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c Servicio Regional de Investigación y Desarrollo Agroalimentario (SERIDA), Ctra. AS-267 PK 19, 33300 Villaviciosa, Asturias, Spain 
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A B S T R A C T   

The sustainability of the European sheep farming sector can be ensured through the high and consistent quality 
of products, although the concept of meat quality, being multifaceted, is challenging to keep up by farmers and 
producers. The objectives of this study were (i) to evaluate quality attributes (CIE L*, a*, b*, lipid oxidation, 
cooking loss and Warner-Bratzler texture test) of lamb meat during cold storage originating from eight European 
breeds raised under their normal production systems (n = 292 lambs); and (ii) to elucidate the influence of 
storage and intrinsic properties (cold carcass weight [CCW], ultimate pH [pH24], water activity [aw], and 
proximate composition) on the aforementioned quality attributes measured on the 3rd, 9th and 15th day post 
slaughter. All meat quality properties displayed a high variability due to the breed × production systems, 
although, as a whole, L*, a*, b*, TBARs and cooking loss increased during storage (P < 0.001), whereas the 
tenderisation process was of non-linear decay nature (P = 0.001). While production system – taken across breeds 
– was not found to affect meat cooking losses, it heavily influenced CCW, producing intensive systems heavier 
(P < 0.001) carcasses (21.4 kg) than those raised in semi-extensive (14.9 kg) and extensive systems (13.8 kg). 
On the 15th day of storage, TBARs from intensive systems was significantly (P < 0.001) higher than those of 
extensively raised lambs (0.839 mg MDA/kg vs. 0.299 mg MDA/kg, respectively). Although the extensive and 
semi-extensive systems initially produced less tender meat (P < 0.05) than intensive systems, on the 15th day of 
storage, meat from extensive (23.4 N/cm2) and semi-extensive systems (24.4 N/cm2) presented as good 
tenderness quality (P < 0.10) as that of the intensive systems (22.1 N/cm2). Within breed × production systems, 
higher CCW or intramuscular fat was associated to darker meat (P < 0.001 and P = 0.014), higher redness 
(P < 0.001 for both), greater lipid oxidation (P = 0.016 and P < 0.001), and lower slope (P = 0.014 and 
P = 0.004) and force (P = 0.027 and P = 0.001). The only intrinsic property that heavily affected most of the 
quality attributes was ash content, since meat of higher ash content presented higher luminosity (P = 0.008), and 
lower redness (P < 0.001), yellowness (P < 0.001), TBARS (P < 0.001), cooking loss (P = 0.002) and tender
ness (P < 0.001). The elucidation of the impact of intrinsic properties on the lamb meat quality attributes during 
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storage can help breeders and producers modify current flock management, feeding strategies and pre-slaughter 
and slaughter practices towards quality improvement or meeting particular consumers’ demands.   

1. Introduction 

A renewed interest in local sheep breeds has been prompted by the 
EU’s recent promotion of a sustainable development of otherwise mar
ginal areas and policies supporting extensive systems of animal pro
duction (Montossi et al., 2013; Paraskevopoulou et al., 2020). Local 
sheep production is more likely to be found in low farming areas, where 
sheep graze semi-natural vegetation and are dominant with other low 
input extensive grazing livestock (Cruz et al., 2019). Even though sheep 
farming represents only a small contribution to Europe’s gross domestic 
product (<0.5%, Eurostat, 2019), the sector is of great importance to 
rural development and the environment. The indigenous sheep breeds, 
in addition to contributing to the diversity of production systems, are 
important genetic resources that must be preserved because of their 
local adaptation, disease resistance, high fertility and unique product 
qualities (Mendelsohn, 2003). Some of these breeds have small body size 
and good adaptation to adverse climatic and orographic environments, 
which makes them particularly suited to the use and enhancement of 
natural pastures (Cruz et al., 2019). In addition, in the EU there is a vast 
range of sheep breeds used and a wide range of management practices 
adopted, all of which make sheep farming enormously rich in diversity 
(De-Arriba and Sánchez-Andrés, 2014). 

One strategy for attaining sustainability of the local sheep farming 
sector is through quality of products (Erasmus et al., 2017). Enhancing 
the quality of meat from autochthonous breeds, making it more attrac
tive to consumers, could contribute to the preservation of the rural 
world and its diversity, the conservation of endangered breeds, as well 
as improving the profitability and living standards of the sheep farmers 
that remain in the rural areas of Europe (Bernués et al., 2011). None
theless, meat quality is a very ample concept defined by industry and the 
final consumer, which is regulated by a series of factors that are intrinsic 
and extrinsic to the animal (Webb et al., 2005). In the context of the 
supply chain and meat science, the analysis of colour, pH, water holding 
capacity, tenderness and chemical composition are important quality 
attributes. Consequently, it is necessary to understand how the intrinsic 
properties of carcass and meat affect or determine the quality attributes 
of meat, so that producers of native breeds can optimise lamb meat 
quality, and face the challenges imposed by the heterogeneity of 
stakeholders, as well as the challenges of products of homogeneous 
quality, often sought by the consumers. 

Therefore, the objective of this study was twofold: (i) to evaluate the 
evolution of quality attributes (colour, lipid oxidation, cooking loss and 
texture) of refrigerated vacuum-packed (VP) lamb meat originating 
from ten farms housing eight European breeds raised in intensive, 
extensive or semi-extensive regime; and (ii) to elucidate, by means of 
mixed models, the effects of cold storage and carcass/meat’s intrinsic 
properties (i.e., cold carcass weight, ultimate pH, water activity, mois
ture content, fat content, protein content and ash content) on the 
aforementioned quality attributes of lamb meat. Eight sheep breeds 
exploited for meat production were utilised in the present study: Churra- 
Galega-Bragançana (CGB) and Bordaleira-de-Entre-Douro-e-Minho 
(BEDM) from the Mediterranean and the Atlantic bioregions of 
Portugal, respectively; Castellana and INRA401 from the Mediterranean 
bioregion of Spain; Gallega from the Atlantic bioregion of Spain; Biellese 
and Sambucana from the Continental and the Alpine bioregions of Italy, 
respectively; and crossbred Texel-Merino-Blackhead (TMB) from the 
Continental bioregion of Germany. 

2. Material and methods 

2.1. Lamb rearing and feeding 

All animals’ management and procedures were carried out in 
accordance with EU Directive 2010/63/EU for animal experiments. 

2.1.1. Portugal 
In the Mediterranean region, located in Bragança, CGB lambs were 

raised on the holding of the School of Agriculture of the Polytechnic 
Institute of Bragança. In the Atlantic bioregion, located in Ponte de 
Lima, BEDM lambs were raised on the holding of the Ponte de Lima 
Agrarian School. The production system used for BEDM lambs was the 
extensive one, while for CGB lambs the semi-extensive system, whose 
feeding was based on grazing on natural pastures. The hours of grazing 
varied according to hours of light, heat and herd size. During winter, the 
flocks would be released in the morning to graze all day until dark. 
During summer, the herds would leave at dawn and graze until mid
morning; they then would be put in a stable under shade; and would 
come out when the heat had subsided. Once on the premises, all lambs 
had access to meadow hay and water ad libitum, but the semi-extensively 
raised lambs were also supplemented with protein and mineral-rich 
concentrates. The lambs were not weaned, and were reared in the fall 
of 2018 and spring 2019. For this investigation, 15 BEDM and 15 CGB 
lambs were slaughtered in 2018 and 15 BEDM and 15 CGB lambs were 
slaughtered in 2019. 

