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Effects of protein reduction in lamb fattening concentrate on in vivo digestibility, nitrogen

balance and meat quality.

Determining the optimal crude protein (CP) content in small ruminant diets is crucial for
reducing ammonia. This study assessed the feasibility of decreasing CP content in light lamb
diets and its effect on apparent digestibility and meat quality. Isoenergetic fattening concentrates
with different CP contents: 18% (Low) vs. 20% (Control) during the growing phase (14 to 19 kg
body weight (BW)) and 17% (Low) vs. 19% (Control) during the finishing phase (19 to 25 kg
BW) were tested in two experiments. The in vivo digestibility experiment (Experiment 1)
involved 24 Rasa Aragonesa lambs, 12 per phase. Apparent nutrient digestibility, nitrogen
balance and blood metabolites were determined. Nutrient digestibility was compared using total
faecal collection and spot faecal samples with acid-insoluble ash (AIA) as internal marker. In
Experiment 2, meat quality of longissimus thoracis et lumborum muscle of 24 Ripollesa lambs
fed concentrates differing in CP was evaluated. The reduction of CP tended to decrease the acid
detergent fibre digestibility (total faecal method) and decreased both organic and dry matter
digestibility (AIA method) during the growing phase. Overall, digestibility coefficients were
underestimated with AIA analysis compared to total faecal collection. Lambs of the Low group
had lower plasmatic B-hydroxybutyrate in the finishing phase and results of N balance were
similar between groups. Meat quality was minimally affected, although lower CP increased
metmyoglobin after 6-day oxygen exposure and altered minor fatty acids. Reducing CP by 2%

in lamb diets is advisable as it has limited impact on apparent digestibility and meat quality.

Key words: acid-insoluble ash; blood metabolites; fatty acid profile; lipid oxidation; meat colour.

Abbreviations: AIA, acid insoluble ash; ADF, acid detergent fibre, BHB, B-hydroxybutyrate;
BW, body weight; CP, crude protein; DM, dry matter; DMb, deoxymyoglobin; DMI, dry matter

intake; FA, fatty acid; FDM, faecal dry matter; IMF; intramuscular fat; LTL, longissimus
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thoracis et lumborum; MMb, metmyoglobin; MUFA, monounsaturated fatty acids; N, nitrogen;
NDF, neutral detergent fibre; OMb, oxymyoglobin; OMI, organic matter intake; PUFA,

polyunsaturated fatty acids; SFA, saturated fatty acids.

1. Introduction

Spain is the largest producer of lamb meat of the European Union (EUROSTAT, 2024), with
fattened light lambs being the most common product sold. These lambs are typically fed
concentrates and straw ad libitum (90:10 forage:concentrate ratio) from weaning (14-16 kg body
weight (BW)) to slaughter (22-26 kg BW). The concentrates used are high in energy and crude
protein (CP) content and often expensive, mainly due to the inclusion of protein-rich ingredients,
which can jeopardise the profitability of farms under certain economic circumstances. In addition
to economic considerations, optimizing dietary protein is also essential from environmental
perspective, given the increasing concern about the impact associated with livestock production
systems. Nitrogen (N) is an essential nutrient for animal production. However, ruminants are
inefficient users of N, with low retention and high excretion rates (Cole and Todd, 2008).
Therefore, surplus N in the diet is excreted in faeces and urine, acting as contaminating sources
of both soil and water (Dijkstra et al., 2013). In addition, the deamination and subsequent
excretion of excess N require substantial energy expenditure, thereby reducing the efficiency of
nutrient utilization (Van Soest, 1994). Dietary protein restriction has emerged as a feasible
strategy to reduce N excretion while optimizing protein use, as previous studies have shown in a
wide range of ruminants, including lambs (Seoni et al., 2018), cattle (Dijkstra et al., 2011) and
goats (Atti et al., 2004). Thus, it is essential to optimise the protein content in the diet to match
the production requirements of the animals, improve farm profitability and reduce the

environmental impact.
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The reduction in the CP content in the diet can affect the digestibility of nutrients, although
findings in the literature remain inconsistent. Some studies observed with higher CP content an
increase in dry matter (DM) digestibility, others an increase in the apparent CP digestibility
(Kiran and Mutsvangwa, 2009; Muruz et al., 2017), whereas others no reported effect (Gao et
al., 2016). Nevertheless, most of these studies have been conducted on heavy and old animals,
whereas studies on growing lambs from small-frame autochthonous ovine breeds across different

periods are scarce.

The relationship between dietary CP contents and carcass traits in lambs is complex, as it
depends on several factors such as growth rate, fattening duration, and breed characteristics.
Some studies indicate that high CP intake supports lean muscle deposition and reduces fat
accumulation (Atti et al., 2004; Kioumarsi et al., 2008). The effect of CP on meat colour is still
unclear in the literature, with some research reporting no influence (Cafieque et al., 2003;
Ponnampalam et al., 2004), while others associate lower dietary CP contents with increased
intramuscular fat, altering the yellow and red indexes of meat (Teye et al., 2006; Youssef and
Barbut, 2009). Research on fatty acid (FA) composition has shown inconclusive results, with
some studies reporting no differences (Arsenos et al., 2007; Ponnampalam et al., 2004), while
others found variations in unsaturated FA content when dietary CP was modified (Cafieque et
al., 2003; Seoni et al., 2018). These inconsistencies highlight the need for further research to
clarify the influence of dietary protein on meat quality in light lamb production systems. Given
this framework, we hypothesized that the range of adequate protein content in the diets of light
fattening lambs may allow for reductions without negative implications for growth and meat
quality. Therefore, the aim of this study was to evaluate the reduction of CP content of the diet
in growing and finishing phase of fattening light lambs on digestibility, N balance, and meat

quality.
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2. Materials and Methods

To assess the effect of CP content on apparent digestibility and on lamb meat quality two
experiments were performed: 1) The in vivo digestibility assay was carried out at the facilities of
the Aragon Center for Agrifood Research and Technology (CITA) in Montafiana (Zaragoza,
Spain). The animals used were handled in accordance with the Spanish Animal Protection
Regulations RD 53/2013, which complies with European Union Directive 2010/63 with regard
to the protection of animals used for experimental and other scientific purposes (CEEA, protocol
no. 2017-07); ii) The meat proceeds from the lambs slaughtered at 25 kg after being fed in the
facilities of BonArea Agrupa company (Guissona, Lleida, Spain).

In both experiments, two CP contents (Control vs. Low) were evaluated in two phases during
the lamb fattening period: growing (14 to 19 kg BW) and finishing (19 to 25 kg BW). Thus, four
concentrates were formulated and assigned to treatments groups. On a DM basis, CP contents of
the concentrates were 20 % (Control group) and 18 % CP (Low group) in the growing phase and
19% (Control group) and 17% of CP (Low group) in the finishing phase. All concentrates were
isoenergetic (1 UFC/kg) and were formulated with the same ingredients and additives, modifying
the percentage of inclusion of vegetable protein (Pelegrin-Valls et al., 2020). The chemical
composition of the concentrates is presented in Table 1. The feed presentation was granulated

with a pellet diameter of 3.5 mm and the granulation temperature was 60 °C.

