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ABSTRACT 
The aim of the present work was to compare the estimated metabolisable energy requirements 
(MER) of fattening light lambs raised in feedlot with the U. S. National Research Council (NRC) 
predictions. Body weight (BW) gain and feed intake were collected from 15 pens (7 lambs/pen) 
of Manchega male lambs under on-farm conditions over six weeks. The pens were randomly 
assigned to three dietary treatments (5 pens/treatment) consisting of three concentrates of dif-
ferent composition and barley straw. Feeds were offered for ad libitum consumption throughout 
the experimental period. Average daily metabolisable energy intake (MEI) was calculated on a 
weekly basis for each pen from the average daily consumption of concentrate and barley straw 
and their respective ME contents. Following, the average daily MER was predicted for each pen 
from the weekly average of both BW and BW gain, according to two models: One including the 
adjustment of ME for body maintenance (MEm) for the effect of level of MEI on visceral organ 
tissue energy use as described by NRC (Model 1), and the other excluding such adjustment 
(Model 2). Model 1 had no mean bias, and exhibited a higher concordance correlation coeffi-
cient and a lower underprediction, supporting the need for the upward adjustment of MEm in 
accordance with MEI to enhance the precision and accuracy of predicted MER. It was concluded 
that the NRC method was precise and accurate enough to support its application for calculating 
the MER of feedlot light lambs.

HIGHLIGHTS 

� A dataset comprising metabolisable energy (ME) intake and growth performance data of 
Manchega male lambs was utilised.
� The lambs’ ME requirements were predicted according to the U.S. National Research Council 

(NRC) methods.
� Our data agree with NRC predictions, supporting its use in feedlot Manchega lambs.
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Introduction

In the European Union, Greece, Italy, Portugal, and 

Spain collectively account for over 40% of sheep meat 

production (EC 2023). Traditionally, lambs in these 

countries are slaughtered at a very young age (1– 

4 months). In some systems, lambs are slaughtered 

while still unweaned, typically when they are less than 

two months old and weigh up to 15 kg body weight 

(BW). In other systems, lambs are weaned, raised in 

feedlots and slaughtered when they are typically less 

than three months of age and under 30 kg BW 

(Alfonso et al. 2001; Sa~nudo et al. 2007). In the latter 

system, lambs are typically fed high concentrate diets 
indoors to promote accelerated growth rates (Blanco 
et al. 2014; Armero and Falag�an 2015; Valenti et al. 
2018).

Understanding the metabolisable energy require-
ments (MER) of fattening lambs is crucial for designing 
effective diets aimed at enhancing animal perform-
ance and reducing feed costs. The U.S. National 
Research Council method for predicting the MER of 
fattening lambs is based on the model developed by 
Cannas et al. (2004) and it is detailed in its latest pub-
lication dedicated to the nutrient requirements of 
small ruminants (NRC 2007). A close examination of 
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the database constructed in NRC (2007) to evaluate 
the model of Cannas et al. (2004) reveals that (1) none 
of the Southern European genotypes was represented 
(e.g. Merino Branco, Manchega, Rasa Aragonesa, 
Segure~na, Comisana, Bergamasca, Karagouniko, etc.); 
and (2) more than 90% of the data showed 
average BW values higher than the typical average BW 
for fattening light lambs raised in feedlot 
(33.2 ± 8.24 kg vs. 18.9 ± 2.19 kg), while over 70% fell 
below the expected average daily gain (ADG) for 
such animals (189 ± 103.7 g/d vs. 249 ± 42.8 g/d) 
(Zygoyiannis et al. 1999; Santos-Silva et al. 2002; 
Bodas et al. 2007; Tufarelli et al. 2011; Aguayo-Ulloa 
et al. 2013; Facciolongo et al. 2014, Armero and 
Falag�an 2015; Valenti et al. 2018; Avil�es Ram�ırez et al. 
2019; Scarpa et al. 2021).

After a careful evaluation, Costa et al. (2013) recom-
mended the NRC (2007) method for formulating lamb 
diets under tropical conditions. However, to the 
authors’ knowledge the application of NRC (2007) 
methodology to the MER calculation of fattening light 
lambs has not been evaluated. Therefore, the aim of 
the present work was to compare the estimated MER 
of fattening light lambs raised in feedlot with the U. S. 
National Research Council (NRC) predictions.