2.1.2. Spain 
In the Mediterranean regions of Salamanca and Zamora, INRA401 

and Castellana breed lambs, respectively, were raised under an intensive 
system on commercial farms. Lambs were weaned when they were 4–6 
weeks old and housed with straw bedding and free access to commercial 
concentrate, cereal straw and fresh water. In Valladolid, Castellana 
breed lambs were raised under a semi-extensive system. Animals were 
weaned at 4–6 weeks old and housed together with straw bedding, 
allowed to graze outdoors (pastures were predominately oak and pine 
forests, cereal stubbles and vineyards) during the morning; and they 
were kept indoors during the afternoon and night, with free access to 
commercial concentrate, cereal straw and fresh water. Fourteen 
INRA401 and 15 Castellana (from Zamora) lambs were reared in the 
spring of 2018, while 30 Castellana lambs (15 from Zamora and 15 from 
Valladolid) were reared in the spring of 2019. 

In the Atlantic bioregion of Asturias, lambs were reared with their 
dams at the SERIDA experimental farm. Lambs of Gallega breed were 
born during winter, grown suckling their mothers on pasture, and 
weaned in late spring-early summer before their slaughter at an age of 
4–5 months. Lambs (36 in 2018 and 48 in 2019) were raised in an 
extensive system on 12 experimental paddocks (half with apple trees) 
sown with perennial ryegrass (Lolium perenne) and white clover (Trifo
lium repens) and organically managed (without synthetic fertilisers), 
where grazing season started in early April. In 2019, another lot of 12 
lambs were managed in a semi-extensive system on pasture supple
mented with concentrate feeding offered in troughs since late April. 

2.1.3. Italy 
In the Continental bioregion, located in Turin, Biellese lambs were 

raised in CISRA, Teaching Animal Farm of the Veterinary Science 
Department, University of Turin. In the Alpine bioregion, located in Val 
Maira, Western Alps, at an altitude of 1800− 2000 m, Sambucana lambs 
were bred during the summer season. The production system used for 
Biellese breed was semi-extensive (i.e., the lambs consumed about 500 g 
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of milk per day, after weaning (day 60), they were fed with ~150 g of 
concentrate per day and hay ad libitum until the slaughtering), while the 
production system for Sambucana lambs was based on grazing on nat
ural pasture. In the semi-extensive system for Biellese lambs, the flocks 
would be released to graze outside in autumn-winter season (period of 
investigation); whereas in the extensive system, Sambucana lambs 
would leave at dawn and graze until evening; then they would be 
recovered in a fence in summer season (period of investigation). The 
lambs were not weaned during the grazing season in the Alpine biore
gion. For this investigation, 16 Biellese and 20 Sambucana lambs were 
reared in 2018, and 12 Biellese and 12 Sambucana lambs were reared in 
2019. 

2.1.4. Germany 
Crossbred Texel-Merino-Blackhead-Charollais (TMB) lambs were 

raised on a farm near Münsingen, belonging to the Continental bioregion 
of Germany. These farmers work with a mid-sized flock of around 500 
ewes. The study pasture of 170 Ha is managed extensively. The insem
ination is carried out naturally in spring. During winter, traditional 
transhumance is practiced to the lower Swabian areas of Nördlingen. 
The sheep graze all year long. Additionally, mineral-rich feed is pro
vided. For this experiment, 15 lambs were reared in 2018 and 14 lambs 
in 2019. 

2.2. Preparation of lamb meat samples 

All lambs were four-to-five months old when slaughtered. Lambs 
were slaughtered in batches ranging from 5 to 15 animals in local ab
attoirs of Portugal, Spain, Italy and Germany, and the whole experiment 
was conducted in the fall and spring seasons of 2018 and 2019. A total of 
292 lambs were employed in this study, from the following breeds and 
production systems: BEDM extensive (28), Biellese semi-extensive (28), 
Castellana intensive (30), Castellana semi-extensive (15), CGB semi- 
extensive (30), Gallega extensive (74), Gallega semi-extensive (12), 
INRA401 intensive (14), Sambucana extensive (32) and TMB extensive 
(29) 

In the slaughterhouses, lamb carcasses obtained were chilled at 4 ◦C, 
and cold carcass weight (CCW) was recorded after 24 ± 1 h. After 
carcass splitting, the right Longissimus lumborum was divided into three 
parts, and vacuum packed in transparent gas-tight polyamide and 
polyethylene vacuum bags (Orved®, Spain, with permeability of 
84 ± 4.20 cc/m2/24 h/atm for O2, 361 ± 18.05 cc/m2/24 h/atm for 
CO2, 22 ± 1.10 cc/m2/24 h/atm for N2 and 9.0 ± 0.45 cc/m2/24 h/atm 
for H2O and density of ±100 μm). Each bag was labelled with the 
number 3, 9 or 15, corresponding to the day of analysis of colour in CIE 
L*, a*, b* parameters, concentration of thiobarbituric acid reactive 
substances (TBARs), cooking loss and Warner-Bratzler texture parame
ters. These properties, carried out at three time points during storage, 
will be referred to as meat quality attributes. 

The left half of the L. lumborum muscle was removed from the 6th to 
the 13th vertebra, vacuum-packed and subjected to physicochemical 
analyses – ultimate pH, water activity, and proximate composition 
(moisture and dry matter, intramuscular fat content [IMF], protein 
content and ash content) – which were carried out on day 1 after 
slaughter. These physicochemical analyses, carried out only once at the 
beginning of cold storage, will be hereafter referred to as intrinsic prop
erties of meat. Until the day of analysis, meat samples were kept at 
4 ± 0.5 ◦C in calibrated laboratory refrigerators. All the essays were 
carried out in the same laboratory. 

2.3. Analysis of meat quality attributes 

The pH was measured in triplicate using a digital portable pH-meter 
(Hanna Instruments, Eibar, Spain) equipped with a penetration glass 
probe. A portable colorimeter (Konica Minolta CR-600d, Osaka, Japan) 
was used to measure in triplicate the meat colour in the CIELAB space 

(lightness L*, redness a* and yellowness b*). The device was set to 
pulsed xenon arc lamp, 10◦ viewing angle geometry, standard illumi
nant D65 and aperture size of 8 mm. Samples were allowed to bloom for 
30 min before measuring. The water holding capacity was measured as 
cooking loss. Samples were cooked using vacuum package bags in a 
water bath with automatic temperature control (JP Selecta, Precisdg, 
Barcelona, Spain) until they reached an internal temperature of 70 ◦C, 
controlled by thermocouples type K (Comark, PK23 M, UK), connected 
to a data logger (Comark Dilligence EVG, N3014, UK). After cooking, 
samples were cooled at room temperature during a period of ~30 min 
and the percentage of cooking loss was calculated by determining the 
difference in weight between the cooked and raw samples. This analysis 
was performed in duplicate. 

