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RESEARCH ARTICLE                                         

Effects of dietary SID lysine content on growth performance, feeding costs, 
and nitrogen excretion of growing and finishing pigs

Stefano Schiavona , Alessandro Toscanoa , Diana Giannuzzia , Gregorio Dona , Veronica Tonoa , 
Luca Rapettib , Gianluca Galassib , Marco Battellib , Sara Pegoloa , Alessio Cecchinatoa ,  
Isaac Hyeladi Malgwia and Luigi Galloa 

aDipartimento di Agronomia, Animali, Alimenti, Risorse naturali e Ambiente, University of Padova, Legnaro, Italy; bDipartimento di 
Scienze Agrarie e Ambientali, University of Milano, Milano, Italy 

ABSTRACT 
This study evaluated the effects of different SID lysine levels on growth performance, feed costs, 
and nitrogen excretion of growing pigs raised for dry-cured ham production. Ninety-six Goland- 
C21�Camborough-43 pigs (initial body weight, BW: 44.5 ± 3.8 kg) were allocated to four dietary 
treatments (2 pens/treatment, 12 pigs/pen) with low (L: 6.9, 6.0, 4.2 g/kg), medium-low (ML: 7.8, 
6.9, 5.2 g/kg), medium-high (MH: 8.3, 7.8, 6.0 g/kg), or high (H: 9.3, 8.3, 6.9 g/kg) SID lysine across 
the growing (90–118 days), early finishing (119–132 days), and late finishing (133–233, days) 
phases. Automated feeding stations recorded individual feed intake. Backfat (BF) thickness and 
BW were measured at five time points. Nitrogen excretion was estimated from intake, retention, 
and atmospheric losses. Data were analysed using the PROC MIXED procedure in SAS; the 
model included dietary treatment, sex, and their interaction as fixed effects and pen nested 
within treatment as a random effect. Compared with L pigs, ML pigs showed similar feed intake 
and final BF depth but achieved higher (p< .05) final BW, greater average daily gain, and 
improved gain-to-feed ratio, while reducing feed costs (e1.63 vs e1.77 per kg BW gain) without 
increasing nitrogen excretion. Growth performance of ML pigs was comparable to that of MH 
and H pigs; however, ML diets resulted in the lowest feed costs and nitrogen excretion. These 
findings suggest that a medium-low SID lysine diet is sufficient for this pig population, effect
ively supporting growth performance while reducing feeding costs and environmental impact.

HIGHLIGHTS
� The effects of varying SID lysine content in diets were studied in growing pigs until heavy 

body weight under ad libitum feed intake
� Decreasing SID lysine content from 7.8 to 5.2 g/kg from growing to finishing improved 

growth performance compared to diets with 15% lower contents
� Further increases in the SID lysine contents did not improve daily gain and feed efficiency, 

but increased feeding costs and N excretion
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Introduction

Nutrient recommendations are crucial for enhancing 
both the quantitative and qualitative aspects of pro
duction, optimising the use of economic and natural 
resources, and mitigating the environmental impact of 
swine production. It is well known that an insufficient 
intake of lysine negatively impacts growth rate and 
feed efficiency (Shelton et al. 2011; Ma et al. 2015; 
Song et al. 2022). On the other hand, an excess of 
dietary lysine may increase the feeding costs and 
nitrogen (N) excretion. Recommendations developed 

by various research institutions typically focused on 
fast-growing, lean pig genotypes that are primarily 
bred for fresh meat production, with slaughter body 
weight (BW) generally not exceeding 135 kg (van 
Milgen et al. 2008; NRC 2012; De Blas et al. 2013). 
However, such recommendations may not adequately 
address the requirements of pig chains focused on tra
ditional products like dry-cured ham, which often 
involve heavier slaughter weights (up to 200 kg), older 
ages (up to nine months), and specific pig genotypes 
selected for preserving fat deposition and improving 
ham coverage (Latorre et al. 2004; Mondin et al. 2024). 
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Consequently, pigs bred for dry-cured ham production 
are hypothesised to exhibit distinct traits compared to 
lean genotypes, such as higher voluntary feed intake 
and lower feed efficiency (Wecke and Liebert 2009), 
and these may affect the dietary SID lysine require
ments. Data on the effects of varying dietary SID lysine 
content for heavy BW pigs, considering voluntary feed 
intake, growth performance, N retention and excretion, 
and feeding costs, is very limited (Schiavon et al. 2022, 
2025). When lysine is the first limiting nutrient, a restric
tion below requirement reduces protein retention, 
thereby negatively impacting growth rate and feed effi
ciency (NRC 2012). On the other hand, excess lysine 
has a limited effect on protein retention or growth per
formance but increases nitrogen excretion proportion
ally relative to crude protein intake (Xiccato et al. 2005; 
NRC 2012). In previous research, we investigated the 
growth performance of purebred Goland-C21 pigs fed 
either ad libitum diets with excess amino acids or 
restricted diets insufficient in amino acids (Malgwi et al. 
2021; Schiavon et al. 2022, 2025). Based on these stud
ies, we hypothesised that Goland-C21�Camborough- 
43 pigs would evidence greater feed intake and lower 
optimal dietary SID lysine content compared to the lit
erature data on modern lean pigs. Therefore, the cur
rent research aimed to evaluate the impact of reduced 
dietary SID lysine content on voluntary feed intake, 
growth performance, N excretion, and feeding costs, 
contributing to the development of tailored nutritional 
strategies for this specific production system.

Material and methods

Animals, experimental design and diets

In the trial, 96 pigs (Goland-C21 � Camborough-43), 
76 days old, with an average initial BW of 32 kg, were used.