2.1. Experiment 1. In vivo digestibility assay

Two in vivo digestibility trials were conducted, the first during the growing phase and the
second during the finishing phase. Twelve different lambs were used in each trial. Initially, the
lambs were penned in groups during 10 days to acclimatise to concentrate feeding. Then, they
were individually housed in metabolic crates (120 x 50 x 90 cm; length x width x height) for 7
days: 2 days to adapt to the cages and 5 days to collect samples to estimate the apparent

digestibility. The cages were equipped with a feeder, drinker and excreta collector with a mesh
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to allow for the separation of faeces and urine. Nose to nose contact between the lambs in adjacent
crates was allowed during the entire study period. The lambs were fed ad libitum with the
different concentrates according to the phase and CP treatment, with a refusal allowance of
approximately 10%. Daily at 8:00 h, the amount of feed offered, refusals, faeces and urine were
recorded, and composite samples were collected per animal and per phase. Urine was collected
in a deposit with 50 ml of 10% (v/v) H,SO, to reach a final pH below 3. Feed and faecal samples
were dried in an oven at 60 °C for 48 h and then ground and sieved through a 1 mm screen.
Additionally, a small part of these samples was sieved through a 0.2 mm screen. All samples

were stored in total darkness until further analysis.

The total tract apparent digestibility of DM, CP, neutral and acid detergent fibre (NDF and
ADF, respectively) was calculated using two methods. First, the percentages were calculated

using daily feed intake and total faecal collection as:

Dig 1r (%) = [(DMI X Zgiet) - (FDM X Zgyeces)] / (DMI X Zgier)

where DMI is the daily DM intake, FDM is the daily faeccal DM excreted, and Z,eces and Zgiee

are the nutrient concentrations (%) in the faeces and in the diet, respectively.

In addition, the apparent tract digestibility was also estimated analysing the acid insoluble ash
(AIA) content as internal marker in the diet and faeces as described by Pelegrin-Valls et al.

(2020), with the following equation:

Dlg AIA (%) =100 - [100 x (AIAdiet/AIAfaeces) X (Zfaeces/zdiet)]

where AlAgr and AlAgeces are the AIA concentrations (%) in the faeces and in the diet,

respectively.

A comparative study was conducted between digestibility percentages calculated with total

faecal collection (Dig 1r) and those estimated from the concentrations of AIA in faeces and diet



139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

Dig a1a (%). The N retention was calculated by the difference of N consumed and the total N

excreted (faecal and urinary).

Blood samples were collected from the jugular vein into tubes containing heparin or
ethylenediaminetetraacetic acid (EDTA) before each morning meal supply at the beginning and
at the end of each in vivo digestibility trial. Blood samples were immediately centrifuged (3000

g for 15 min at 4 °C) and plasma was harvested and stored at —20 °C until metabolite analyses.

2.2. Experiment 2. Meat quality study

Meat samples were collected from 24 Ripollesa male lambs belonging to a previous and
larger trial (Pelegrin-Valls et al., 2020). Briefly, 120 weaned male lambs of 45-60 days of age
and 15 £ 1.5 kg of BW were fattened during 42 days, divided into two phases: growing phase
(15 to 19 kg BW) and finishing phase (19 to 25 kg BW). Half of the lambs were fed the Low CP
concentrate in each phase, while the other half received the Control concentrate. The concentrates
were the same as those previously described in Experiment 1 (Table 1), in addition lambs had

access to barley straw.

The lambs were slaughtered when they reached 25 kg BW, and 24 of them were used to study
meat quality. After slaughter, each cold carcass (24h post-mortem) was carefully split
longitudinally into the two half carcasses and the longissimus thoracis et lumborum (LTL)
muscles were collected to analyse colour using a Minolta CM—2006d spectrophotometer (Konica
Minolta Holdings, Inc., Osaka, Japan) in the CIELAB space (Lobon et al., 2019), chemical

composition, lipid oxidation, and FA profile.

The muscle between the 6™ to 13t thoracic vertebrae were sliced. The pH of the LTL muscle
was measured with a pH meter equipped with a Crison 507 penetrating electrode (Crison
Instruments,S.A., Barcelona, Spain). The portions from the 4 to the 6" lumbar vertebrae were
vacuum packed, frozen and stored for the proximate chemical composition and FA analyses. The
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remaining part of the muscles was sliced into 2.5-cm thick samples for colour and lipid oxidation
determinations. Slices were randomly placed in trays wrapped with oxygen-permeable polyvinyl
chloride film and kept in darkness at 4 °C until the colour was measured (0, 3, and 6 days of air
exposure). The samples of day 0 were also allowed to bloom in darkness at 4 °C for 1 h before
being measured. The percentages of haem pigments in the meat were estimated by the method of
quantification without limit values (AMSA, 2012). Immediately after the colour measurements
were conducted, the samples were vacuum packed and frozen at —20 °C until lipid oxidation

analysis.

2.3. Chemical Analyses

The chemical composition analyses of feedstuffs, faeces and urine were run in duplicate,
according to Lobodn et al. (2020). Acid-insoluble ashes were estimated by the procedure described
in Alvarez-Rodriguez et al. (2017), based on the method of Shrivastava and Talapatra (1962).
For blood metabolites analysis, an automatic analyser (GernonStar, RAL/TRANSASIA, Dabhel,
India) was used. Urea was determined using a spectrophotometric kit based on the GLHD UV
urease kinetic method (RAL, Barcelona, Spain), creatinine using a spectrophotometric kit based
on the enzymatic hydrolysis of endogenous creatine (RAL, Barcelona, Spain) and, finally, p-
hydroxybutyrate (BHB) was determined using a spectrophotometric kit based on its enzymatic
oxidation (Randox Laboratories Ltd., Antrim, UK).

To determine the chemical composition of meat, the samples were weighed before and after
freeze-drying (DM content). The CP content was analysed following the Dumas procedure using
a N analyser (Model NA 2100, CE Instruments, Thermoquest SA, Barcelona, Spain) and the
intramuscular fat (IMF) content using an Ankom XT10 (AOCS, 2005). The lipid oxidation,
measured as malondialdehyde, was determined following the procedure reported by Bertolin et
al. (2019). The FA were determined using a GC (Bruker 436 Scion gas, Billerica, MA, USA)
equipped with a cyanopropyl capillary column (BR-2560, 100 m % 0.25 mm ID X% 0.20 pm thick,
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Bruker, Billerica, MA, USA) with a flame ionisation detector and Compass CDS software.
Helium was used as carrier gas and the oven temperature was set at 70 °C for 1 min, then
increased at 5 °C/min for 2 min up to 225 °C and held for 17 min, giving a total run time of 80
min. Injector and detector temperatures were set at 260 and 250 °C, respectively. The FA
identification was performed using the GLC-532, GLC-401, GLC-643, GLC-642, GLC-463,
C18:1t11, C19:0 and C23:0 standard references (Nu-Chek-Prep Inc., Elysian MN, USA) and the

relative retention times observed in the literature (Bravo-Lamas et al., 2016; Lee et al., 2012).

2.4.  Statistical Analyses

Statistical analyses were performed using SAS 9.4 (SAS Inst. Inc., Cary, NC, USA). Data
from the growing and finishing phase in Experiment 1 (intake, apparent digestibility, and N
balance, metabolites) were analysed separately using the MIXED model based on
Kenward-Roger's adjusted degrees-of-freedom solution. For plasma metabolites, the mean of the
two sampling times (at the beginning and at the end of each digestibility trial) was used as the
representative value for each animal. The model considered the CP content (Low vs. Control) as
fixed effect and the lamb as random effect and the initial BW was used as a covariate. For the
comparative study of digestibility percentages calculated with total faecal collection and with
dietary and faecal AIA contents, the same model was used, considering the digestibility
estimation method (total faecal collection vs. AIA), the CP content and their interaction as fixed
effects, and the lamb as random effect. In Experiment 2, the meat chemical composition and FA
composition of the LTL muscle were analysed using a general linear model (GLM procedure)
with the CP content as the fixed effect. The colour and lipid oxidation of the LTL muscle were
analysed with a mixed model using repeated measurements. The CP content, the display time
and their interaction were included as fixed effects, and the lamb was included as a random effect.