A texture analyser (TA.XT.plus, Stable MicroSystems, Vienna Court, 
UK) was used to carry out the Warner-Bratzler (WB) test. For every meat 
sample, six subsamples of 1 × 1 × 2.5 cm (height × width × length) 
were removed parallel to the muscle fibre direction. Subsamples were 
completely cut perpendicular to the muscle fibre direction using a WB 
shear blade with a triangular slot cutting edge (1 mm thickness) at a 
crosshead speed of 3.33 mm/s. Maximum shear force, shear firmness 
and total work necessary to cut the sample were obtained. 

The evaluation of lipid stability was assessed by measuring TBARs 
values following the method proposed by Vyncke (1975). Briefly, the 
sample (2 g) was dispersed in 5% trichloroacetic acid (10 mL) and 
homogenised in an Ultra-Turrax (IkaT25 basic, Staufen, Germany) for 
2 min. The homogenate was maintained at − 10 ◦C for 10 min and 
centrifuged at 2360 ×g for 10 min. The supernatant was filtered through 
Whatman No. 1 paper. The filtrate (5 mL) was reacted with a 0.02 M 
TBA solution (5 mL) and incubated in a water bath at 97 ◦C for 40 min. 
The absorbance was measured at 532 nm. The TBARs value was calcu
lated from a standard curve of malonaldehyde with 1,1–3,3 tetrae
thoxypropane, and expressed as mg malonaldehyde (MDA) per kg of 
sample. This analysis was carried out in duplicate. 

2.4. Physicochemical analyses of meat 

The meat’s intrinsic properties measured were ultimate pH (pH24), 
water activity (aw) and proximate composition. The pH measurement 
was carried out according to Pateiro et al. (2013), using a pH meter (HI 
99163, Hanna Instruments, Eibar, Spain) connected to a 232D glass 
probe with a stainless-steel penetration blade. To measure aw, lamb 
steaks were cut to exactly fit in the cuvette of the Aqualab water activity 
meter (4TE Decagon Devices Inc., Pullman, USA), previously calibrated 
with sodium chloride, and the value was recorded after measurement 
stabilisation. Moisture, IMF, protein and ash contents were determined 
according to ISO 1442 (1997); AOCS (2005); ISO 937 (1978) and ISO 
936 (1998), respectively. Determinations were made in duplicate per 
meat sample. Contents of IMF, protein and ashes were expressed in dry 
basis. 

2.5. Statistical analysis 

The statistical analysis aimed to understand to what extent the CCW 
and the intrinsic properties of meat (pH24, aw and proximate composi
tion) can affect its quality attributes, as characterised by the change in 
L*, a*, b* colour coordinates, TBARs, cooking loss and WB slope, work 
and force (8 quality attributes) during cold storage. 

A general mixed-effects model of the type, 

Yr(j) = β0r(j) + β1 X + β2 (Day) + β3 Day2 + εr(j)
β0r(j) = β0 + u0r + v0r(j)

(1)  

was adjusted to each of the quality attributes (Y) to assess the effect of 
time of storage (Day) and the effect of each of the intrinsic properties of 
meat (X), in separate. The response variable Yr(j) is the quality attribute 
measured in the meat sample from lamb j belonging to farm r, measured 
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after storage time Day. Day was entered in the model as a repeated 
measures factor. A sheep farm is defined by a local breed raised under 
certain production system, which amounted to 10 farms in this study: 
BEDM – extensive, CGB – semi-extensive, Castellana – intensive, Cas
tellana – semi-extensive, Gallega – extensive, Gallega – semi-extensive, 
INRA401 – intensive, Biellese – semi-extensive, Sambucana – exten
sive, and TMB – extensive. 

The parameter β1 is the fixed effect of the intrinsic property on the 
quality attribute, whereas β2 is the fixed effect for the storage time, Day. 
A quadratic effect for Day (β3) was added only to the models for WB 
slope, work and force, since this term was significant only for these 
quality attributes (β3 was set to zero in the models for L*, a*, b*, TBARs 
and cooking loss). The mean intercept β0 is affected by random shifts u0r 
caused by the farm r,and v0r(j) caused by the lamb j nested within farm r. 
By using this random effects structure, the variability due to breed and 

due to lamb within breed is removed, so that the effect of the intrinsic 
property on the quality attribute of meat can be estimated with less 
noise. The nested intercept random effects u0r and v0r(j) were assumed to 
follow normal distributions. The term εr(j) represents the model’s re
siduals which are also assumed to follow a normal distribution. 

Equation (1) was adjusted separately to each of the eight quality 
attributes (Y), and, in each of the adjustments, the independent variable 
X represents CCW, pH24, aw, moisture, protein, IMF or ash content. Thus, 
in total 56 models were fitted. Nonetheless, these models were not 
intended for predicting quality attributes in time, but for inferring both 
the effects of the intrinsic properties of meat on the quality attributes, 
which were evaluated by the significance of the fitted parameter β1, and 
the P-value of its respective F-test in analysis of variance (ANOVA). The 
models were adjusted in the R software version 1.0.136 (The R Core 

Fig. 1. Box plots of cold carcass weight (CCW) of lambs from different European breeds, measured 24 h after slaughter.  

Fig. 2. Box plots of ultimate pH (pH24) of lambs from different European breeds, measured 24 h after slaughter.  
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Team, 2019). 

3. Results and discussion 

3.1. Cold carcass weight and ultimate pH 

The values of CCW and pH24 in lamb meat differed between 
breed × production systems (Fig. 1 and 2). The lowest mean CCW values 
were registered for BEDM (7.03 kg; 95% CI: 6.21–7.84 kg), semi- 
extensive Gallega (11.37 kg; 95% CI: 10.12–12.61 kg) and extensive 
Gallega (12.52 kg; 95% CI; 12.02–13.02 kg), whereas the highest CCW 
mean values were observed in the lambs from TMB (20.59 kg; 95% CI: 
19.79–21.39 kg), INRA401 (21.20 kg; 95% CI: 20.05–22.35 kg) and 
intensive Castellana breeds (21.45 kg; 95% CI: 20.66–22.23 kg). Mid- 
sized carcasses in the mean range of 14.28–16.76 kg were found for 
CGB, semi-extensive Castellana, Sambucana and Biellese (Fig. 1). In 
general, lambs raised in intensive systems (21.4 kg; 95% CI: 20.5–22.3 
Kg) produced significantly (P < 0.05) heavier carcasses than those 
raised in semi-extensive (14.9 kg; 95% CI: 14.3–15.5 kg) and extensive 
(13.8 kg; 95% CI: 13.3–14.2 kg) systems. Similar results were observed 
by other authors in lambs fed with concentrate or grazing-based systems 

(Borton et al., 2005; Ekiz et al., 2013). 
Ultimate pH greatly affects meat quality and is dependent on the pre- 

slaughter glycogen concentration in muscle (De La Fuente et al., 2010; 
Islam et al., 2019). As stated by Gallo et al. (2019), in recently slaugh
tered lambs, pH is around 7.0–7.3, and declines up to 5.5–5.8 after 24 h. 
The mean pH24 measured in this study fell within the range of 5.54 and 
5.80 (Fig. 2), which would be normal values suggesting no DFD (dark, 
firm, dry) quality issues for the lamb meat. The meat from 
semi-intensive and intensive Castellana farms presented the lowest 
mean pH24 (5.539; 95% CI: 5.485–5.592 and 5.548; 95% CI: 
5.510–5.586, respectively) whereas that of extensive Gallega (5.730; 
95% CI: 5.706–5.754) and BEDM farms (5.798; 95% CI: 5.759–5.838) 
presented the highest mean pH24. Ball et al. (1998) attributed the 
greater pH value of young animals (pH > 5.80) to their higher energy 
requirements, and therefore lower levels of reserves of glycogen before 
being slaughtered. 