The pigs were allotted into groups of 12 in 8 pens, 6 
barrows and 6 gilts per pen, based on individual BW, to 
obtain pens characterised by similar average BW (range: 
31.8 to 32.2 kg) and coefficient of variation of BW 
(range: 9.8 to 11.3%). Each pen (5.8� 3.8 m with fully 
slatted floors; 1.57 m2/pig) was equipped with an 

automated feeding station (Compident Pig–MLP, 
Schauer Agrotronic, Prambachkirchen, Austria) pro
grammed to measure the individual feed intake of each 
pig, day by day, over the entire experimental period. 
Pigs had free access to drinking water throughout the 
whole experiment. Two collective straw feeders and 
two other enrichment tools (beech wood provided with 
a dispenser fastened to the wall and a hard plastic ball) 
were available in each pen. During a transition period 
of 14 days, planned to allow pigs to acclimate to herd 
conditions and feeding stations, all the pigs had free 
access to the same commercial feed.

At the end of the transition period, when pigs aver
aged 44.5 ± 3.8 kg BW, each pen was assigned to one of 
four dietary treatments (2 pens per treatment) differing 
for the SID lysine content within a feeding program 
based on 3 periods: growing (90–118 days), early finish
ing (119–146 days), and late finishing (147–233 days), as 
detailed in Table 1. In each period, the SID lysine 
requirements for increasing BW ranges estimated by 
Schiavon et al. (2025) for purebred Goland-C21 pigs 
were taken as a basis to formulate the dietary treat
ments. In the different periods, the pigs received feeds 
with the following amount of SID lysine: 9.3, 8.3, and 
6.9 g/kg feed in the high (H) treatment; 8.3, 7.8, and 
6.0 g/kg in the medium-high treatment (MH); 7.8, 6.9, 
and 5.2 g/kg in the medium-low treatment (ML); and 
6.9, 6.0, and 4.2 g/kg in the low (L) treatment. 
Compared to the values proposed by Schiavon et al. 
(2025), SID lysine was supplied in excess in the H and 
MH treatments and in deficit in the ML and L treat
ments. Thus, seven feeds were formulated by replacing 
soybean meal with barley grain, reducing dietary SID 
lysine content from 9.3 to 4.2 g/kg feed (Tables 2 and 
3). Care was taken to ensure that lysine was the first lim
iting nutrient according to NRC (2012). Feeds were 
manufactured by a commercial feed manufacturer 
(Neviani S.r.l., Montecchio Emilia, RE, Italy).

Pigs were individually weighed using an electronic 
scale at 90, 118, 146, 202, and 251 days of age. At the 
same intervals, backfat depth (BF) was measured using 
an A-mode ultrasonic device (Renco Lean-Meater Series 

Table 1. Feeds distributed to the pigs of the high, medium-high, medium-low and low lysine treat
ments with increasing ages.

Dietary treatmentsa

Age interval, days Low lysinea Medium-low lysinea Medium-high lysinea High lysinea

90–118 Lys-6.9 Lys-7.8 Lys-8.3 Lys-9.3
119–146 Lys-6.0 Lys-6.9 Lys-7.8 Lys-8.3
147–202 Lys-4.2 Lys-5.2 Lys-6.0 Lys-6.9
202–251 Lys-4.2 Lys-5.2 Lys-6.0 Lys-6.9
aThe number in the feed names represents the dietary SID lysine contents (g/kg, as-fed basis).
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12, Renco Corporation, Minneapolis, MN, USA) as 
described by Malgwi et al. (2021). Measurements were 
taken at the last rib, approximately 5.5–8.0 cm from the 
midline, with the distance increasing with increasing BW.

During the experiment, two pigs were removed 
due to health issues, and all their data, including feed 
consumption, were excluded, leaving 94 records per 
trait for analysis.

Feeding costs and N balance

The feeding costs were calculated using the actual feed 
consumption and the feed prices (Bologna 2025) and 
were expressed per pig produced and per unit of BW 
gain.

The N balance was computed according to Xiccato 
et al. (2005). Briefly, the N consumption was derived 
from the feed intake of each diet and its correspond
ing N content, while N retention was estimated from 
body protein gain divided by 6.25. Body protein gain 
was computed from repeated measurements of body 
weight and backfat depth as described in Schiavon 
et al. (2022). The N excreted was calculated as the dif
ference between N consumed and retained. The 
annual N excretion per herd pig place was computed 
based on the N excreted to produce a pig by the 
number of production cycles completed in a year. The 
cycle count was calculated as the ratio between 
365 days and the total time required to achieve the 
full growth of a pig, plus a 21–day downtime allocated 

Table 2. Ingredient composition and cost of the experimental feeds.
Feedsa

Ingredient, g/kg as fed basis Lys-4.2 Lys-5.2 Lys-6.0 Lys-6.9 Lys-7.8 Lys-8.3 Lys-9.3

Corn grain 450.0 450.0 450.0 450.0 450.0 450.0 450.0
Barley grain 449.0 410.0 365.0 320.0 275.0 230.0 185.0
Soybean meal (48% crude protein) 1.0 40.0 85.0 130.0 175.0 220.0 265.0
Wheat bran 70.0 70.0 70.0 70.0 70.0 70.0 70.0
Cane molasses 10.0 10.0 10.0 10.0 10.0 10.0 10.0
CaCO3 11.5 11.5 11.5 11.5 11.5 11.5 11.5
NaCl 4.0 4.0 4.0 4.0 4.0 4.0 4.0
CaHPO4 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Mineral-vitamin mixtureb 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Lysine-HCl 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Sum 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0
Cost, euro/t 480 493 508 523 539 554 569
aThe number in the feed names represents the dietary SID lysine contents (g/kg, as-fed basis).
bProviding per kilogram of feed: vitamin A, 8000 IU; vitamin D3, 1200 IU; vitamin E, 8 mg; Vitamin B7, 0.08 mg; vitamin B12, 0.012 mg; niacin, 16.0 mg; 

biotin, 8 mg; iron, 170 mg; zinc, 117 mg; copper, 14 mg; cobalt, 0.11 mg; iodine, 0.06 mg; manganese, 65 mg; magnesium, 0.14 mg; selenium 10 mg.