The experimental unit was the lamb for all traits. Multiple comparisons among treatments

were performed using Tukey’s method. The least-squares means and standard errors were
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obtained, and differences were considered significant when P<0.05. The trends were discussed

when 0.10 <P<0.05.

3. Results
3.1.  Experiment I: In vivo digestibility assay

The daily nutrient feed intakes and apparent digestibility using total faecal collection and AIA
contents in feed and faecal samples are presented in Table 2. No differences between treatments
were observed in any phase (P>0.05), except for a trend in DMI and OMI during the finishing
phase, with greater intake in the Low group (P<0.10). The reduction of CP content in the
concentrate did not affect total tract digestibility using total faecal collection (P>0.05), except for
a tendency towards a lower total tract ADF digestibility (P=0.06) in the Low group during the
growing phase. Regarding the results using the AIA method, the total tract DM and OM
digestibility was higher in the Control group in the growing phase (P<0.05), but no effect was
found in the finishing phase (P>0.05).

The comparison of digestibility estimation methods by phase is presented in Figure 1. The
digestibility coefficients were consistently higher when estimated using total faecal collection
than when estimated using the AIA content in feed and faecal samples (P<0.001), regardless of
the CP content.

The decrease in the CP content of concentrate had no effect on N balance in any phase
(P>0.05; Table 3). Regarding the average plasma metabolite concentrations (Table 4), none of
them (urea, creatinine and BHB) were affected by the CP content in any phase, except for the

BHB in the finishing phase (P>0.05), which tended to be lower in the Low treatment (P=0.09).

3.2.  Experiment 2: Meat quality study

10
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There were no differences in the pH values of meat at cutting from animals fed the Control
and the Low protein diets (P>0.05; Table 5). The CP content in the concentrate did not affect the
chemical composition of the meat and had minimal impact on most FA in the muscle. Focusing
on the existing differences, the Low CP diets tended to increase the percentage of C18:1 c14
(P=0.05), reduced the percentage of C18:2 c9,t12 (P<0.05), and tended to decrease the
percentages of C20:2n-6 (P=0.07), C20:4n-6 (P=0.06) and C22:0 (P=0.05). The observed effects
on individual FA did not translate into differences in the major FA groups in meat or in
PUFA/SFA and n-6/n-3 ratios (Table 5).

Regarding the colour of the LTL muscle, lightness (L*), redness (a*), and saturation (C*)
were only affected by display time (Figure 2, P>0.05). The hue (%,,) was influenced by the
interaction between CP content and display time (P<0.xx). At the time of cutting (day 0), 4., was
higher in animals fed the Control diet (P<0.05), but this difference disappeared with increasing
exposure time (P>0.05). Concerning the haem pigments (Figure 2), deoxymyoglobin (DMb) and
oxymyoglobin (OMb) were only affected by oxygen exposure time (P<0.001), while
metmyoglobin (MMb) tended to be influenced by the interaction between treatment and time
(P=0.09). The MMD levels were higher in meat from lambs fed the Low protein diet at 3 days
and 6 days of exposure (P=0.005). Meat lipid oxidation was only affected by oxygen exposure

time (P<0.001), with no effect of the CP content in the concentrate (P>0.05; Figure 3).

4. Discussion

4.1.  Effect of dietary CP on in vivo digestibility and N balance

The absence of effect of CP content on nutrient intake agrees with the results reported by
Pelegrin-Valls et al. (2020) using the same concentrates but in a large-scale farm experiment
during the whole fattening period, implying that the Low CP concentrate met the animal

requirements. Similarly, other studies reported no effect on the intake when CP was reduced by
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10% in Hu sheep (Zhang et al., 2022) and in Anhui white goats (14.8 vs. 13.4% and 12% CP;
Zhu et al., 2020). However, it is worth noting that in the finishing phase a trend towards higher
daily DM and OM intake was observed in the Low group, which suggests a possible
compensatory response, whereby animals fed a diet with lower protein concentration increased
their overall feed intake to meet their nutritional requirements, particularly for protein since the
diets were isoenergetic and nutritionally balanced. Nevertheless, the fact that the trial was
conducted using metabolic cages, which guarantee accurate data collection but may prevent
natural feeding behaviour, added to individual variation in feed intake, digestive efficiency and

daily BW gains could have contributed to the lack of statistically detectable differences.

There is limited consensus in the literature regarding the effects of dietary CP contents on
nutrient digestibility. Some studies evaluated diets differing not only in CP but also in energy
content, making it difficult to isolate the effect of CP. The variability in digestibility results has
often been related to the energy content of the diets (Sultan et al., 2010) and the feeding level
(Andrews and Qrskov, 1970), with energy supply being a primary determinant of digestibility,
and therefore assessing CP effects is most reliable when diets supply a similar net energy in pellet
form. In the present study, where isoenergetic diets were used, a moderate CP reduction (2
percentage points) had no significant effect on the apparent digestibility of any of the nutrients
studied. This finding is in line with previous studies in lambs (Gao et al., 2016) and goats (Dutta
et al., 2009), which also found that moderate dietary CP reductions did not impair digestibility.
In contrast, when larger differences in dietary CP contents are evaluated, several studies have
reported that the diets with greater CP content resulted in increased CP digestibility without
affecting the digestibility of other nutrients (Kiran and Mutsvangwa, 2009; Li et al., 2025; Muruz
et al., 2017). These findings suggest that CP digestibility is partly influenced by the content of

CP in the diet up to a threshold digestive efficiency.
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Our results demonstrate that the estimation method based on total faecal collection provides
higher coefficients of apparent digestibility and substantially lower variability compared to the
use of AIA as an internal marker. These results are consistent with the general understanding that
total faecal collection is a more accurate and precise method for estimating digestibility, as it
directly quantifies nutrient excretion without relying on marker recovery assumptions (Lee and
Hristov, 2013). Despite its lower values, the AIA method may still offer a practical alternative
for on-farm or comparative feed evaluation settings, especially in the finishing phase, where that
the degree of underestimation ranged between 7% and 16% and showed the same lack of effect
of CP content as the total collection method. This consistency allows for valid relative
comparisons between diets, provided the limitations of the method are acknowledged. One
potential reason for the reduced accuracy of the AIA method in this study may be related to the
low AIA concentration in the diets used (0.51% on DM basis; data not shown). Previous research
has indicated that the reliability of AIA as an internal marker improves when its dietary content
exceeds 0.75% on DM (Thonney et al., 1985). Low concentrations of AIA can increase sampling
error and marker recovery inconsistencies, thus contributing to the higher coefficients of

variation observed herein.