Although pH can be influenced by animal genetics (i.e., breed), there 
are other various factors that have an impact such as production system, 
feed and pre-slaughter treatment of the animals (Lind et al., 2011). For 
instance, the lowest variability in pH24 registered in the meat samples 
from INRA401, Sambucana and Biellese breeds (shorter boxplots in 

Fig. 3. Evolution of L*, a*, b* colour parameters of vacuum-packed lamb meat stored at 4 ◦C for the different European breeds.  
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Fig. 2) could imply that more standardised flocks management and 
pre-slaughter conditions are employed in these farms. With respect to 
production system, no significant difference in meat pH24 was found 
between intensively (5.600; 95% CI: 5.571–5.629) and semi-extensively 
raised lambs (5.604; 95% CI: 5.583–5.625); nonetheless, meat from 
extensively raised lambs presented significantly higher pH24 (5.716; 
95% CI: 5.701–5.730). In line with our results, several studies have re
ported lower pH decline after 24 h in lambs reared on pasture than 
concentrate-based production systems (Ekiz et al., 2012a; Perlo et al., 
2008). However, others did not find significant effect of the rearing 
conditions on pH24 (Ekiz et al., 2019; Popova and Marinova, 2013). The 
differences in pH24 could be explained with the variation in the muscle 
glycogen content at slaughter. According to Jacob et al. (2005), lambs 
finished on pasture had lower glycogen content in muscles when 
compared to lambs finished on grain-based diet. 

In terms of meat aw, high variability between breed × production 
systems was also observed. Whereas lamb meat from INRA401 (0.9888; 
95% CI: 0.9878 – 0.9898), intensive Castellana (0.9912; 95% CI: 0.9906 
– 0.9919) and semi-extensive Castellana farms (0.9914; 95% CI: 0.9904 
– 0.9923) presented the lowest aw, meat from semi-extensively raised 
Gallega (0.9938; 95% CI: 0.9928 – 0.9949) and extensively-raised TMB 
(0.9950; 95% CI: 0.9944 – 0.9957) lambs presented the highest mean 

values. As with CCW, a trend in aw was also identified according to 
production system: meat from extensively-raised lambs presented 
significantly higher aw (0.9938; 95% CI: 0.9935 – 0.9941) than that of 
semi-extensively raised lambs (0.9926; 95% CI: 0.9922 – 0.9931), which 
in turn were higher than that of intensively-raised lambs (0.9905; 95% 
CI: 0.9899 – 0.9910). This may be a consequence of differences in 
moisture content of meat, since, as a whole, extensively-raised lambs 
(75.86; 95% CI: 75.72–76.00%) yielded meat of higher moisture than 
intensively-raised lambs (74.93%; 95% CI: 74.66–75.20%). 

The evolution of the quality attributes of meat such as colour (Fig. 3), 
lipid oxidation, cooking loss (Fig. 4) and WB texture (Fig. 5) was sub
stantially affected by the breed × production system of the lambs. It is 
noteworthy to clarify that in the present study only the combined effect 
of both factors can be discussed since the examined breeds were reared 
under a particular production system to which they are best adapted and 
respond with the best performance and quality of meat. Thus, it is not 
possible to discern any effect of breed on lamb meat quality. Instead, its 
dependence on storage time and relationships with intrinsic factors such 
as CCW, pH, aw and proximate composition of meat will be discussed in 
the next Sections. Tables 1 and 2 compile the effects of these factors on 
the quality attributes of lamb meat as outcomes of the mixed models. 

3.2. Evolution of meat colour attributes during storage and their relation 
with the intrinsic properties of meat 

In general terms, the colour coordinates of meat, L*, a* and b*, 
increased during cold storage (Fig. 3), as can be also deduced by the 
significant positive effect of Day in all mixed models (P < 0.001; 
Table 1). Fig. 3 also depicts the difference in the instrumental colour of 
lamb meat due to breed × production system. As for L* parameter, 
higher values (i.e., lighter colour) were measured in the lamb meat from 
Sambucana and Biellese farms, and lower values (i.e., darker colour) in 
the lamb meat from Gallega and TMB farms. Unlike L*, with regards to 
redness (a*) and yellowness (b*), it was visually difficult to discriminate 
between the breed × production systems (Fig. 3). Moreover, there was 
no effect of production system (P > 0.10, not shown) on the parameters 
a* or b*. Likewise, Ekiz et al. (2019) could not find any effect of the 
production system either on a* or on b* in lamb meat. On the contrary, 
Revilla et al. (2020) found rearing system had a significant effect 
(P ≤ 0.01) on colour parameters of Churra and Castellana breeds pro
duced under organic and conventional systems. Similar outcomes were 
also found by Perlo et al. (2008) and Priolo et al. (2001), who reported 
higher a* and b* values in meat of grazing lambs, respectively. 

Within breed × production systems, carcasses of higher CCW tended 
to produce lower L* (i.e., low lightness) and higher a* (i.e., high redness) 
(P < 0.001 in both cases in Table 1). The same relationship between 
animal weight and meat colour was reported by Beriain (1998), who 
observed that lamb meat from smaller carcasses presented lighter colour 
in comparison to lamb meat from heavier animals; and by Calnan et al. 
(2016), who indicated that increased IMF will make the bloomed colour 
of lamb meat redder. According to Ripoll et al. (2008) and Majdoub-
Mathlouthi et al. (2013), L* decreases as slaughter weight increases. In 
fact, the concentration of myoglobin in muscle increases with the 
advance in the animal’s physiological maturity (and IMF), and conse
quently, promotes an increase in meat’s colour intensity (Dhanda et al., 
2003; Domínguez et al., 2015). Calnan et al. (2016) explained that 
myoglobin has the greatest effect on L*, and they estimated a 3.1 L*-unit 
darkening of meat with increasing lamb age, accounted for by a higher 
concentration of myoglobin. Moreover, Molinero (2009) argued that the 
lower thickness of external fat of the carcass (linked to lighter carcasses) 
produces a reduction of moisture in the meat, which drives a decrease in 
its luminosity. 

In fact, in our study, moisture content was found to be highly asso
ciated (P < 0.0001) with both L* and a*. In this way, meat of greater 
moisture content presented higher L* (less dark) and lower a* (less 
reddish). Carrapiso and García (2005) observed the same association 

Fig. 4. Evolution of TBARs and cooking loss of vacuum-packed lamb meat 
stored at 4 ◦C for the different European breeds. 
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between L* and moisture in meat; and Ripoll et al. (2011) explained that 
greater retention of water content translates into meat of increased 
brightness. In the case of fat and ash content, both affected the values of 
L* (P = 0.014 and P = 0.008) and a* (P < 0.0001). Lamb meat of 
greater IMF content was at the same time less luminous and more red
dish (lower L* and higher a*), which corroborated the results of Calnan 
et al. (2016), as earlier discussed. By contrast, lamb meat of greater ash 
content was high in lightness and low in redness. The impact of the 
levels of iron and copper on the oxymyoglobin/metmyoglobin ratio (i.e., 
retail colour) was earlier pointed out by Warner et al. (2010). Whereas 
protein content was not found to regulate L* (P = 0.672), it was found to 
inversely affect a* (P < 0.0001; Table 1). 