Table 3. Nutrient content of the experimental feeds (g/kg as fed, unless different specification).
Feedsa

Lys-4.2 Lys-5.2 Lys-6.0 Lys-6.9 Lys-7.8 Lys-8.3 Lys-9.3

Dry matter 916 921 907 902 901 902 894
Metabolisable energy (ME), MJ/kg 12.6 12.5 12.5 12.4 12.4 12.3 12.3
Net energyb (NE), MJ/kg 9.2 9.2 9.3 9.3 9.4 9.4 9.5
Starch 538 517 494 471 449 426 404
Ether extract 33 32 31 30 29 28 27
Ash 37 39 40 42 44 46 48
NDFc 190 185 178 172 166 160 153
Crude protein 110 121 132 143 160 180 191
Analysed AA:

Lysine 4.9 6.0 6.8 7.8 8.7 9.3 10.4
Methionine 2.2 2.1 2.3 2.4 2.5 2.6 2.9
Methionineþ cysteine 4.8 4.9 5.0 5.4 5.7 5.9 6.2
Threonine 4.4 4.7 5.2 5.6 6.2 6.4 7.0
Tyrosine 3.6 4.0 4.4 4.8 5.3 5.6 6.3
Tryptophan 1.3 1.4 1.6 1.7 1.9 2.1 2.2
Histidine 3.3 3.5 3.7 4.1 4.4 4.7 5.1
Isoleucine 4.2 4.7 5.2 5.9 6.5 7.0 7.8
Leucine 10.1 10.7 11.4 12.3 13.3 13.9 15.2
Valine 6.0 6.5 6.8 7.4 8.0 8.4 9.1
Arginine 6.5 7.5 8.4 9.5 10.5 11.3 12.6
Phenylalanine 9.2 10.1 10.9 12.1 13.2 13.9 15.4
SID lysined 4.2 5.2 6.0 6.9 7.8 8.3 9.3

aThe number in the feed names represents the dietary SID lysine contents (g/kg, as-fed basis). All the dietary nutrients resulted from chemical analysis, 
unless different specified.

bThe energy values of the feeds were computed from the tabular values of the ingredients reported by NRC (2012).
cNDF: neutral detergent fibre.
dEstimated from the analysed total lysine content and the SID:total lysine ratio as reported NRC (2012).
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for technical and sanitary management between the 
end and the beginning of production cycles. This 21– 
day interval accounts for the necessary downtime for 
cleaning, disinfection, and other procedures required 
for optimal hygiene and disease prevention. Net N 
excretion was scaled per unit of annual BW gain, offer
ing a precise measure of production efficiency and 
environmental impact.

Chemical analysis

Representative feed samples were collected during 
manufacturing, with ten samples pooled and mixed to 
obtain a 1–kg composite sample for analysis. The sam
ples were analysed in duplicate according to AOAC 
(2003) for dry matter (DM; AOAC #934.01), nitrogen (N; 
AOAC #976.05), ether extract (EE; AOAC #920.29), ash 
(AOAC #942.05), and neutral detergent fibre with 
amylase treatment, including residual ash (aNDF; Van 
Soest et al. 1991). Starch content was determined 
via glucose hydrolysis using liquid chromatography 
(Bouchard et al. 1988).

The amino acid content of the feed samples was 
analysed, as detailed by Schiavon et al. (2022), follow
ing methods from the Council of Europe (2005) and 
Slump et al. (1991). The SID lysine content were esti
mated from the analytical values multiplied by the 
ratio between the SID and the total lysine content 
based on NRC (2012). Dietary metabolisable energy 
(ME) and net energy (NE) were computed from the 
actual ingredient composition of the feeds and the 
tabular values for each ingredient as reported by NRC 
(2012).

Statistical analysis

The required sample size was calculated a priori using 
the PROC GLMPOWER in SAS software (SAS Inst. Inc., 
Cary, NC, USA), and taking the average daily gain 
(ADG) as the representative parameter. Based on our 
previous experiment with a comparable genetic line 
fed ad libitum (Malgwi et al. 2021), we hypothesised 
an ADG of 805 g/d with a standard deviation of 
190 g/d. A two-tailed test was performed with an a of 
0.05 and a power of 0.90 (1 – b), based on a mean 
difference among treatment groups of 64 g/d. Under 
these conditions, the minimum sample size required 
to detect significant differences among treatments 
was 92 pigs (23 pigs per treatment). Therefore, to 
account for a potential 5% mortality rate, 96 animals 
were enrolled. Data were analysed with the MIXED 

procedure of SAS (SAS Inst. Inc., Cary, NC, USA) 
according to the following model:

yijkl ¼ lþ treatmenti þ sexj þ treatment� sexð Þij

þ pen treatmentð Þk:i þ eijkl 

where yijkl was the observed trait; l was the overall 
intercept of the model, treatment was the fixed effect 
of the ith treatment (i¼ 1, … , 4); sexj was the fixed 
effect of the jth sex (j: 1¼barrow, 2¼gilt); (treat
ment� sex)ij was the interaction effect between treat
ment and sex; pen(treatment)k:i was the random effect 
of the kth pen within treatment, and eijkl was the ran
dom residual error. The pen(treatment) and residual 
were assumed to be independent and normally distrib
uted with a mean of zero and variances of r2

k, and r2
l, 

respectively. The effect of treatment was tested on the 
pen(treatment) variance, whereas sex and the treat
ment� sex interaction were tested on the residual vari
ance. To evaluate treatment differences, pre-planned 
contrasts were performed. Specifically, contrasts were 
set to compare the ML treatment against L, MH, and H 
treatments. The ML treatment was selected as the refer
ence for comparisons based on findings from our previ
ous pilot studies (Schiavon et al. 2022, 2025). The level 
of significance was set at p< .05.