Materials and methods

The experimental design was developed in compliance 
with European Directive 2010/63/EU on the protection 
of animals used for scientific purposes (EU 2010), and 
Council Directive 98/58/EC setting minimum standards 
for the protection of farmed animals (EU 1998).

The present work was carried out with data col-
lected in a study which main results have been pre-
sented elsewhere (Avil�es Ram�ırez et al. 2019). Briefly, a 
total of 105 intact male lambs of the Manchega breed, 
with an initial BW of 13.9 ± 0.61 kg and 35 ± 7 days old, 
were randomly allocated to 15 straw-bedded pens in 
a commercial farm. Each pen was equipped with its 
own water and feed troughs, as well as a straw rack. 
Concentrate feed troughs had a rough capacity of 
40 kg, were designed against feed scattering and 
waste, and were replenished as frequently as needed. 
The animals had free access to clean and fresh water, 
concentrate feed and barley straw throughout the 
entire experimental period (6 weeks). The pens were 
assigned at random to one of three concentrates of 
different ingredient composition, namely CON, CAM 
and FIB, to study their effects on growth performance 
and meat quality traits (Table 1). The CON concentrate 
contained the following ingredients (g/kg as fed): 

barley, 400; maize, 200; soybean meal, 200; wheat, 
100; wheat bran, 42; mineral and vitamins, 38; calcium 
salts of palm oil, 20. The composition of the CAM con-
centrate was the same as that of the CON one, except 
for the inclusion of 120 g/kg as fed of camelina meal 
that replaced 99 and 21 g/kg of soybean meal and 
wheat bran, respectively. The ingredients of the FIB 
concentrate were (g/kg as fed): soybean hulls, 140; 
wheat bran, 120; corn gluten feed, 107; maize hominy 
feed, 100; bitter vetch, 100; maize dried distillers 
grains with solubles, 80; dehydrated barley sprouts, 
60; camelina meal, 60; NaOH-treated straw, 50; grape 
seed meal extract, 50; camelina husks, 48; minerals 
and vitamins, 42; rice bran, 23; cane molasses, 20. The 
weekly concentrate intake in each pen was calculated 
as the difference between the total feed offered in the 
through during the week and the remaining feed at 
the end of the week. The lambs from each pen were 
weighed individually once a week. Following, average 
daily intake of concentrate and average daily gain 
(ADG) during the week were calculated for each pen. 
The straw racks of the farm did not allow straw con-
sumption to be measured. Therefore, it was assumed 
that barley straw represented 5% of total dry matter 
intake as previously observed in similar experimental 
conditions (Mung�oi et al. 2012; Blanco et al. 2014). 
The procedures described by de Boever et al. (1986) 
were used to determine the organic matter digestibil-
ity of the concentrates with the pepsin-cellulase tech-
nique and to derive their metabolisable energy (ME) 
contents (Table 1). Due to the large prediction errors 
of ME in straws when predicted from the vitro organic 
matter digestibility determined with the pepsin-cellu-
lase technique (de Boever et al. 1988), the ME content 
of barley straw was assumed the same as in NRC 
(2007). The weekly average daily ME intake (MEI) for 
each pen was derived from the ME contents of the 
concentrates and barley straw and their respective 
average daily intakes. In each week, the average daily 
MER for each pen were predicted from the average 
BW and ADG in that week, including the adjustment 

Table 1. Chemical and biological characteristics of the con-
centrates (dry matter basis).

Concentrate

CON CAM FIB

Organic matter, % 92.6 91.2 89.8
Crude protein, % 17.6 17.5 17.8
Crude fat, % 4.8 4.6 4.4
In vitro organic matter digestibility, % 83.2 82.9 74.1
Metabolisable energy (ME), MJ/kg 11.7 11.5 10.1
Diet ME1, MJ/kg 11.5 11.3 9.9
Efficiency of ME use for gain 0.43 0.43 0.38
1Assuming that the diet was comprised of 95% concentrate and 5% bar-
ley straw on a dry matter basis. See the text for details.
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of ME for body maintenance (MEm) for the effect of 
level of MEI on visceral organ tissue energy use as 
described by NRC (2007), and without such adjust-
ment (hereafter referred to as Model 1 and Model 2, 
respectively). The maturity index calculation used a 
full BW at a body condition score of 3.0 set at 100 kg 
(MAPA 2023).