As expected, the colour parameters L* (P = 0.050) and a* 
(P = 0.038) of lamb meat were affected by pH24 (Table 1). Meat of lower 
pH displayed higher L* and lower a*, and hence lighter bright red 
colour, which was reported in other studies (Perlo et al., 2008; Priolo 
et al., 2001). According to Calnan et al. (2016), changes in pH24 have the 
greatest effect on a*, which was also corroborated in our study. Water 
activity did not modulate either L* (P = 0.311) or a* (P = 0.228), yet it 
affected b* (P < 0.001). The statistical analysis suggested that meat of 
higher aw tended to have lower b* (i.e., low yellowness). In addition, 
greater ash content in meat was associated with lower b* (P < 0.001). 

The intervals of the mean L* (40.1–44.8) and a* (9.68–12.80) 
observed across breed × production systems on the third day of storage 

(Fig. 3) were below and above, respectively, the values of L* 
(46.13–49.47) and a* (8.24–9.85) reported by Sañudo et al. (1997) for 
lamb meat from Churra, Castellana, Manchega and Awassi breeds. The 
a* range found in this study was closer to the values 10.39–13.89 
measured by Bressan et al. (2001) in lamb meat of Santa Inês and Ber
gamácia breeds. The mean values of b* (11.30–13.0) were well above 
those encountered by Bressan et al. (2001) of 6.73–8.15, and by Sañudo 
et al. (1997) of 8.81 – 10.75. Vieira Da Silva et al. (2009) pointed out 
that many factors determine meat colour, being the most important ones 
the type of feed, age, weight at slaughter and the storage conditions of 
meat. Calnan et al. (2016) went further, postulating that production 
factors are far more important than muscle traits in determining lamb 
meat colour. In this study, cold carcass weight, pH24, moisture, fat and 
ash contents were the intrinsic factors with the greatest impact on lamb 
meat colour. 

3.3. Evolution of lipid oxidation and cooking loss during storage and their 
relation with the intrinsic properties of meat 

The level of lipid peroxidation in lamb meat, as measured by TBARs, 
increased during cold storage (P < 0.001 for Day; Table 2). The lipid 
oxidation of lamb meat increased linearly with time for all the 
breed × production systems (Fig. 4), although the highest TBARs levels 
were observed in meat from intensive INRA401 and Castellana farms, 

Fig. 5. Evolution of the Warner-Bratzler texture parameters of vacuum-packed lamb meat stored at 4 ◦C for the different European breeds.  
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and the lowest in meat from the extensive TMB farm. The linear increase 
in TBARs was also reported by Fernandes et al. (2012) in lamb loins 
during cold storage. As a whole, the production system exerted a clear 
effect on the extent of lipid oxidation in meat. On the 15th day of 
storage, the mean TBARs of lamb meat from intensive production sys
tems was significantly higher (mean = 0.839 mg MDA/kg; 95% CI: 
0.789 – 0.889 mg MDA/kg) than that of the semi-extensive production 
systems (0.396 mg MDA/kg; 95% CI: 0.352 – 0.440 mg MDA/kg), which 
was in turn higher than the mean TBARs of meat from extensively raised 
lambs (0.299 mg MDA/kg; 95% CI: 0.270 – 0.328 mg MDA/kg). 

As explained in Domínguez et al. (2019), the fat content and fatty 
acids composition have implications on the lipid oxidation processes, 
being the unsaturation of fat even more important that the fat content in 
oxidative susceptibility. Tocopherol is one of the most important anti
oxidants present in meat, and hence, the lower rate of TBARs in 
extensively-raised lambs could be linked to the fact that animals fed with 
high amounts of grass have greater oxidative stability due to a higher 
intake of tocopherol (Domínguez et al., 2019). 

The mixed effects models suggest that lipid oxidation in lamb meat 
was driven or affected by all the intrinsic properties evaluated, except 
pH24, namely CCW (P = 0.016), aw (P < 0.001), moisture (P < 0.001), 
IMF (P < 0.001), protein (P = 0.035) and ash content (P < 0.001). 
Meat from heavier carcasses tended to undergo greater lipid oxidation. 
For both intrinsic properties related to water content, aw and moisture, 
the trend was the same: lamb meat with higher levels of free water and 
moisture, presented a slower lipid oxidation. Meat of higher IMF con
tent, and therefore lower protein and ash contents, tended to undergo 
greater lipid peroxidation. There is evidence that unsaturated fatty acids 
are more prone to oxidation (Faustman et al., 2010). Although the fatty 
acid profile has not been studied in this work, sheep meat has been said 
to be less susceptible to lipid oxidation than beef (Ellis and Bertol, 2001), 
because it is particularly rich in saturated fatty acids and has a low 
polyunsaturated content (Sinclair, 2007). Cooking loss is another 
important quality attribute because it is linked to the yield of meat after 
cooking and juiciness (Pateiro et al., 2013). During cold storage, the 
cooking loss of lamb meat significantly increased (P < 0.001 for Day in 
Table 2), although the loss in water holding capacity tended to occur 
slowly between the 3rd and 9th day of storage, and slightly more abrupt 
between the 9th and the 15th day (Fig. 4). In addition, the change in 
water holding capacity of lamb meat was variable between 

breed × production systems. For reference, averaging over the three 
sampling time points (results not shown), meat from Biellese and Sam
bucana lambs presented the lowest mean cooking losses of 15.1% (95% 
CI: 14.1–16.2%) and 16.7% (95% CI: 15.8–17.6%), respectively; 
whereas the meat from TMB, semi-intensive Gallega and semi-intensive 
Castellana farms suffered the greatest cooking losses at mean values of 
22.2% (21.3–23.1%), 22.6% (21.3–24.0%) and 22.8% (21.6–24.0), 
respectively. At the end of the storage period, meat from the other 
breed × production systems presented mean cooking losses between 
18.6% and 20.9%. Overall, no discernible effect of production system on 
cooking loss of lamb meat was found. Similar outcomes were observed 
by Ekiz et al. (2012b) in Kivircik lambs reared under different produc
tion systems. 