Results

Growth performance and feed intake

Pigs fed the L diet had lower body weight than those 
on the ML diet at day 202 (p¼ .011) and day 251 
(p¼ .005), resulting in a final BW nearly 10% lower 
than ML-fed pigs at the end of the experiment (Table 
4). Feeding treatment did not influence backfat depth, 
which increased from 7.2 mm to 28.7 mm.

Feed intake was not affected by dietary treatments, 
while voluntary feed consumption increased from 
2590 g/d in the early growing period to 3041 g/d by the 
end of finishing. A peak intake of 3315 g/day occurred 
between 119 and 146 days, when pigs’ BW ranged 
between 75 to 106 kg. The voluntary feed intake, 
expressed as daily ME intake, is shown in Figure 1.

Average daily gain increased from 1046 g/d in the 
first period to a peak value close to 1200 g/d until 146 
days, and declined later, reaching nearly 660 g/d on 
average in the last period of the trial. Significant differ
ences in ADG between ML and L pigs were detected 
on age intervals 119–146 days (p¼ .024), 147–202 
days (p¼ .006), 203–251 days (p¼ .026) and overall 
(p¼ .004), while ML showed no difference from other 
treatments with higher dietary SID lysine content. 
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Feed efficiency (gain: feed) decreased from 0.40 in the 
early period to 0.22 by the final period. Overall, the 
feed efficiency of the ML group was significantly 
greater than that of the L treatment during the whole 
feeding trial (p< .05), whereas increasing the SID- 
Lysine content over that of the ML group did not 
affect the gain-to-feed ratio. The SID lysine intake 
throughout the feeding trial is shown in Figure 2.

For sex effect, gilts exhibited lower BW than bar
rows at 118, 146, and 202 days of age, attributable to 
reduced early growth rates; however, a partial com
pensatory growth in the latter phase resulted in a final 
BW not significantly different from barrows. 
Conversely, backfat thickness was always greater in 

barrows than in gilts (p< .015), with the only excep
tion at the start of the trial.

Barrows had a constantly greater feed intake than 
gilts (p< .01), with an average consumption 8.3% 
greater during the trial. As this superiority in feed intake 
was not adequately compensated by a concurrent 
increase in growth rate, barrows had lower feed effi
ciency than gilts (p< .001) over the whole experiment.

Feeding cost and N balance

As anticipated, feed prices increased progressively 
with higher SID-lysine content. Consequently, the cost 
of producing a finished pig was 7.5–11% lower for the 

Figure 1. Voluntary metabolisable energy intake (MEI) of experimental gilts and barrows at increasing body weight compared 
with MEI predicted from NRC (2012) equations.

Figure 2. SID lysine requirements of NRC (2012) compared to the optimal daily SID lysine intake of our previous experiments 
(Schiavon et al. 2022) and the intakes realised with the medium-low treatment of current research.
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L group compared with other treatments, whereas the 
feeding costs for the MH and H groups were only 
marginally higher than those of the ML group 
(Table 5). However, when expressed per unit of BW 
gain, ML was significantly the least expensive feeding 
program, with feed costs 5 to 8% lower than those of 
the other treatments.

The N intake was significantly greater for pigs on 
the ML diet than for those on L (p¼ .006), whereas MH 
and H groups evidenced progressively and significantly 
greater N intake (p¼ .05 and p< .001, respectively), 
mainly due to differences in the crude protein content 
of the feeds they consumed. Similarly, the average esti
mated N retention was greater for ML pigs than for L 
pigs (p¼ .003) but equal to MH and H treatments. The 
estimated N excretion per pig finished and per pig- 
place in a year progressively increased with the 
increase in lysine content of the dietary group (ML vs L, 
p¼ .022), but differences were much greater when the 
ML group was compared with the MH (p¼ .005), or H 
group than with the L group (p< .001).

The net N remaining in manure, computed by the 
total N excreted in a year and accounting for 30% 
atmospheric losses, ranged from 8.5 to 12.1 kg per pig 
place, with ML showing a greater value compared to L 
(p¼ .022) and lower values when compared to MH 
(p¼ .005) and H (p< .001). This corresponded to pig- 
place equivalents per 170 kg N/ha net N load, ranging 
from 14.2 for the H diet to 20.3 for the L diet, with 
the ML diet being significantly different from all other 
treatments (p< .001). However, N production in 
manure per kg of BW gain did not differ between the 

L and ML diets (p ¼ .17). Concerning the sex effect, 
gilts had lower production costs than barrows 
(p< .001), both per pig produced (−6.7%) and per 
unit of BW gain (−4%). Similarly, gilts had nearly 10% 
lower N excretion than barrows both per pig finished 
and per kg BW gain, because of their lower N intake. 
This resulted in a nearly 2 greater pig load equivalents 
to 170 kg net N/ha (p< .001).