Regarding the N balance, a high N retention was observed in both CP dietary treatments
irrespectively of the phase, which may be attributed to the low urine and faecal N excretion. The
lambs used here had been recently weaned at a young age, and therefore they were in a phase of
rapid growth, during which a high N retention is expected. In this sense, Teixeira et al., (2023)
also observed high N retention in finishing lambs of similar BW (21.5). However, references
regarding N balance in lambs are not conclusive, likely due to the numerous factors influencing
N metabolism. According to Hristov et al. (2019), several variables can affect the accurate
measurement of faecal N excretion in in vivo trials, including the period of adaptation to the diet,

duration of faecal collection, diet composition, losses of volatile N (e.g., ammonia, action of
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microbial ureases), and sampling and handling protocols for diet, urine and faeces. Any
unaccounted N losses during collection and processing are typically considered as N retained in
body tissues, potentially leading to overestimation of N retention (Owen, 1967; Spanghero and
Kowalski, 1997). Environmental conditions can also affect the N balance. For example, Queiroz
de Carvalho et al. (2024) found greater N retention in lambs housed under shaded conditions
compared to those exposed to direct sunlight. In the present study, the high N retention observed
may be partly attributed to the aforementioned factors, and to some extent to handling or
sampling errors, particularly particle precipitation during refrigeration or freezing, which may

have caused nitrogenous compounds to settle and thus be underestimated during analysis.

Although no differences were observed here in N excretion, diets with higher CP content often
lead to greater N excretion in urine, particularly when protein intake exceeds the animal
requirements (Zhou et al., 2019). In a large-scale trial using the same experimental diets as here,
Pelegrin-Valls et al. (2020) observed that lambs fed higher-CP concentrates excreted more
urinary N but had similar growth rates, reinforcing the idea that moderate reductions in CP can

reduce N losses without compromising performance.

Blood metabolites of each phase in Experiment 1 were consistent with the normal range for
growing lambs (Kaneko et al., 2008). Dietary CP contents correlate directly with plasma urea
concentrations in fattening lambs (Dabiri and Thonney, 2004; Rocha et al., 2004), however, in
the current study the CP content was not reflected in an increase in blood urea concentration in

any phase, probably due the similar CP intake reported.

4.2.  Effect of dietary CP on lamb meat quality

The meat pH values observed in this study were consistent with those reported for crossbred
light lambs (Romane x Berberine x Ripollesa) and Rasa Aragonesa breeds slaughtered at similar

live weights (Bottegal et al., 2024; Lobon et al., 2017). These values were normal and suggest
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that there were no physiological or stress-related issues in the animals (Carrasco et al., 2009).
Regarding the chemical composition of the meat, neither the protein content nor the fat content
was affected by the level of protein in the diet. The CP content in meat is not consistently reported
across studies, making direct comparisons challenging. This may be due to the fact that
modifying the protein content of muscle tissue is inherently difficult, as it is largely regulated by
genetic and developmental factors rather than by short-term dietary changes (Chang and Ma,
2025). For instance, Atti et al. (2004) found no significant effect of dietary protein level on

muscle CP content in goat kids.

Intramuscular fat content is an important quality trait in meat, as it contributes to flavour,
juiciness, and consumer acceptability. In the present study, the lack of effect of dietary CP content
on IMF is consistent with the similar growth performance observed by Pelegrin-Valls et al.
(2020) prior to slaughter, and aligns with previous studies in lambs that also reported no changes
in IMF with different CP contents in the diet (Seoni et al., 2018; Yongjie Wang et al., 2021). In
kids, however, Atti et al. (2004) reported a non-linear response, with intermediate CP contents
reducing IMF compared with both low and high CP contents. The inconsistency observed in
ruminants may be attributed to differences in the animal growth stages, breeds and feeding plane,
as fat deposition patterns are closely linked to physiological maturity, energy partitioning and
genetics (Schumacher et al., 2022). In contrast, studies in pigs have consistently shown that when
the protein intake was inadequate there is an increase in fat deposition due to the limitation of

protein synthesis and increases energy available for fat deposition (Pettigrew and Esnaola, 2001).

Fatty acid profile in meat is a key nutritional quality trait, increasingly valued by consumers
due to its implications for human health. In the present study, dietary CP content induced only
minor changes in individual FA, without altering any of the main FA groups or the PUFA/SFA
and n-6/n-3 ratios, indicating a limited biological relevance. The minimal impact of dietary CP

content on meat FA profile is likely attributable to the similar FA composition of the
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experimental diets. As widely reported, the FA profile of meat is strongly influenced by the FA
profile of the diet (Wood et al., 2008), even in ruminants where biohydrogenation partially
modifies dietary lipids, but dietary trends are still reflected in tissue composition. Additionally,
the IMF content was similar across treatments, which may have further limited differences in FA
proportions, as total fat content can influence the FA profile by diluting or concentrating specific
FA groups (Wood et al., 2008). In contrast, Seoni et al. (2018) reported lower MUFA and higher
PUFA levels in lambs fed a low-protein diet (15% vs. 20.2% CP). The authors attributed this to
numerical differences in IMF content, although slight differences in dietary FA profiles may also
explain their observed changes. Zhang et al. (2023) also found that reducing dietary CP by
approximately 10% and adjusting soluble protein levels altered the FA profile in lamb meat, with
a reduction in SFA and an increase in PUFA, particularly n-3 PUFA. Nevertheless, the lack of
data on the FA composition of the diets and the IMF content in that study limits the interpretation

of their results.

Meat colour is a key quality attribute influencing consumer purchasing decisions, as a bright
red hue is commonly perceived as an indicator of freshness (Testa et al., 2021). In the present
study, the level of CP in the diet had no effect on any colour parameters in LTL muscles, but hy,
at the time of cutting. All values fell within the normal range observed in light lambs reared under
similar conditions and followed the expected changes due to post-mortem ageing (Bottegal et al.,
2024; Lobdn et al., 2017). These results are consistent with those reported by Wang et al. (2021b)
which showed no significant effect of varying dietary CP contents on meat colour in lambs.
However, findings in the literature remain inconsistent. For instance, in heavy lambs fed a low
CP diet, Wang et al. (2021a) reported increases in L*, a*, b*, C* and 4, values in lambs receiving
8% vs 12% CP in the diet, while Seoni et al. (2018) observed an effect only on a* when
comparing 15% vs. 20.2% CP contents. Moreover, the dietary CP differences were greater in the

abovementioned studies.
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Unexpectedly, MMb levels were higher in the Low CP group on days 3 and 6 of display.
Although MMb accumulation is generally associated with brownish discolouration and reduced
consumer acceptance (Safiudo et al., 2007), this increment did not translate into measurable
changes in the instrumental colour traits assessed. This suggests that moderate CP reductions
may not have a perceptible impact on meat appearance under the conditions studied.
Nevertheless, very few studies have directly examined the relationship between dietary protein
levels and pigment oxidation dynamics, limiting the scope for comparison. Further research is
warranted in this area, as meat discolouration due to imbalances in MMb formation contributes

to substantial economic losses in the meat industry (Nair et al., 2014).

Lipid oxidation is a key indicator of meat quality, as it is closely associated with the
development of rancid flavours and a reduction in shelf-life. No differences in malondialdehyde
levels were observed here between treatments at any of the evaluated time points. This lack of
effect on lipid oxidation due to the CP content in the diet may be attributed to the absence of
differences in intramuscular fat content and FA composition between the diets. The FA profile,
particularly the degree of unsaturation, is strongly associated with lipid oxidation susceptibility,

with PUFA being especially prone to oxidative degradation (Wood et al., 2008).

Overall, the few differences observed in the present study suggest that moderate dietary
protein reduction does not substantially alter the FA composition of lamb meat when diets are

isoenergetic, have similar lipid profiles, and result in similar fat deposition.