According to the mixed models, cooking loss was affected by CCW 
(P = 0.050), moisture (P = 0.048) and ash content (P < 0.001) 
(Table 2). Meat from heavier carcasses underwent a lower or slower 
cooking loss during storage; in other words, at the end of cold storage, 
these meats would retain more water than the meat from lighter lambs. 
Camacho et al. (2017) and Abdullah and Qudsieh (2009) pointed out 
that the lower cooking loss in heavier carcasses could be due to the 
greater fatness of these lambs. In fact, Santos-Silva et al. (2002) noticed 
that a greater IMF content in meat leads to a higher water holding ca
pacity. The inverse relationship between animal fatness and cooking loss 
was earlier pointed out by Sañudo et al. (1997), who explained that the 
fat present in meat does not only act as a barrier against cooking loss, but 
also produces more succulent meat. Moreover, Pardi et al. (2001) argued 
that the greater water holding capacity of lamb meat may stem from 
greater quantities of fat in the tissues, because possibly, apart from 
moisture, part of meat fat is also lost with thermal processing. None
theless, in our study, despite CCW and cooking loss were found to be 
inversely correlated, the IMF content of meat was not found to be 
determinant in cooking loss (P = 0.247). Furthermore, the statistical 
analysis suggested that lamb meat with higher initial moisture content 
or lower ash content suffered greater losses of water during cooking. 
Thus, it is expected that this meat has a lower water holding capacity 
when cooked, and therefore, is less succulent. 

Table 1 
Effects of carcass/meat intrinsic characteristics on colour parameters of vacuum-packed lamb meat, evaluated by estimates and standard errors (SE) from mixed linear 
models. Significance of sources of variation is indicated by P-values of F test.  

Model Source of variation 
L* a* b* 

Estimate (SE)1 P-value (F) Estimate (SE)1 P-value (F) Estimate (SE)1 P-value (F) 

CCW Intercept 48.87 (1.099)* <0.0001 8.280 (0.729)* <0.0001 11.57 (0.456)* <0.0001  
Day 0.408 (0.079)* <0.0001 0.853 (0.059)* <0.0001 0.765 (0.055)* <0.0001  
CCW − 0.236 (0.042)* <0.0001 0.142 (0.028)* <0.0001 − 0.003 (0.024) 0.906 

pH24 Intercept 32.62 (5.482)* <0.0001 18.01 (3.640)* <0.0001 10.58 (3.489)* <0.0001  
Day 0.409 (0.080)* <0.0001 0.852 (0.059)* <0.0001 0.765 (0.055)* <0.0001  
pH24 1.854 (0.955)* 0.050 − 1.320 (0.636)* 0.038 0.166 (0.614) 0.788 

aw24 Intercept 99.87 (56.94) <0.0001 56.51 (37.73) <0.0001 175.6 (36.31)* <0.0001  
Day 0.415 (0.087)* <0.0001 0.950 (0.063)* <0.0001 0.815 (0.060)* <0.0001  
aw24 − 58.19 (57.37) 0.311 − 45.85 (38.01) 0.228 − 165.5 (36.58)* <0.0001 

Moisture (%) 
Intercept − 14.04 (8.867) <0.0001 45.75 (5.943)* <0.0001 14.50 (5.847)* <0.0001 
Day 0.409 (0.080)* <0.0001 0.853 (0.059)* <0.0001 0.765 (0.055)* <0.0001 
Moisture 0.752 (0.116)* <0.0001 − 0.463 (0.078)* <0.0001 − 0.039 (0.076) 0.610 

Fat (% db) 
Intercept 43.84 (0.811)* <0.0001 9.725 (0.493)* <0.0001 11.39 (0.298)* <0.0001 
Day 0.409 (0.079)* <0.0001 0.852 (0.059)* <0.0001 0.765 (0.055)* <0.0001 
Fat − 0.103 (0.042)* 0.014 0.118 (0.027)* <0.0001 − 0.020 (0.027) 0.461 

Protein (% db) 
Intercept 44.58 (3.475)* <0.0001 19.19 (2.241)* <0.0001 15.53 (2.183)* <0.0001 
Day 0.409 (0.080)* <0.0001 0.852 (0.059)* <0.0001 0.765 (0.055)* <0.0001 
Protein − 0.017 (0.039) 0.672 − 0.100 (0.025)* <.0001 − 0.046 (0.025) 0.066 

Ashes (% db) 
Intercept 39.72 (1.521)* <0.0001 16.53 (0.959)* <0.0001 15.08 (0.839)* <0.0001 
Day 0.409 (0.080)* <0.0001 0.853 (0.059)* <0.0001 0.766 (0.055)* <0.0001 
Ashes 0.686 (0.257)* 0.008 − 1.204 (0.156)* <0.0001 − 0.709 (0.160)* <0.0001 

(1) Asterisk indicates significance of estimates (P < 0.05); db: dry basis. 
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3.4. Evolution of Warner–Bratzler texture attributes during storage and 
their relation with the intrinsic properties of meat 

The hardness parameters – slope, work and shear force – of lamb 
meat were found to decline progressively during storage, more abruptly 
at the beginning (from the 3rd to the 9th day) and more asymptotically 
afterwards (from the 9th to the 15th day) (Fig. 5). For that reason, in the 
mixed models the linear and quadratic term of storage time (Day and 
Day2) were significant in all cases (Table 3), suggesting in this way the 
non-linear decay of the evolution of the tenderness attributes in time. 

As occurred with the other quality attributes, a high variability in 
meat tenderness between breed × production systems was observed 
(Fig. 5). Meat from semi-extensively raised Castellana, intensively- 
raised INRA401, and semi-extensively raised Gallega Spanish lambs 
presented the lowest values of WB slope – in the order of 4.96–6.30 N/s 
on the 15th day of storage; whereas lamb meat from the Portuguese 
breeds, BEDM and CGB, presented the highest values (7.43–7.65 N/s at 
the end of storage). A similar breed-specific trend was observed in the 
other texture attributes, work and shear force, reaching meat from 
intensive INRA401 and semi-extensive Castellana the lowest values by 
the end of storage (80.9–82.0 N.mm and 16.0–20.5 N/cm2, respec
tively) and meat from semi-intensive CGB the highest ones (148.5 N.mm 
and 28.6 N/cm2, respectively). 

In terms of production system, on the 3rd and 9th day of storage, the 
meat from intensively-reared lambs presented significantly lower WB 
slope values (8.07 N/s; 95% CI: 7.47–8.69 N/s and 6.19 N/s; 95% CI: 
5.58–6.80 N/s, respectively) than the meat from both extensively-reared 
(9.35 N/s; 95% CI: 8.96–9.75 N/s and 7.35 N/s; 95% CI: 6.95–7.75 N/s) 
and semi-extensively reared lambs (9.76 N/s; 95% CI: 9.23–10.29 N/s 
and 7.38 N/s; 95% CI: 6.85–7.92 N/s). Nonetheless, by the 15th day of 
storage, the meat from semi-extensively and extensively-raised lambs 
had reached the same level of tenderisation as the meat from 
intensively-raised lambs, as deduced by the non-significant differences 
in WB slope between production systems (6.16 N/s; 95% CI: 
5.56–6.77 N/s for extensive; 6.62 N/s; 95% CI: 6.21–7.01 N/s for semi- 
extensive; and 6.70 N/s; 95% CI: 6.17–7.24 N/s for intensive). The same 
trend was observed for the other WB parameters, work and shear force. 
This is, on the 3rd and 9th day of storage, meat from intensively-raised 
lambs were significantly more tender (lower shear force; 30.5 N/cm2; 