Discussion

Voluntary feed intake and growth performance

Understanding feed intake dynamics is crucial for opti
mising pig production, as it directly impacts growth 
performance, feed efficiency, and economic sustainabil
ity. Feed intake is a critical determinant of pig growth 
performance and feed efficiency, and its variability 
is strongly influenced by production conditions 
(Whittemore et al. 2001). Although predicting voluntary 
feed intake for specific pig populations remains chal
lenging, understanding voluntary feed intake is essen
tial to formulating precise diets that ensure adequate 
nutrient intake and may optimise feed efficiency and 
growth performance without over- or underfeeding 
(Baker 1986). The primary determinant of voluntary 
feed intake is the demand for energy and nutrients, 
guided by the principle of the first limiting nutrient 
(Kyriazakis and Whittemore 2006; Black 2009). However, 
positive or negative factors such as dietary nutrient bal
ance, climate, health, housing, environment and social 
interactions can cause deviations from optimal intake 
(Black 2009).

Table 5. Feeding costs and N balance of pigsa fed voluntarily feeds with different crude protein and SID lysine content.
Treatmentsb

SEMc Contrast (p) Sex SEM p

L ML MH H ML vs L ML vs MH ML vs H Gilts Barrows

Feeding costs
Early growing feed price, euro/ton 523 539 554 569 – – – – – – – –
Late growing feed price, euro/ton 508 523 539 554 – – – – – – – –
Finishing feed price, euro/ton 480 493 508 523 – – – – – – – –
Feeding cost, euro/finished pig (A) 231 248 253 258 4.100 0.042 0.441 0.156 239 256 2.900 <0.001
Body weight gain kg/pig place/year (B) 260 303 295 299 4.700 0.003 0.269 0.528 287 292 3.300 0.296
Feeding costs, euro/kg BW gaind 1.770 1.630 1.710 1.730 0.015 0.003 0.021 0.013 1.670 1.750 0.011 <0.001

N balance
Consumed, kg/finished pig 9.050 10.400 11.400 12.200 0.180 0.006 0.015 0.002 10.300 11.210 0.120 <0.001
Retained, kg/finished pig 3.150 3.770 3.690 3.790 0.067 0.003 0.405 0.902 3.590 3.610 0.047 0.757
Excreted, kg/finished pig 5.900 6.610 7.700 8.410 0.140 0.022 0.005 <0.001 6.740 7.570 0.100 <0.001
Excreted, kg/pig place/year 11.800 13.200 15.400 16.800 0.270 0.022 0.005 <0.001 13.400 15.100 0.190 <0.001
N in manure, kg/pig place/yeare 8.500 9.500 11.100 12.100 0.190 0.022 0.005 <0.001 9.700 10.900 0.140 <0.001
N in manure, g/kg BW gainf 32.700 31.400 37.600 40.500 0.550 0.168 0.001 <0.001 33.800 37.200 0.390 <0.001
Pigs equivalent to 170 kg net N/hag 20.300 18.100 15.500 14.200 0.320 0.008 0.005 0.001 18.000 16.000 0.230 <0.001

aData are about 24 pigs/treatment.
bL¼ low dietary SID lysine content (Lys 6.9, 6.0, 4.2); ML¼medium-low dietary SID lysine content (Lys 7.8, 6.9, 5.2); MH¼medium-high dietary SID 

lysine content (Lys 8.3, 7.8, 6.0); H¼ high dietary SID lysine content (Lys 9.3, 8.3, 6.9).
cSEM¼ pooled standard error of the mean.
dComputed as A� rounds per year/B.
eAssuming 1.99 rounds/years.
fAssuming 30% of N losses in the atmosphere.
gThe treatment� sex interaction was significant at p¼ .043.
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In this study, voluntary feed intake increased 
throughout the trial, peaking at over 3.3 kg/d between 
133 and 160 days of age (90–130 kg BW), before 
declining slightly to around 3.0 kg/d by 217–251 d 
(average BW 180 kg). These patterns were consistent 
with observations in purebred Goland C21 pigs 
(Schiavon et al. 2022) but exceeded NRC (2012) pre
dictions when the intake was expressed in terms of 
metabolisable energy (ME) intake (Figure 1). Growth 
performance was remarkable, with a peak average 
daily gain of 1178 g/d between 74 and 107 kg BW 
and an overall average of 946 g/d across the growing 
period (45–190 kg BW). These growth rates exceed 
most values reported in the literature for similar body 
weight intervals (NRC 2012; Becker et al. 2022; 
Figueroa-Velasco et al. 2022; Song et al. 2022; Tolosa 
et al. 2022). These growth rates are consistent with 
studies reporting ADG greater than 1100 g/d (Remus 
et al. 2020; Camp Montoro et al. 2022). Assuming a 
protein content of 0.16 in body weight gain (De 
Lange et al. 2003; Noblet 2005), protein retention may 
have peaked between 177 and 196 g/d, with an over
all average of 137–158 g/d across the growing period. 
These values match or exceed those reported for 
modern pig genotypes (Wecke and Liebert 2009; NRC 
2012; Remus et al. 2020) and findings for pigs with a 
similar genetic background reported by Schiavon et al. 
(2025).

Gain-to-feed ratio (G:F) values in this study were 
lower compared to those reported in the literature for 
other pig genotypes. For instance, Remus et al. (2020) 
reported a gain:feed ratio of 0.43 between 70 and 
100 kg BW, and Camp Montoro et al. (2022) observed 
a G:F ratio of 0.45 between 60 and 112 kg. Besides the 
impact of heavier BW, the higher voluntary feed 
intakes and the lower feed efficiency of the pigs of 
the current research could also be attributed to a 
greater lipid deposition, reflecting the genetic selec
tion in Goland-C21 pigs for increased fat cover and 
marbling desired for pigs used in dry-cured ham pro
duction systems (Cecchinato et al. 2008). Indeed, Knap 
(2009) demonstrated that, during the early 1980s, vol
untary feed intake declined by approximately 30 g/d 
annually, driven by genetic selection for reduced body 
fatness and enhanced feed efficiency. Conversely, the 
pigs studied in the present research, which were 
derived from Goland-C21 sires, underwent selective 
breeding aimed at maintaining or increasing fat cover 
depth and marbling in the thighs, thereby favouring 
fat deposition (Malgwi et al. 2021). This selection was 
intended to enhance the fatness status of the pigs, 
which contributes to the improved seasoning 

characteristics of the thighs for dry-cured ham produc
tion (Carc�o et al. 2019). Consequently, the pronounced 
appetite observed in the pigs from the current study, 
along with their reduced feed efficiency, likely reflects 
a genetic predisposition for protein and fat accretion.