5. Conclusions

A reduction of 2% CP in the fattening concentrates (growing and finishing phases) can be
recommended, as the nutrient digestibility is not affected. This indicates the interest of exploring
further reductions of dietary CP to reduce the N emission, without impairing performances. In

addition, the variation in dietary protein content influences certain aspects of meat composition,
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however these effects are relatively minor and do not significantly change the overall quality of
the meat. This suggests that altering dietary CP within the studied range may not have practical
implications for meat producers, retailers and consumers, since the intramuscular fat content was

not affected.

CRediT authorship contribution statement

Sandra Lobon: Writing — original draft, Validation, Supervision, Methodology, Investigation,
Conceptualization. Claudia Baila: Writing — original draft, Formal analysis, Data curation. Javier
Alvarez—Rodriguez Writing — review & editing, Validation, Supervision, Resources, Project
administration, Methodology, Investigation, Funding acquisition. Mireia Blanco: Writing —
review & editing, Methodology, Investigation, Conceptualization. Isabel Casasts: Writing —
review & editing, Methodology, Investigation, Conceptualization. Jonathan Pelegrin-Vall
Formal analysis, Data curation. Margalida Joy: Writing — review & editing, Validation,
Supervision, Resources, Project administration, Methodology, Investigation, Funding

acquisition.

Funding sources

This work was supported by the Spanish Ministry of Economy and Competitiveness under
Grant RTA2017-00008-C02; the Government of Aragon by the Grant Research Group Funds
(Group A25 23R); and the AEI by the pre—doctoral grant PRE2018-086670. Jonathan Pelegrin-
Valls is in receipt of an early-stage research staff grant by the Generalitat de Catalunya-European

Social Funds.

Acknowledgement

18



434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

Appreciation is expressed to the technical staff of CITA—Aragén Animal Science department
for their help in data collection. Special thanks to the staff of the Laboratory of Nutritive Value
for helping with the laboratory analysis. We also appreciate the technical assistance of Jordi

Espinal and BonArea staff during on-farm animal handling and measurements.

Declaration of interest
The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

References

Alvarez-Rodriguez, J., Mir, L., Seradj, A.R., Morazin, H., Balcells, J., Babot, D., 2017.
Nutritional strategies to cope with reduced litter weight gain and total tract digestibility in

lactating sows. J Anim Physiol Anim Nutr 101, 914-924. https://doi.org/10.1111/jpn.12523

AMSA, 2012. Association American Meat Science. Meat Color Measurement Guidelines.

American Meat Science Association, Savoy, IL, USA.

Andrews, R.P., Orskov, E.R., 1970. The nutrition of the early weaned lamb: 1. The influence of
protein concentration and feeding level on rate of gain in body weight. J Agric Sci 75, 11—

18. https://doi.org/10.1017/S0021859600025995

AOCS, 2005. Approved procedure Am 5-04, Rapid determination of oil/fat utilizing high

temperature solvent extraction, Am 5-04. AOCS Press.

Arsenos, G., Fortomaris, P., Papadopoulos, E., Kufidis, D., Stamataris, C., Zygoyiannis, D.,
2007. Meat quality of lambs of indigenous dairy Greek breeds as influenced by dietary
protein and gastrointestinal nematode challenge. Meat Sci 76, 779-786.

https://doi.org/10.1016/j.meatsci.2007.02.022

19



458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

Atti, N., Rouissi, H., Mahouachi, M., 2004. The effect of dietary crude protein level on growth,
carcass and meat composition of male goat kids in Tunisia. Small Rumin Res 54, §9-97.

https://doi.org/10.1016/j.smallrumres.2003.09.010

Bertolin, J.R., Joy, M., Blanco, M., 2019. Malondialdehyde determination in raw and processed
meat products by UPLC-DAD and UPLC-FLD. Food Chem 298, 125009.

https://doi.org/10.1016/j.foodchem.2019.125009

Bottegal, D.N., Alvarez-Rodriguez, J., Latorre, M.A., Lobon, S., 2024. Dietary inclusion of carob
pulp (Ceratonia siliqua L.) does not replace the antioxidant effect of vitamin E in lambs’

meat to lengthen shelf-life. Animals 14, 3629. https://doi.org/10.3390/ani14243629

Caneque, V., Velasco, S., Maria Teresa Diaz, Felipe Ruiz De Huidobro, Pérez, C., Lauzurica, S.,
2003. Use of whole barley with a protein supplement to fatten lambs under different
management systems and its effect on meat and carcass quality. Anim Res 52, 271-285.

https://doi.org/10.1051/animres:2003020

Carrasco, S., Panea, B., Ripoll, G., Sanz, A., Joy, M., 2009. Influence of feeding systems on
cortisol levels, fat colour and instrumental meat quality in light lambs. Meat Sci 83, 50-56.

https://doi.org/10.1016/j.meatsci.2009.03.014

Chang, X., Ma, J., 2025. Integrative genetic and epigenetic control of skeletal muscle fiber traits
in agricultural animals. Front Genet 16, 1566553.

https://doi.org/10.3389/fgene.2025.1566553

Cole, N.A., Todd, R.W., 2008. Opportunities to enhance performance and efficiency through
nutrient synchrony in concentrate-fed ruminants. J Anim Sci 86, E318-333.

https://doi.org/10.2527/jas.2007-0444

20



480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

Dabiri, N., Thonney, M.L., 2004. Source and level of supplemental protein for growing lambs. J

Anim Sci 82, 3237-3244. https://doi.org/10.2527/2004.82113237x

Dijkstra, J., Oenema, O., Bannink, A., 2011. Dietary strategies to reducing N excretion from
cattle: implications for methane emissions. Curr Opin Environ Sustain 3, 414-422.

https://doi.org/10.1016/j.cosust.2011.07.008

Dijkstra, J., Oenema, O., van Groenigen, J.W., Spek, J.W., van Vuuren, A.M., Bannink, A., 2013.
Diet effects on urine composition of cattle and N,O emissions. Animal 7, 292-302.

https://do1.0rg/10.1017/S1751731113000578

Dutta, T.K., Agnihotri, M.K., Sahoo, P.K., Rajkumar, V., Das, A.K., 2009. Effect of different
protein—energy ratio in pulse by-products and residue based pelleted feeds on growth, rumen
fermentation, carcass and sausage quality in Barbari kids. Small Rumin Res 85, 34-41.

https://doi.org/10.1016/j.smallrumres.2009.07.002

EUROSTAT, 2024. Date Base. Agricultural production- livestock and meat [WWW Document].
Availaible online: https://ec.europa.eu/eurostat/statistics-

explained/index.php?title=Agricultural production - livestock and meat.

Gao, W., Zhang, B., Lv, B., Liu, C., Chen, D., 2016. Ruminal degradability and intestinal
digestibility of individual amino acids in mixed diets with different crude protein levels
measured by the modified in vitro three-step and mobile nylon bag technique. Anim Sci J

87, 547-556. https://doi.org/10.1111/asj.12464

Hristov, A.N., Bannink, A., Crompton, L.A., Huhtanen, P., Kreuzer, M., McGee, M., Noziére,
P., Reynolds, C.K., Bayat, A.R., Yaiez-Ruiz, D.R., Dijkstra, J., Kebreab, E., Schwarm, A.,
Shingfield, K.J., Yu, Z., 2019. Invited review: Nitrogen in ruminant nutrition: A review of
measurement techniques. J Dairy Sci 102, 5811-5852. https://doi.org/10.3168/jds.2018-

15829

21



504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

Kaneko, J.J., Harvey, J.W., Bruss, M.L., 2008. Clinical biochemestry of domestic animals., 6

edition. ed. Academic Press/Elsevier.