95% CI: 27.7–33.2 N/cm2 and 21.6 N/cm2; 95% CI: 18.8–24.3 N/cm2, 
respectively) than that of extensively-reared (35.6 N/cm2; 95% CI: 
33.9–37.4 N/cm2 and 25.5 N/cm2; 95% CI: 23.6–27.2 N/cm2) and semi- 
extensively reared lambs (37.4 N/cm2; 95% CI: 35.0–39.9 N/cm2 and 
27.4 N/cm2; 95% CI: 25.1–29.9 N/cm2). These differences between 
production systems could be related to the different intake of nutrients 
or exercise requirement to find food, which later reflects into differences 
in carcass fatness (De Brito et al., 2017). Nonetheless, on the last day of 
storage, mean shear force values of the three production systems did not 
statistically differ one from the other (22.1 N/cm2; 95% CI: 
19.3–24.8 N/cm2 for intensive; 23.4 N/cm2; 95% CI: 21.6–25.3 N/cm2 

for extensive; and 24.4 N/cm2; 95% CI: 22.1–26.9 N/cm2 for 
semi-extensive). These values suggest that meat was very tender, most 
likely due to the young age of lambs at slaughter. In addition, these 
results were very acceptable since Warner-Bratzler shear force values 
greater than 54 N/cm2 are often considered tough and rejectable by 
consumers (Webb et al., 2005). 

After analyzing the effects of the carcass/meat intrinsic properties on 
the texture attributes (Table 3), it was evident that most of the intrinsic 
properties evaluated determined the instrumental texture of the lamb 
meat within the breed × production systems; namely, CCW (P = 0.014 
for slope and P = 0.027 for shear force), aw (P < 0.001 for slope and 
P = 0.036 for shear force), moisture (P = 0.013 for slope and shear 
force), IMF (P = 0.004 for slope, P = 0.050 for work and P = 0.001 for 
shear force) and ash content (P < 0.001 for slope and P = 0.002 for 
shear force). According to our results, neither pH24 nor protein content 
exerted any influence on lamb meat tenderness. 

The carcasses with higher cold weight presented lower slope and 
shear force, thus yielding tenderer meat. The relationship between 
carcass weight and meat tenderness was also modulated by the IMF 
content of the meat (Komprda et al., 2012). Meat with higher IMF un
derwent a more rapid tenderization than meat with lower IMF, as 
implied by the significant negative interaction term Fat × Day (Table 3). 
The relationship of fat content and CCW with the WB parameters evi
dences that heavier animals at the same slaughter age had a higher 
fattening state. Our results are in agreement with those encountered by 
Koohmaraie et al. (1995) and Shackelford et al. (1997), who found that 
carcasses with a lower percentage of lean meat (higher proportion of fat) 
were at the same time more tender and succulent meat. 

Table 2 
Effects of carcass/meat intrinsic characteristics on TBARs and cooking loss (CL) of vacuum-packed lamb meat, evaluated by estimates and standard errors (SE) from 
mixed linear models. Significance of sources of variation is indicated by P-values of F test.  

Model Source of variation 
log(TBARs)1 log(CL)1 

Estimate (SE)2 P-value (F) Estimate (SE)2 P-value (F) 

CCW Intercept − 6.300 (0.485)* <0.0001 2.843 (0.074)* <0.0001  
Day 1.511 (0.065)* <0.0001 0.071 (0.009)* <0.0001  
CCW 0.056 (0.023)* 0.016 − 0.005 (0.002) 0.050 

pH24 Intercept − 2.726 (2.655) <0.0001 3.037 (0.398)* <0.0001  
Day 1.512 (0.065)* <0.0001 0.072 (0.009)* <0.0001  
pH24 − 0.474 (0.465) 0.309 − 0.047 (0.070) 0.494 

aw24 Intercept 159.2 (25.25)* <0.0001 25.90 (3.953)* <0.0001  
Day 1.511 (0.065)* <0.0001 0.060 (0.010)* <0.0001  
aw24 − 165.9 (25.44)* <0.0001 − 23.21 (20.98)* 0.735 

Moisture (%) 
Intercept 18.64 (4.523)* <0.0001 1.618 (0.675)* <0.0001 
Day 1.511 (0.065)* <0.0001 0.072 (0.009)* <0.0001 
Moisture − 0.318 (0.059)* <0.0001 0.015 (0.009) 0.048 

Fat (% db) 
Intercept − 6.026 (0.357)* <0.0001 2.792 (0.057)* <0.0001 
Day 1.511 (0.065)* <0.0001 0.072 (0.009)* <0.0001 
Fat 0.087 (0.020)* <0.0001 − 0.004 (0.003) 0.247 

Protein (% db) 
Intercept − 1.924 (1.677) <0.0001 2.491 (0.250)* <0.0001 
Day 1.512 (0.065)* <0.0001 0.072 (0.009)* <0.0001 
Protein − 0.041 (0.019)* 0.035 0.003 (0.003) 0.258 

Ashes (% db) 
Intercept − 1.828 (0.678)* <0.0001 3.058 (0.108)* <0.0001 
Day 1.511 (0.065)* <0.0001 0.072 (0.009)* <0.0001 
Ashes − 0.706 (0.118)* <0.0001 − 0.058 (0.019)* 0.002 

(1) Response variable was log-transformed for model fitting. 
(2) Asterisk indicates significance of estimates (P < 0.05). 
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Meat with higher moisture, free water or higher ash content required 
more shear force, so they would be perceived as less tender. Interest
ingly, ash content was the only intrinsic property that exerted an effect 
on all of the quality attributes of meat, except for WB work. Ashes reflect 
the contents of Fe, Zn, P, K, Mg, and Se that are mainly provided by lamb 
meat (Ramírez-Retamal and Morales, 2014). Osorio et al. (2007) stated 
that different minerals can be associated with the quality of meat given 
their influence on attributes such as colour, oxidation and tenderness. 
This was corroborated in our study. 

In terms of the degree of tenderness of the lamb meat from the 
different European farms used in this experiment, the shear force mean 
values ranged between 24.5 and 40.7 N/cm2 on the 3rd day, 
15.8–31.7 N/cm2 on the 9th day, and 15.9–28.6 N/cm2 on the 15th day 
of cold storage. Shija et al. (2013) estimated that shear force below 
40 N/cm2 equates an acceptable level of tenderness of the meat in the 
Australian market, whereas Hopkins et al. (2006) indicated that sheep 
meat with shear force values lower than 48.0 N/cm2 are considered as 
tender by the consumers. Furthermore, Aksoy and Ulutas (2016) stated 
meat having shear force higher than 54 N/cm2 can be considered as 
tough. Taking into consideration these shear force cut-off values, it can 
be stated that the lamb meat from the studied breed × production sys
tems are of high edible quality. 

4. Conclusion 

Apart from the effect of storage time, the intrinsic properties of 
carcass/meat were found to regulate, to different extent, the changes in 
quality attributes. Within farms, ultimate pH only regulated L* and a*, 
being lamb meat of lower pH of a lighter bright red colour. Meat of 
higher moisture content was found to have higher luminosity, lower 
redness, lower tenderness, higher cooking loss, while undergoing a 
slower lipid oxidation. Among the intrinsic properties studied, cold 

carcass weight and intramuscular fat content had an impact on all of the 
quality attributes. Heavier lamb carcasses or meat of higher intramus
cular fat were associated to darker meat, higher redness, greater lipid 
oxidation and lower slope and force. In addition, within breed × pro
duction system, heavier animals produced meat of lower cooking loss. 
Meat of higher protein content tended to be lower in redness and to 
undergo a slower lipid oxidation. The quality attributes that turned out 
to be the least sensitive to intrinsic characteristics were shear work and 
b*. Shear work was only modulated by intramuscular fat content in an 
inverse relationship, whereas b* was positively correlated with water 
activity. Ash content of meat was the only intrinsic property that heavily 
affected most of the quality attributes studied, except for shear work. 
Within farms, meat of higher ash content presented higher luminosity 
and lower redness, yellowness, TBARS, cooking loss and tenderness. 