Data on feed intake, growth performance and MEI 
were analysed with the GLM procedure of SAS 
OnDemand for Academics (SAS Institute, Cary, NC, 
USA). The experimental unit was the pen, and the stat-
istical model included the week on fattening as a fixed 
effect. When the model was significant, the differences 
between the least squares means were established by 
the Tukey test. Statistical significance was declared at 
p< 0.05. The models’ performance was assessed by 
the coefficient of determination (R2), the root of the 
mean square of prediction error (RMSPE), the RMSPE 
expressed as proportion of the observed mean 
(%RMSPE), the standardised RMSEP (RSR), and the con-
cordance correlation coefficient (CCC) computed from 
the bias correction factor and the Pearson correlation 
coefficient (Lin 1989). The higher the values of R2 and 
CCC and the lower the values of RMSEP and RSR, the 
better the precision and accuracy of the models. The 
mean square of prediction error (MSPE) was decom-
posed into mean bias (a measure of accuracy), slope 
bias (a measure of precision), and random error due 
to disturbances (Tedeschi 2006). Mean and linear bias 
significances were assessed by regression of the resid-
uals on the predicted values centred on the predicted 
mean (St-Pierre 2003).

Results and discussion

The data collected on feed intake, growth perform-
ance and MEI are shown in Table 2. Avil�es Ram�ırez 
et al. (2019) reported that final BW and ADG did not 
differ between treatments, but concentrate FIB intake 

was significantly higher. As expected, BW exhibited an 
increasing linear trend (p< 0.05) (�Alvarez-Rodr�ıguez 
et al. 2008; Lupi et al. 2015), whereas ADG remained 
constant from the second week on fattening onward 
(p> 0.05), exhibiting an average value in agreement 
with previous findings for the same breed and gender 
under intensive feeding conditions (Vergara and 
Gallego 1999; Mung�oi et al. 2012).

Results of previous studies suggest that the feed 
intake in light fattening lambs under intensive feeding 
conditions is driven by the energy required to express 
their growth potential and to meet the energy needs 
for body maintenance (Blanco et al. 2014; Avil�es 
Ram�ırez et al. 2019), thus MEI equals MER for a given 
BW and ADG (Al Jassim et al. 1996). Barley straw 
intake could not be measured in the present study. 
Nevertheless, it should have a very small impact on 
our MEI calculations (Table 1), because its consump-
tion is usually lower than 10% in feedlot light lambs 
(Mung�oi et al. 2012; Blanco et al. 2014) and its ME 
content is typically low (Haddad 2000).

All data (n¼ 90) were used to evaluate the MER 
prediction. Models 1 and 2 underpredicted MEI, but 

Table 2. Least squares means of growth performance, feed intake and metabolisable energy intake (MEI) of Manchega male 
lambs from the first week of fattening until slaughter and metabolisable energy requirements (MER) predicted by the U. S. 
National Research Council (NRC).

Measured parameters

Weeks on fattening

1 2 3 4 5 6 SEM P

Body weight, kg 14.4f 16.0e 18.2d 20.5c 22.5b 24.5a 0.39 <0.001
Daily weight gain, g/d 136b 337a 346a 304a 285a 356a 10.93 <0.001
Dry matter intake, g/d 530d 860c 864c 985bc 1020ab 1129a 23.8 <0.001
MEI, MJ/d 5.36d 8.73c 8.76c 9.97b 10.33b 11.45a 0.224 <0.001
NRC predictions1

MER Model 1, MJ/d 5.18c 8.17b 9.15b 9.45b 9.59b 11.98a 0.259 <0.001
MER Model 2, MJ/d 4.75a 7.50b 8.39b 8.67b 8.80b 10.99a 0.238 <0.001
1Model 1 includes an adjustment of the metabolisable energy required for maintenance for the effect of the level of metabolisable energy intake on vis-
ceral organ tissue energy use, while such adjustment is not included in Model 2. Within a row, least squares means without a common superscript are 
different by Tukey test at p< 0.05. SEM: standard error of the mean.

Table 3. Performance of the U. S. National Research Council 
method for predicting the metabolisable energy requirements 
of fattening light lambs.

