on a boar testing station.

Saintilan et al. (2013) estimated significant heritabilities for 
nitrogen retention in pig breed. Similarly, Kasper et al. (2020) 
estimated heritabilities of 0.36, for nitrogen efficiency of the 
carcass. Both studies reflect on traits which is partly depen-
dent of the nitrogen intake and absorption in the intestines. 
Genetic variation existing in these traits might therefore sup-
port the current results in genetic differences in ATTDn.

Genetic correlations between the digestibility traits and 
production traits were identified and suggested that the 
current selection strategy is improving the digestibility of 
nitrogen and DM. The genetic correlations suggested that 
ATTDn and ATTDdm are a part of the genetic mecha-
nism involved in F40120 and that improved ATTDn and 
ATTDdm also would improve F40120. The results are in 
accordance with Déru et al (2021), which estimated a high 
negative genetic correlation between nitrogen digestibility 
and daily feed intake (−0.59) in animals on conventional 
diet, and favorable correlations between nitrogen and DM 
digestibility and feed conversion ratio (FCR). Vigors et al. 
(2016) found that animals selected for low residual feed 
intake also had significantly lower FCR and higher ATTDn 
and ATTDdm, than animals selected for high residual feed 
intake, supporting the genetic parameters found in the cur-
rent study and Déru et al. (2021). A significant correlation 
was also found between ATTDn and BF, suggesting that 
animals with a high digestibility of nitrogen, had lower 
back fat at 100 kg. As highlighted earlier, feed intake influ-

ences the digestibility of nutrients, and hence the deposition 
of tissue. The lack of correction for feed intake in the cur-
rent study might have led to overestimation of this genetic 
correlation. A low feed intake would enhance the digest-
ibility of nutrients and result in less fat deposition in an 
animal, and hence might lower this genetic correlation. The 
current study did not find any significant genetic correla-
tions between ATTDdm, ATTDn and D40120 or LDP. This 
highlights that digestibility traits are heritable, but mainly 
related to feed intake and general function of the intestines, 
as opposed to allocation of feed resources to different tissue 
in the body.

In conclusion, the current study found that the different 
ATTD traits are heritable and possible to select for. Based 
on the genetic correlations, selecting for improved growth 
and reduced feed intake within a specific weight interval are 
improving ATTDn and ATTDdm. For further improvements 
of the digestibility traits, inclusion of the studied traits in the 
breeding goal would be beneficial.
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