Production system affected cold carcass weight, producing intensive 
systems heavier carcasses (21.4 Kg) than those raised in semi-extensive 
(14.9 Kg) and extensive systems (13.8 Kg) systems. Lipid oxidation and 
tenderness of meat were strongly influenced by the production system. 
On the 15th day of storage, the mean TBARs of lamb meat from intensive 
production systems were higher than that from semi-extensive and 
extensive systems. Despite the high variability found in the tenderness 
attributes between breed × production systems, the lamb meat was of 
good tenderness quality. On the 3rd and 9th day, meat from intensively- 
reared lambs was more tender than the meat from extensively and semi- 
extensively reared lambs; however on the 15th day of storage, the meat 
from semi-extensively and extensively-raised lambs had reached the 
same level of tenderisation as that of intensively-raised lambs. 

The elucidation of the impact of intrinsic properties on the lamb 
meat quality attributes during storage can help breeders and producers 
to modify current flock management, feeding strategies and pre- 
slaughter and slaughter practices that drive important intrinsic proper
ties such as weight at slaughter, intramuscular fat content and ultimate 

Table 3 
Effects of carcass/meat intrinsic characteristics on Warner–Bratzler attributes of vacuum-packed lamb meat, evaluated by estimates and standard errors (SE) from 
mixed linear models. Significance of sources of variation is indicated by P-values of F test.  

Model Source of variation 
Log (Slope)1 Log (Work)1 Log (Force)1 

Estimate (SE)2 P-value (F) Estimate (SE)2 P-value (F) Estimate (SE)2 P-value (F) 

CCW Intercept 3.116 (1.156) <0.0001 31.24 (1.529)* <0.0001 17.32 (1.303)* <0.0001  
CCW − 0.011 (0.004)* 0.014 0.001 (0.006) 0.892 − 0.012 (0.005)* 0.027  
Day − 0.414 (0.078)* <0.0001 − 0.720 (0.103)* <0.0001 − 0.574 (0.087)* <0.0001  
Day2 0.064 (0.019)* 0.001 0.131 (0.025)* <0.0001 0.097 (0.022)* <0.0001 

pH24 Intercept 5.550 (4.890) <0.0001 37.36 (6.440)* <0.0001 24.07 (5.600)* <0.0001  
pH24 − 0.074 (0.084) 0.378 − 0.095 (0.112) 0.396 − 0.146 (0.097) 0.132  
Day − 0.414 (0.078)* <0.0001 − 0.720 (0.103)* <0.0001 − 0.574 (0.087) <0.0001  
Day2 0.064 (0.019)* <0.0001 0.131 (0.025)* <0.0001 0.097 (0.022) <0.0001 

aw24 Intercept − 183.00 (40.2) <0.0001 − 54.15 (65.68) <0.0001 − 103.4 (56.98) <0.0001  
aw24 18.57 (4.837) <0.0001 8.682 (6.617) 0.186 12.01 (5.741)* 0.036  
Day − 0.414 (0.079) <0.0001 − 0.720 (0.103)* <0.0001 − 0.574 (0.088) <0.0001  
Day2 0.064 (0.019) <0.0001 0.131 (0.025)* <0.0001 0.097 (0.022) <0.0001 

Moisture (%) 

Intercept − 20.32 (8.680)* <0.0001 25.42 (11.68)* <0.0001 − 9.320 (10.06) <0.0001 
Moisture 0.029 (0.011)* 0.013 0.008 (0.015) 0.573 0.033 (0.013) 0.013 
Day − 0.414 (0.079)* <0.0001 − 0.720 (0.103)* <0.0001 − 0.574 (0.087) <0.0001 
Day2 0.064 (0.019)* 0.001 0.131 (0.025)* <0.0001 0.097 (0.022) <0.0001 

Fat3 (% db) 

Intercept 1.330 (1.000) <0.0001 32.00 (1.200)* <0.0001 15.74 (1.100)* <0.0001 
Fat × Day − 0.005 (0.001)* 0.004 − 0.004 (0.002) 0.050 − 0.006 (0.001)* 0.001 
Day − 0.378 (0.079)* 0.001 − 0.691 (0.104)* <0.0001 − 0.529 (0.088)* <0.0001 
Day2 0.064 (0.019)* 0.011 0.131 (0.025)* <0.0001 0.097 (0.021)* <0.0001 

Protein (% db) 

Intercept − 0.560 (0.313) <0.0001 28.43 (4.130)* <0.0001 11.38 (3.610)* <0.0001 
Protein 0.002 (0.003) 0.520 0.004 (0.005) 0.368 0.005 (0.004) 0.204 
Day − 0.414 (0.079)* <0.0001 − 0.720 (0.103) <0.0001 − 0.574 (0.088) <0.0001 
Day2 0.064 (0.019)* 0.001 0.131 (0.025) <0.0001 0.097 (0.021) <0.0001 

Ashes (% db) 

Intercept − 3.370 (1.470)* <0.0001 29.55 (1.920)* <0.0001 11.65 (1.690)* <0.0001 
Ashes 0.094 (0.022)* <0.0001 0.049 (0.030) 0.103 0.082 (0.257)* 0.002 
Day − 0.414 (0.078)* <0.0001 − 0.720 (0.103)* <0.0001 − 0.574 (0.088)* <0.0001 
Day2 0.064 (0.019)* 0.001 0.131 (0.025)* <0.0001 0.097 (0.022)* <0.0001 

(1) Response variable was log-transformed for model fitting. Data from Italian and German breeds not included in the analysis. 
(2) Asterisk indicates significance of estimates (P < 0.05). 
(3) Fat was significant only in interaction with Day for the three models. 
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pH, in order to meet consumers’ demands. 
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Funding acquisition, Investigation, Methodology, Project administra
tion, Resources, Supervision, Visualization, Writing - review & editing. 
Vasco A.P. Cadavez: Conceptualization, Formal analysis, Funding 
acquisition, Investigation, Methodology, Project administration, Re
sources, Software, Supervision, Visualization, Writing - original draft, 
Writing - review & editing. 

Declaration of Competing 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. 

Acknowledgments 

The authors are grateful to EU ERA-NET programme and the Por
tuguese Foundation for Science and Technology (FCT) for funding the 
project “EcoLamb–Holistic Production to Reduce the Ecological Foot
print of Meat (SusAn/0002/2016). CIMO authors are grateful to FCT 
and FEDER under Programme PT2020 for financial support to CIMO 
(UIDB/00690/2020). Dr. Gonzales-Barron acknowledges the national 
funding by FCT, P.I., through the Institutional Scientific Employment 
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