Barrows typically consume more feed and exhibit 
greater fat deposition than gilts (Wagner et al. 1999). 
However, under traditional feed-restricted systems in 
Italian heavy pig production, these differences are 
often minimised, thus reducing the exploitation of sex
ual dimorphism (Gallo et al. 2014). The higher feed 
intake observed in barrows, particularly during the 
mid-growth phase, can be attributed to their greater 
propensity for fat accretion relative to gilts (Wagner 
et al. 1999). There is limited literature on the perform
ance differences between gilts and barrows fed ad 
libitum at body weights exceeding 140–150 kg 
(Wagner et al. 1999; NRC 2012). However, data from 
the present study suggest that the difference in per
formance between barrows and gilts would be attenu
ated as BW or age increases. Nonetheless, irrespective 
of sex, the response of pigs to different dietary SID 
lysine content in terms of feed intake and growth rate 
was similar.

Effect of dietary SID lysine content

Optimal nutrient allowances depend on age, sex, 
weight, genetics, physiological state, and housing 
environment (Song et al. 2022). Insufficient amino acid 
levels reduce protein retention, increase fat deposition, 
and impair growth performance and feed efficiency 
(Van Milgen and Dourmad 2015). On the other hand, 
excess amino acid (protein) increases N excretion, pos
ing environmental concerns (Schiavon et al. 2018). 
Lysine, the first limiting amino acid in cereal grain and 
soybean meal-based diets, is a key determinant of 
feeding costs (van Milgen and Dourmad 2015). 
Therefore, studies suggest that the growth perform
ance of pigs can be taken as a criterion for assessing 
adequate dietary lysine supply (Baker 1986; Soto et al. 
2019).

There are conflicting findings in existing literature 
data regarding the influence of dietary SID lysine con
tent on feed intake (Baker 1986; Song et al. 2022). 
Lysine restriction below the requirement negatively 
impacts growth rate and feed efficiency (Shelton et al. 
2011; Ma et al. 2015; Song et al. 2022). According to 
the theory that feed intake is regulated by the first 
limiting nutrient (Kyriazakis and Whittemore 2006), a 
moderate reduction in dietary amino acid levels below 
the animal’s requirements is expected to stimulate 
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increased feed intake to offset the deficiency (Baker 
1986). A hypothesis supported by the study of 
Schiavon et al. (2018). Conversely, Ferguson and Gous 
(1997) argued that pigs provided with insufficient diet
ary protein initially increase feed intake to sustain their 
genetic potential for protein deposition; however, 
once the compensatory capacity is exceeded, feed 
intake eventually declines. In the present study, pigs 
fed the L diet consumed approximately 4% less feed 
than those on the ML treatment, even though this dif
ference was not statistically significant.

For the majority of the traits considered, the L pigs 
differed from the ML ones. However, ML did not sig
nificantly differ from pigs fed MH and H diets, which 
were fed diets having greater SID lysine content. 
Therefore, our findings suggest that the dietary SID 
lysine content of the L treatment was inadequate for 
the genetic line and the BW interval considered in this 
study, despite their similar feed intake compared to 
the other groups. On the contrary, increasing the SID 
lysine content over the level of the ML group had no 
impact on growth rate and feed efficiency, but 
increased the feeding costs and the N excretion per 
unit of BW gain. A greater SID lysine content was rec
ommended by NRC (2012) 9.1, 7.8, and 6.5 g/kg for 
BW ranges of 50–75, 75–100, and 100–135 kg, respect
ively, when targeting high protein deposition. 
Similarly, other authors (De Blas et al. 2013; Song et al. 
2022; Tsuchino et al. 2024), have proposed greater 
dietary SID lysine content for lean pig genotypes; 
however, the feed intakes reported in these studies 
were notably lower than those observed in the current 
experiment. When expressed as absolute daily intakes 
(Figure 2), SID lysine in the ML group slightly 
exceeded NRC (2012) recommendations but closely 
matched values reported for ad libitum-fed purebred 
Goland-C21 barrows and gilts reported by Schiavon 
et al. (2022, 2025).

Implications

Increasing dietary SID lysine, primarily achieved by 
replacing barley with soybean meal, raised feed costs 
from e480 to e569 per ton. Because lysine content did 
not affect voluntary feed intake, the cost to finish a 
pig increased by 15% with higher SID lysine levels. 
However, the L diet negatively affected growth rates, 
resulting in one of the highest costs per unit of BW 
gain (e1.74/kg), whereas the ML diet minimised this 
cost (e1.60/kg). Further increases in soybean meal 
increased the cost per unit of BW gain. Notably, 
a e0.10/kg BW gain difference translates to an 

additional e30 income per pig place, assuming a BW 
production of 300 kg/pig place/year.