Kioumarsi, H., Jafari Khorshidi, K., Zahedifar, M., Seidavi, A.R., Mirhosseini, S.Z., Taherzadeh,
M.R., 2008. The effect of dietary energy and protein level on performance, efficiency and

carcass characteristics of Taleshi lambs. Asian J Anim Vet Adv 3, 307-313.

Kiran, D., Mutsvangwa, T., 2009. Nitrogen utilization in growing lambs fed oscillating dietary
protein concentrations. Anim Feed Sci Technol 152, 33-41.

https://doi.org/10.1016/j.anifeedsci.2009.03.009

Lee, C., Hristov, A.N., 2013. Short communication: Evaluation of acid-insoluble ash and
indigestible neutral detergent fiber as total-tract digestibility markers in dairy cows fed corn

silage-based diets. J Dairy Sci 96, 5295-5299. https://doi.org/10.3168/jds.2012-6442

Li, B., Hou, P., Liu, L., Zhao, L., Zhang, X., Yang, C., Huang, X., Ge, T., Zheng, J., Wen, Y.,
Zhang, E., 2025. Effects of the dietary protein level on growth performance, nitrogen
metabolism, serum biochemical index, and meat quality of SuffolkxHu F1 lambs. J Agric

Food Res 21, 101808. https://doi.org/10.1016/j.jafr.2025.101808

Lobon, S., Blanco, M., Sanz, A., Ripoll, G., Bertolin, J.R., Joy, M., 2017. Meat quality of light
lambs is more affected by the dam’s feeding system during lactation than by the inclusion
of quebracho in the fattening concentrate. J Anim Sci 95, 4998-5011.

https://doi.org/10.2527/jas2017.1595

Lobon, S., Blanco, M., Sanz, A., Ripoll, G., Joy, M., 2019. Effects of feeding strategies during
lactation and the inclusion of quebracho in the fattening on performance and carcass traits

in light lambs. J Sci Food Agric 99, 457-463. https://doi.org/10.1002/jsfa.9207

22



526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

Lobon, S., Joy, M., Casasts, 1., Rufino-moya, P.J., Blanco, M., 2020. Field pea can be included
in fattening concentrate without deleterious effects on the digestibility and performance of

lambs. Animals 10, 243. https://doi.org/10.3390/ani10020243

Muruz, H., Kaya, 1., Cetinkaya, N., Salman, M., Atmaca, E., 2017. The effects of diets with
different protein contents on growth performance and digestibility, and on some ruminal
fermentation and blood parameters in Bafra lambs. Kafkas Univ Vet Fak Derg.

https://doi.org/10.9775/kvfd.2017.18007

Nair, M.N., Suman, S.P., Li, S., Ramanathan, R., Mancini, R.A., 2014. Temperature- and pH-
dependent effect of lactate on in vitro redox stability of red meat myoglobins. Meat Sci 96,

408—412. https://doi.org/10.1016/j.meatsci.2013.07.033

Owen, E.C., 1967. Nitrogen balances. Proceedings of the Nutrition Society 26, 116—124.

https://doi.org/10.1079/PNS19670020

Pelegrin-Valls, J., Serrano-Pérez, B., Villalba, D., Martin-Alonso, M.J., Bertolin, J.R., Joy, M.,
Alvarez-Rodriguez, J., 2020. Effect of dietary crude protein on productive efficiency,
nutrient digestibility, blood metabolites and gastrointestinal immune markers in light lambs.

Animals 10, 328. https://doi.org/10.3390/ani10020328

Pettigrew, J.E., Esnaola, M.A., 2001. Swine nutrition and pork quality: A review. J] Anim Sci 79,

E316. https://doi.org/10.2527/7as2001.79E-SupplE316x

Ponnampalam, E.N., Dixon, R.M., Hosking, B.J., Egan, A.R., 2004. Intake, growth and carcass
characteristics of lambs consuming low digestible hay and cereal grain. Anim Feed Sci

Technol 114, 31-41. https://doi.org/10.1016/J. ANIFEEDSCI.2003.12.005

Queiroz de Carvalho, D.T., Marques Ferreira, B.J., Matos, J.C., Nascimento Ramos, E.J., Gois,

G.C., Leandro de Carvalho, F.A., Torres de Souza Rodrigues, R., Menezes, D.R., Avila

23



549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

Queiroz, M.A., Di Mambro Ribeiro, C.V., 2024. Interaction between residual feed intake
and thermal environment on performance, nitrogen balance, ingestive behavior and carcass
yield of dorper lambs. J Therm Biol 119, 103802.

https://doi.org/10.1016/J.JTHERBIO.2024.103802

Rocha, M.H.M. da, Susin, I., Pires, A.V., Fernandes Jr., J.S., Mendes, C.Q., 2004. Performance
of Santa Inés lambs fed diets of variable crude protein levels. Sci Agric 61, 141-145.

https://doi.org/10.1590/S0103-90162004000200003

Sanudo, C., Alfonso, M., San Julian, R., Thorkelsson, G., Valdimarsdottir, T., Zygoyiannis, D.,
Stamataris, C., Piasentier, E., Mills, C., Berge, P., Dransfield, E., Nute, G.R., Enser, M.,
Fisher, A.V., 2007. Regional variation in the hedonic evaluation of lamb meat from diverse
production systems by consumers in six European countries. Meat Sci 75, 610-621.

https://doi.org/10.1016/j.meatsci.2006.09.009

Schumacher, M., DelCurto-Wyffels, H., Thomson, J., Boles, J., 2022. Fat deposition and fat
effects on meat quality—A Review. Animals 12, 1550.

https://doi.org/10.3390/ani112121550

Seoni, E., Battacone, G., Silacci, P., Ampuero Kragten, S., Messadene Chelali, J., Dohme-Meier,
F., Bee, G., 2018. Effect of condensed tannins from Birdsfoot trefoil and dietary protein
level on growth performance, carcass composition and meat quality of ram lambs. Small

Rumin Res 169, 118-126. https://doi.org/10.1016/j.smallrumres.2018.07.021

Shrivastava, V.S., Talapatra, S.K., 1962. Pasture studies in Uttar Pradesh. 2. Use of some natural

indicators to determine the plane of nutrition of a grazing animal. 15, 154-160.

Spanghero, M., Kowalski, Z.M., 1997. Critical analysis of N balance experiments with lactating

cows. Livest Prod Sci 52, 113-122. https://doi.org/10.1016/S0301-6226(97)00138-3

24



572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

5901

592

593

Sultan, J.I., Javaid, A., Aslam, M., 2010. Nutrient digestibility and feedlot performance of lambs
fed diets varying protein and energy contents. Trop Anim Health Prod 42, 941-946.

https://doi.org/10.1007/s11250-009-9511-8

Teixeira, E.C., Abreu, L.F., de Souza, F.A., Matrangolo, W.J.R., da Silva, K.T., de Lima, L.S.,
de Sa, H.C.M., Lana, A.M.Q., 2023. Could Cratylia argentea replace Tifton 85 hay on
growing and finishing lamb diets in tropical areas? PLoS One 18, 0295510.

https://doi.org/10.1371/journal.pone.0295510

Testa, M.L., Grigioni, G., Panea, B., Pavan, E., 2021. Color and marbling as predictors of meat
quality perception of  Argentinian consumers. Foods 10, 1465.

https://doi.org/10.3390/foods10071465

Teye, G.A., Sheard, P.R., Whittington, F.M., Nute, G.R., Stewart, A., Wood, J.D., 2006.
Influence of dietary oils and protein level on pork quality. 1. Effects on muscle fatty acid
composition, carcass, meat and eating quality. Meat Sci 73, 157-165.

https://doi.org/10.1016/j.meatsci.2005.11.010

Thonney, M.L., Palhof, B.A., DeCarlo, M.R., Ross, D.A., Firth, N.L., Quaas, R.L., Perosio, D.J.,
Duhaime, D.J., Rollins, S.R., Nour, A.Y.M., 1985. Sources of variation of dry matter
digestibility measured by the acid insoluble ash marker. J Dairy Sci 68, 661-668.

https://doi.org/10.3168/jds.S0022-0302(85)80872-9
Van Soest, P.J., 1994. Nutritional Ecology of the Ruminant, 2"¢ ed. Cornell University Press.