Statistics

Modelsa

Model 1 Model 2

R2 0.66 0.66
RMSEP, MJ/d 1.45 1.63
RMSEP, % mean 15.96 17.93
RSR, % standard deviation 32.52 36.55
CCC 0.80 0.74
Central tendency error, % total error 1.57 31.66
Linear error, % total error 22.52 10.62
Random error, % total error 72.91 57.72
aModel 1 includes an adjustment of the metabolisable energy required 
for maintenance for the effect of the level of metabolisable energy intake 
on visceral organ tissue energy use, while such adjustment is not 
included in Model 2. R2: coefficient of determination. RMSEP: root mean 
square error of prediction. RSR: standardised RMSEP. CCC: concordance 
correlation coefficient.
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the underprediction was systematic and larger in 
Model 2 (8.92 and 8.18 MJ/d MER in Models 1 and 2 
vs. 9.10 MJ/d MEI; Table 2). ANOVA confirmed that the 
MER predicted with Model 1 were not different from 
observed MEI (p¼ 0.60), whereas MEI differed from 
Model 2 predictions (p< 0.01). Mean bias was only sig-
nificant in Model 2 (p< 0.05; Table 3). Linear bias was 
significant in both models (p< 0.05). In the 17 obser-
vations with MEI within one standard deviation under 
the mean, the average bias was −1.24 MJ/d in Model 
1 and −1.69 MJ/d in Model 2. In the 13 observations 
with MEI within one standard deviation over the 
mean, the average bias was 0.72 MJ/d in Model 1 and 
0.27 MJ/d in Model 2. The lack of mean bias and the 
higher CCC of Model 1 indicate that its precision and 
accuracy were better than those of Model 2. In this 
regard, NRC (2007) noted that the upward adjustment 
of MEm in accordance with MEI might not be appro-
priate in all instances although its use would provide 
a safety factor in predicted requirements. The results 
obtained in the present work support that such 
adjustment is needed to enhance the precision and 
accuracy of MER predicted for fattening light lambs 
raised in feedlot.

The MER have two components, MEm and ME for 
weight gain (MEg). In the present work, the average 
MEm, as calculated in Model 1, was 0.536 MJ/kg 
BW0.75 which is almost identical to the 0.543 MJ/kg 
BW0.75 obtained in a meta-analysis of data from lambs 
of 81 sheep breeds in warm climates by Salah et al. 
(2014), while it is in an intermediate position between 
the 0.589 MJ/kg BW0.75 that can be derived from the 
findings of Berthelot and Sauvant (2016) in 26 breeds 
of temperate zones, and the 0.486 MJ/kg BW0.75 found 
by Yang et al. (2020) in data from five calorimeter 
studies in the UK involving lambs from six meat-type 
genotypes. Therefore, the MEm prediction according 
to NRC (2007) may be assumed to be accurate. 
Consequently, the MEg can be computed by subtract-
ing the calculated MEm from the observed MEI. This 
yields a MEg of 14.19 MJ/kg body weight gain (BWG) 
at the average values of 9.1 MJ/d for MEI, 19.3 kg for 
BW, and 294 g/d for BWG in the present work. The 
obtained MEg is markedly lower than the 32.77 MJ/kg 
BWG that can be derived from Berthelot and Sauvant 
(2016), the 24.30 MJ/kg BWG found by Salah et al. 
(2014), and the 22.57 MJ/kg BWG calculated according 
to ARC (1980), but relatively close to the 17.92 MJ/kg 
BWG derived from the findings of Robelin et al. (1977) 
in male lambs of comparable age, BW and ADG, when 
applying the same efficiency of ME use for BWG (kg) 
in the calculations as the average in the dataset of the 

present work (Table 1). Again, the MEg obtained in 
the present work contrasts with the 12.51 MJ/kg BWG 
found by Criscioni et al. (2015) in nearly mature 
Manchega ewes gaining 285 g/d. This latter figure 
appears unusually low given the higher energy value 
of BWG expected in females and older animals (ARC 
1980).

In conclusion, the method outlined by NRC (2007) 
that includes an adjustment of MEm for the effect of 
the level of MEI on visceral organ tissue energy use 
was precise and accurate enough to support its appli-
cation for calculating the MER of fattening light lambs 
raised in feedlot under intensive feeding conditions.
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