The study also assessed the environmental impact 
of dietary SID lysine and crude protein on nitrogen 
excretion in manure. Under European nitrate vulner
able area regulations, a maximum load of 170 kg N/ha 
must be applied to comply with the Nitrate Directive 
(European Commission 1991). This normative N load 
depends on dietary crude protein intake, N retention, 
atmospheric N losses, and the number of production 
cycles completed per pig place per year. Under such 
pig production systems, limiting excess dietary protein 
reduces N excretion, thereby increasing admissible pig 
density per hectare (Schiavon et al. 2012). Historical 
data showed that lean pigs growing from 25 to 
105 kg produce approximately 10.1 kg N/pig place 
annually (Ketelaars and der Meer 1999), consistent 
with later surveys reporting approximately 9.8 kg N/ 
pig place/year under traditional Italian systems by 
Xiccato et al. (2005). These values underpin the cur
rent Italian manure regulations, which assume 17 pig 
places/ha (MIPAAF 2006). In the present study, heavy 
pigs fed ad libitum on ML diets produced 9.5 kg N/pig 
place/year, potentially allowing a density of 18.1 pig 
places/ha.

Finally, ad libitum feeding contributed to observed 
sex differences between gilts and Barrows. Barrows 
consumed 8% more feed, had 6% greater backfat 
depth, incurred 4.2% higher feeding costs, and pro
duced 12.4% more N in manure than gilts. These find
ings suggest potential advantages of separate rearing 
and management practices for pigs under specific pro
duction conditions.

Conclusion

This study determined the dietary SID lysine allowan
ces that optimise growth performance, feed efficiency, 
and minimise both feeding costs and N excretion in 
barrows and gilts reared for traditional dry-cured ham 
production. These pigs exhibited remarkable voluntary 
feed intake and growth rates even at greater BW, 
highlighting the considerable growth potential of this 
population. The dietary SID lysine contents that maxi
mised growth, feed efficiency, and minimised N excre
tion were 7.8, 6.9, and 5.2 g/kg of feed for the age 
intervals 90–118, 119–146, and 147–251 days, respect
ively. Although these values are lower than literature 
recommendations for lean pig genotypes, they closely 
align with established recommendations when 
expressed as absolute daily intakes. This discrepancy 
reflects the genetic predisposition of the pigs for high 
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voluntary feed intake, which enables enhanced lipid 
deposition, a critical trait for high-quality dry-cured 
ham production.

Acknowledgements

The authors acknowledge Neviani Mangimi SRL for feed 
manufacturing, Luca Carraro, Alberto Simonetto, and all the 
herdsmen for their support in animal management and data 
recording.

Ethical approval 

The experiment was approved by the Animal Ethics 
Committee of the University of Padova (document #37/2023) 
and complied with the European Union Directive on animal 
experimentation (European Union 2010).

Disclosure statement

No potential conflict of interest was reported by the 
author(s).

Funding

This study was supported by Agritech National Research 
Center, funded by i) the European Union Next–Generation 
EU (PIANO NAZIONALE DI RIPRESA E RESILIENZA (PNRR)- 
MISSIONE 4 COMPONENTE 2, INVESTIMENTO 1.4—D.D. 1032 
17/06/2022,CN00000022); ii) the European Union, Next 
Generation EU, Mission 4, Component 1, CUP: 
C53D23005470006, Progetti di Rilevante Interesse Nazionale 
(PRIN), title project: NUTR-PIG; and iii) the University of 
Padova DOR2395890/23, DOR2214249/22, and 
2024DAFNAE1DOR-00166. The University of Padova also con
tributed with a three-year grant for the PhD student 
Alessandro Toscano.

ORCID

Stefano Schiavon http://orcid.org/0000-0002-5539-8947 
Alessandro Toscano http://orcid.org/0000-0003-3190-2608 
Diana Giannuzzi http://orcid.org/0000-0003-2975-0385 
Gregorio Don http://orcid.org/0009-0004-7125-2907 
Veronica Tono http://orcid.org/0009-0004-3114-3124 
Luca Rapetti http://orcid.org/0000-0002-0084-1796 
Gianluca Galassi http://orcid.org/0000-0003-4495-989X 
Marco Battelli http://orcid.org/0000-0003-2689-4199 
Sara Pegolo http://orcid.org/0000-0001-6390-9826 
Alessio Cecchinato http://orcid.org/0000-0003-3518-720X 
Isaac Hyeladi Malgwi http://orcid.org/0000-0003-0231- 
6992 
Luigi Gallo http://orcid.org/0000-0002-8908-5105 

Data availability statement

The data that support the findings of this study are available 
from the corresponding author, upon reasonable request.

References

[AOAC] Association of Official Analytical Chemists. 2003. 
Official methods of analysis of the association of official’s 
analytical chemists. 17th ed. Association of Official 
Analytical Chemists.

Baker DH. 1986. Problems and pitfalls in animal experiments 
designed to establish dietary requirements for essential 
nutrients. J Nutr. 116(12):2339–2349. https://doi.org/10. 
1093/jn/116.12.2339

Becker LL et al. 2022. Effects of standardized ileal digestible 
lysine on growth performance and economic return in 
duroc-sired finishing pigs. Transl Anim Sci. 6(2):txac069. 
https://doi.org/10.1093/tas/txac069

Black JL. 2009. Models to predict feed intake. In: 
Torrallardona D, Roura E, editors. Voluntary feed intake in 
pigs. Wageningen Academic. p. 323–351.