Wang, Y., Shelby, S., Apple, J., Coffey, K., Pohlman, F., Huang, Y., 2021. Effects of two dietary
crude protein levels on finishing performance, meat quality, and gene expression of market

lambs. Anim Sci J 92, e13641. https://doi.org/10.1111/asj.13641

25



594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

Wang, Y., Wang, Q., Dai, C., Li, J., Huang, P., Li, Y., Ding, X., Huang, J., Hussain, T., Yang,
H., 2021. Effect of dietary protein level on growth, carcass characteristics, serum
biochemical index, and meat quality of Hu male lambs. Small Rumin Res 194, 106294.

https://doi.org/10.1016/j.smallrumres.2020.106294

Wood, J.D., Enser, M., Fisher, A.V., Nute, G.R., Sheard, P.R., Richardson, R.I., Hughes, S.I.,
Whittington, F.M., 2008. Fat deposition, fatty acid composition and meat quality: A review.

Meat Sci 78, 343-358. https://doi.org/10.1016/j.meatsci.2007.07.019

Youssef, M.K., Barbut, S., 2009. Effects of protein level and fat/oil on emulsion stability, texture,
microstructure and color of meat Dbatters. Meat Sci 82, 228-233.

https://doi.org/10.1016/j.meatsci.2009.01.015

Zhang, X., Zhang, Z., Sun, Y., Liu, Y., Zhong, X., Zhu, J., Yu, X., Lu, Y., Lu, Z., Sun, X., Han,
H., Wang, M., 2023. Antioxidant capacity, inflammatory response, carcass characteristics
and meat quality of Hu sheep in response to dietary soluble protein levels with decreased

crude protein content. Antioxidants 12, 2098. https://doi.org/10.3390/antiox12122098

Zhang, Z., Shahzad, K., Shen, S., Dai, R., Lu, Y., Lu, Z., Li, C., Chen, Y., Qi, R., Gao, P., Yang,
Q., Wang, M., 2022. Altering dietary soluble protein levels with decreasing crude protein
may be a potential strategy to improve nitrogen efficiency in Hu sheep based on rumen

microbiome and metabolomics. Front Nutr 8, 815358.

https://doi.org/10.3389/fnut.2021.815358

Zhou, J.W., Guo, Y.M., Kang, J.P., Degen, A.A., Titgemeyer, E.C., Jing, X.P., Wang, W.J.,
Shang, Z.H., L1, Z.P., Yang, G., Long, R.J., 2019. Tibetan sheep require less energy intake
than small-tailed Han sheep for N balance when offered a low protein diet. Anim Feed Sci

Technol 248, 85-94. https://doi.org/10.1016/j.anifeedsci.2019.01.006

26



617

618

619

620

621

622

Zhu, W., Xu, W., Wei, C., Zhang, Z., Jiang, C., Chen, X., 2020. Effects of decreasing dietary

crude protein level on growth performance, nutrient digestion, serum metabolites, and

nitrogen utilization in growing goat kids (Capra.

https://doi.org/10.3390/ani10010151

hircus). Animals

10,

151.

27



623

624

625

626

627

Table 1

Chemical composition of the concentrates fed during the growth and finishing periods of light

lambs!.

Growing

(14-19 kg of BW)

Finishing
(19-25 kg of BW)

LOW CONTROL LOW CONTROL
(18% CP) (20% CP) (17% CP) (19% CP)
Dry matter, g /kg fresh matter 883+0.2 880+0.7 874+0.6 880+0.9
Crude protein, g/lkg DM 181+1.6 204+3.1 174+0.7 192+0.7
Ether extract, g/kg DM 22.0£0.75 21.4+1.85 22.0+£0.40 24.4+£2.10
Neutral detergent fiber, g/kg DM 186+1.9 210+£0.4 294+0,0 259+7.1
Acid detergent fiber, g/lkg DM 70.5£2.85 82.0+£2.25 91.1+£3.50 83.4+0.60
Lignin (sa), g’lkg DM 12.3+0.10 13.1+0.75 9.5+0.20 6.7+2.45
Starch, g/lkg DM 449+4.3 419+6.3 444+3.0 434+3.0
Gross energy, MJ/kg DM 19.50+0.386 19.58+0.194 19.17+0.617 19.86+0.472
Fatty acids (FA), % of identified FA
C12:0 0.14 +0.001 0.07 £0.015 0.22+0.091 0.16 £0.021
C14:0 0.30+0.010 0.26 + 0.003 0.63 +0.403 0.32 +£0.006
C16:0 18.65+0.465 19.83 +0.003 19.10+£1.051  19.61 +0.389
C16:1n-9 0.25+0.019 0.20 = 0.002 0.20 £ 0.003 0.21 +£0.013
C17:0 0.14+0.018 0.12+0.001 0.17 £ 0.044 0.12 +0.003
C18:0 4.84 +0.483 5.91+£0.030 4.97 £0. 863 5.10 £ 0.504
C18:1¢9 22.20+0.658 20.18+0.010 20.69 £0.075  20.97+0.221
C18:2n-6 48.49 +£0.265 48.43+0.010 4934 +2.259  48.45+0.590
C18:3n-3 3.26 £ 0.006 3.26 £0.016 3.09 £ 0.066 3.34 +£0.052
C20:0 0.30 + 0.005 0.29 £ 0.002 0.27 £0.002 0.30 +0.001
C22:0 0.13 £0.005 0.13 +0.001 0.12 +£0.002 0.14 +0.002

Imean =+ standard error
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628 Table 2

629  Effect of reduction of crude protein content in the concentrates on the intake and total apparent
630  digestibility coefficients calculated with total faecal collection and with feed and faecal AIA

631  contents during the growth and finishing periods in Experiment 1.

Growing (14-19 kg of BW) Finishing (19-25 kg of BW)
LOW  CONTROL LOW UV
(18%CP)  (20% CP) SE'  P-value (17% CP) L SE'  P-value
(19% CP)
n 6 6 6 6
Intake, g/d ?
DM 542.8 520.2 39.85 0.69 772.2 665.4 37.98  0.096
oM 504.3 480.5 36.88  0.66 714.5 611,0 37.07  0.098
CP 99.5 106.8 7.64 0.51 135.8 127.6 7.29 0.48
NDF 95.0 109.1 8.41 0.26 188.4 169.7 9.69 0.23
ADF 37.0 42.9 3.31 0.23 60.1 52.8 3.03 0.16
Apparent digestibility
with total faecal collection, %
DM 82.7 81.6 1.1 0.49 84.1 84.9 1.07 0.61
oM 84.1 82.9 1.02 0.43 85.4 85.8 1.06 0.80
CP 78.9 78.2 1.67 0.75 78.7 79.9 1.65 0.61
NDF 53.7 61.5 3.02 0.10 68.9 73.6 2.26 0.17
ADF 48.3 57.8 3.15 0.06 64.1 64 3.13 0.99
with feed and faecal AIA contents, %
DM 62.6 68.2 1.51 0.02 77.9 74.0 1.53 0.13
oM 67.5 72.3 1.34 0.03 80.9 77.8 1.39 0.18
CP 58.2 64.6 2.61 0.12 72.8 67.0 2.74 0.19
NDF 27.5 27.7 2.83 0.96 64.7 61.4 1.71 0.23
ADF 22.0 17.2 3.13 0.31 534 54.2 1.81 0.79

632  IStandard error.

633  2DM: Dry matter, OM: organic matter, CP: crude protein, NDF: neutral detergent fibre, ADF:
634 acid detergent fibre

635
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636

637

638

639

640

Table 3

Effect of crude protein content of concentrate on the nitrogen (N) balance during the growing

and finishing phases in fattening light lambs in Experiment 1.

Growing (14-19 kg of BW)!

Finishing (19-25 kg of BW)?

LOW  CONTROL LOW  CONTROL
(18% CP)  (20% CP) SE! Prvalue (17% CP)  (19% CP) SE! Prvalue
n 6 6 6 6
Intake N, g/d 15.9 171 122 055 21.7 20.4 116 048
Urinary N, g/d 2.5 2.4 0.12  0.62 3.3 4.0 0.45 033
Faecal N, g/d 33 3.6 032 055 45 4.1 036  0.47
Total excreted N, g/d 59 6.1 0.30 0.66 7.8 8.1 0.27  0.50
Retained N, g/d 10.1 1.0 1.09 054 13.9 12.3 1.04 034
Retained N, % 62.8 63.8 223 076 64.1 59.9 186 0.17

IStandard error
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641 Table 4

642  Effect of crude protein content of concentrate on plasma metabolites during the growing and

643  finishing phases of the fattening light lambs in Experiment 1.

Growing (14-19 kg of BW) Finishing (19-25 kg of BW)
LOW CONTROL LOW CONTROL
SE?  P-value SE?  P-value
(18% CP)  (20% CP) (17% CP)  (19% CP)

n 6 6 6 6
BHB, mmol/l 0.16 0.21 0.05 0.55 0.25 0.36 0.04  0.09
Urea, mmol/l 34 3.64 042  0.70 4.58 5.19 0.44 035
Creatinine,

38.01 43.61 6.33  0.55 60.92 63.21 462 0.73
umol/l

644  !B- hydroxybutyrate
645  2Standard error

646
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647

648

649

Table 5

profile in the longissimus thoracis et lumborum muscle of light lambs in Experiment 2.

LOW! CONTROL2 SE3 P-value

n 12 12

pH 5.58 5.59 0.05 0.85
Intramuscular fat, % DM 1.43 1.25 0.089 0.31
Crude protein, % DM 19.99 19.96 0.123 0.90
FA, % of identified FA

C10:0 0.22 0.2 0.007 0.51
C12:0 0.23 0.2 0.013 0.27
C14:0 1.73 1.58 0.084 0.40
C15:0 0.47 0.50 0.020 0.46
C16:0 5.72 0.5 0.213 0.92
C16:1 ¢9 1.18 1.17 0.037 0.80
C17:0 1.55 1.70 0.089 0.42
Cl17:1¢5 1.03 1.12 0.091 0.62
17:1 ¢9 0.93 1.01 0.045 0.40
C18:0 11.54 11.45 0.253 0.86
C18:1 c6/c8 0.29 0.29 0.010 0.79
C18:1¢9 21.91 20.63 0.614 0.31
Cl18:1cll 2.53 2.48 0.067 0.76
Cl18:1cl2 0.26 0.21 0.015 0.13
Cl18:1cl3 0.23 0.23 0.009 0.71
Cl18:1cl4 0.08 0.06 0.0053 0.05
Cl18:1cl5 0.100 0.085 0.0067 0.25
C18:1t5 0.022 0.021 0.0028 0.82
C18:1 t6/t8 0.17 0.17 0.012 0.96
C18:119 0.15 0.13 0.0084 0.35
C18:1t10 3.50 4.02 0.297 0.39
C18:1tl1 0.56 0.35 0.072 0.16
C18:1t12 0.17 0.16 0.005 0.78
CLA*17,c9 0.017 0.015 0.0013 0.50
CLA%c9,t11 0.20 0.13 0.028 0.23

Effect of crude protein content of concentrate on pH, chemical composition and fatty acid (FA)
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CLA*1t9,cl1 0.12 0.13 0.005 0.18

CLA*t10,c12 0.008 0.008 0.0011 0.88
C18:2 c9,t12 0.01 0.02 0.003 0.04
C18:2n-6 11.40 12.22 0.426 0.35
C18:3n-3 0.43 0.38 0.018 0.19
C20:2n-6 0.08 0.1 0.006 0.07
C20:4n-6 3.74 4.27 0.134 0.06
C20:5n-3 0.28 0.28 0.019 0.96
C22:0 0.07 0.08 0.003 0.05
C22:5n-3 0.28 0.28 0.024 0.96
C22:5n-6 0.08 0.1 0.006 0.18
C22:6n-3 0.20 0.21 0.012 0.55
¥ Saturated FA (SFA) 45.59 45.25 0.273 0.53
% Monounsaturated FA 35.54 34.48 0.390 0.19
¥ Polyunsaturated FA (PUFA) 18.87 20.27 0.543 0.21
¥ CLA* 0.41 0.38 0.029 0.33
PUFA:SFA 0.41 0.45 0.014 0.22
> n-6 PUFA 16.15 17.59 0.558 0.21
> n-3 PUFA 1.49 1.5 0.060 0.94
n-6:n-3 11.16 11.93 0.490 0.42

650  !'Low: Concentrate with 18% CP in the growing phase (14-19 kg of BW) and 17% CP during the
651  finishing phase (19-25 kg of BW).

652  2Control: Concentrate with 20% CP during the growing phase and 19% CP during the finishing
653  phase.

654  3Standard error

655  “Conjugated linoleic acid

656
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Figure 1. Comparison of total apparent digestibility of dry matter (DM), organic matter (OM),
crude protein (CP), neutral detergent fibre (NDF) and acid detergent fibre (ADF)
calculated with total faecal collection and with dietary and faecal AIA contents by phase in

Experiment 1. *** P<0.001
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Figure 2. Colour traits in the longissimus thoracis et lumborum muscle of light lambs according

to the crude protein content of their fattening concentrates and time of display in Experiment 2.

Control: Concentrate with 20% CP during the growing phase (14-19 kg of BW) and 19% CP

during the finishing phase (19-25 kg of BW). Low: Concentrate with 18% CP in the growing

phase and 17% CP during the finishing phase. For each trait and measurement day, different

letters indicate significant differences (P<0.05).
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Figure 3. Lipid oxidation in the longissimus thoracis et lumborum muscle of light lambs
according to the crude protein content of their fattening concentrates and time of display in

Experiment 2. 'malondialdehyde

Control: Concentrate with 20% CP during the growing phase (14-19 kg of BW) and 19% CP
during the finishing phase (19-25 kg of BW). Low: Concentrate with 18% CP in the growing

phase and 17% CP during the finishing phase.
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