Bologna BM. 2025. Listino settimanale dei prezzi all’ingrosso. 
[accessed 2025 Jun 06]. https://www.bo.camcom.gov.it/ 
borsa-merci/archivio-anni-precedenti

Bouchard J, Chornet E, Overend RP. 1988. High-performance 
liquid chromatographic monitoring of carbohydrate fractions 
in partially hydrolyzed corn starch. J Agric Food Chem. 
36(6):1188–1192. https://doi.org/10.1021/jf00084a016

Camp Montoro J et al. 2022. High levels of standardized ileal 
digestible amino acids improve feed efficiency in slow- 
growing pigs at late grower-finisher stage. J Anim Physiol 
Anim Nutr. 106(2):276–283. https://doi.org/10.1111/jpn. 
13610

Carc�o G et al. 2019. Influence of dietary protein content on 
the chemico-physical profile of dry-cured hams produced 
by pigs of two breeds. Sci Rep. 9(1):19068. https://doi.org/ 
10.1038/s41598-019-55760-0

Cecchinato A, Bonfatti V, Gallo L, Carnier P. 2008. Survival 
analysis of preweaning piglet survival in a dry-cured ham- 
producing crossbred line. J Anim Sci. 86(10):2486–2495. 
https://doi.org/10.2527/jas.2007-0825

Council of Europe. 2005. Amino acid analysis. In European 
pharmacopoeia 5.0. 5th ed. Humana Press. p. 86–92.

De Blas C, Gasa J, Mateos G. 2013. Necesidades nutricionales 
para ganado porcino [Nutritional requirements for pigs]. 
2nd ed. FEDNA (Fundation Espanola para el Desarollo de 
la Nutricion Animal).

De Lange CFM, Morel PCH, Birkett SH. 2003. Modeling chem
ical and physical body composition of the growing pig. J 
Anim Sci. 81: e 159–e 165. https://doi.org/10.2527/2003. 
8114_suppl_2E159x

European Commission. 1991. Council directive of 12 
December 1991 concerning the protection of waters 
against pollution caused by nitrates from agricultural 
sources. Off J Eur Commun. L375:1–8.

European Union. 2010. Regulation (EU) No. 2010/63 of the 
European Parliament and of the Council of 22 September. 
Off J. 276:33–79. https://eur-lex.europa.eu/legal-content/ 
EN/TXT/?uri=celex%3A32010L0063

Ferguson NS, Gous RM. 1997. The influence of heat produc
tion on voluntary food intake in growing pigs given 
protein-deficient diets. Anim Sci. 64(2):365–378. https:// 
doi.org/10.1017/S1357729800015939

Figueroa-Velasco JL et al. 2022. Protected lysine in diets for 
25–100 kg pigs. S Afr J Anim Sci. 52:202–213. https://doi. 
org/10.4314/sajas.v52i2.10

2220 S. SCHIAVON ET AL.

https://doi.org/10.1093/jn/116.12.2339
https://doi.org/10.1093/jn/116.12.2339
https://doi.org/10.1093/tas/txac069
https://www.bo.camcom.gov.it/borsa-merci/archivio-anni-precedenti
https://www.bo.camcom.gov.it/borsa-merci/archivio-anni-precedenti
https://doi.org/10.1021/jf00084a016
https://doi.org/10.1111/jpn.13610
https://doi.org/10.1111/jpn.13610
https://doi.org/10.1038/s41598-019-55760-0
https://doi.org/10.1038/s41598-019-55760-0
https://doi.org/10.2527/jas.2007-0825
https://doi.org/10.2527/2003.8114_suppl_2E159x
https://doi.org/10.2527/2003.8114_suppl_2E159x
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32010L0063
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32010L0063
https://doi.org/10.1017/S1357729800015939
https://doi.org/10.1017/S1357729800015939
https://doi.org/10.4314/sajas.v52i2.10
https://doi.org/10.4314/sajas.v52i2.10


Gallo L et al. 2014. Growth performance of heavy pigs fed 
restrictively diets with decreasing crude protein and indis
pensable amino acids content. Livest Sci. 161:130–138. 
https://doi.org/10.1016/j.livsci.2013.12.027

Ketelaars J, der Meer HG. 1999. Establishment of criteria for 
the assessment of the nitrogen content of animal man
ures [Report 14]. Final report to ERM. Plant Research 
International.

Knap PW. 2009. Voluntary feed intake and pig breeding. In: 
Torrallardona D, Roura E, editors. Voluntary feed intake in 
pigs. Wageningen Academic Publishers. 11–33.

Kyriazakis I, Whittemore CT. 2006. Whittemore’s science and 
practice of pig production. Kyriazakis I, Whittemore CT, 
editors. Wiley.

Latorre MA, L�azaro R, Valencia DG, Medel P, Mateos GG. 
2004. The effects of gender and slaughter weight on the 
growth performance, carcass traits, and meat quality char
acteristics of heavy pigs. J Anim Sci. 82(2):526–533. 
https://doi.org/10.2527/2004.822526x

Ma WF et al. 2015. Estimation of the standardized ileal 
digestible lysine requirement and the ideal ratio of threo
nine to lysine for late finishing gilts fed low crude protein 
diets supplemented with crystalline amino acids. Anim 
Feed Sci Technol. 201:46–56. https://doi.org/10.1016/j.ani
feedsci.2014.09.025

Malgwi IH et al. 2021. The implications of changing age and 
weight at slaughter of heavy pigs on carcass and green 
ham quality traits. Animals. 11(8):2447. https://doi.org/10. 
3390/ani11082447

[MIPAAF] Ministry for Agriculture and Forest Policies. 2006. 
General criterion and technical rules for the regional regu
lation of agricultural use of livestock manures. Off J no. 
109 of 12/04/2006, Ord. Suppl. no. 120, Rome, Italy.

Mondin C et al. 2024. Genetic merit of sires for ad libitum 
residual feed intake affects feed efficiency of restricted-fed 
heavy pigs but not body weight gain tissue composition. 
PLoS One. 19(10):e0312307. https://doi.org/10.1371/jour
nal.pone.0312307

NRC. 2012. Nutrient requirements of swine. 11th ed. The 
National Academies Press, editor. National Academies 
Press.

Noblet J. 2005. Protein and energy requirements of growing 
swine. In: Rostagno HS, Teixeira A., editors. Proceedings of 
the International Symposium on Nutritional Requirements 
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