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Abstract 

The traditional Iberian pig production system in the dehesa ecosystem of southwestern Spain and 
Portugal represents a significant cultural and ecological model of extensive livestock farming 
currently facing sustainability challenges. This study aimed to identify eco-efficiency indicators by 
integrating economic and environmental dimensions across traditional Iberian pig farms. Structured 
surveys were conducted across 68 farms, complemented by life cycle assessment (LCA) to evaluate 
environmental impacts including climate change, acidification, eutrophication, energy demand, and 
land occupation. Multivariate statistical analysis identified two distinct farm types: Mixed-
orientation farms (MF, 45.59% of farms), characterised by diversified production phases and greater 
reliance on external inputs, and Acorn-Fed farms (AF, 54.41% of farms), specialised in acorn-based 
fattening with greater dehesa ecosystem integration. AF demonstrated significantly lower 
environmental impacts across all categories except land occupation, with reductions ranging from 
9% to 18% compared to MF. Furthermore, AF achieved superior eco-efficiency with gross margins 
15% higher than MF and economic returns per unit of environmental impact 32% to 59% higher across 
all indicators. These findings demonstrate that farrow-to-finish farms specialised in montanera 
systems can simultaneously achieve greater profitability and reduced environmental impacts, 
providing a replicable model for sustainable livestock production in Mediterranean agroecosystems. 

Keywords: extensive livestock systems; sustainability assessment; resource use efficiency; 
multivariate analysis 
 

1. Introduction 

The traditional production system for Iberian pigs is deeply embedded in the cultural, ecological 
and economic heritage of southwestern Spain and Portugal [1,2]. It relies on extensive husbandry 
practices that utilise the dehesa ecosystem, which provides forage resources such as acorns, grasses 
and shrubs [3]. Iberian pig production accounts for around 10% of total Spanish pig census [4], and 
within this sector, differentiated extensive fattening systems (montanera and cebo de campo) play a 
critical role in the utilisation of natural resources and the production of high-value meat products 
[5,6]. Despite its importance, this system faces increasing challenges related to environmental 
sustainability and market viability, particularly the intensification of practices that risk the 
overexploitation of dehesa resources [7] while also facing policy demands for demonstrable 
sustainability outcomes [8]. These challenges require integrated assessment approaches that can 
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guide both, individual farm management decisions and broader policy interventions to ensure the 
long-term sustainability of this traditional production system. 

While previous research has addressed specific aspects of Iberian pig farming, such as animal 
performance, economic profitability or carbon footprint [9–11]. However, most studies have 
examined these dimensions in isolation, overlooking their interdependencies. Moreover, 
comparative assessments between production models are scarce, and those that integrate 
environmental and economic outcomes within the same analytical framework remain limited [12]. 
This gap is particularly relevant for policymaking and farm-level decision support, as it hinders the 
identification of production strategies that are both economically viable and environmentally 
efficient. Therefore, there is a pressing need for robust methodological approaches that can 
characterise these dimensions together under the operational complexity of real farms. 

In this context, eco-efficiency analysis emerges as a valuable tool to assess the capacity of farms 
to generate economic value from a given set of inputs while minimising associated environmental 
impacts [13], typically expressed as a ratio between economic performance and environmental 
impacts. Integrating farm-level economic indicators with life cycle assessment (LCA) provides a 
comprehensive evaluation of performance [14,15] within ecosystems such as the dehesa. Despite its 
potential, the application of this integrated approach to Iberian pig systems remains incipient and 
underexplored. Furthermore, the structural diversity of Iberian pig farms is reflected by the 
coexistence of production systems defined by the Quality Standard [16], which necessitates robust 
analytical frameworks to address this heterogeneity. Multivariate methods offer the opportunity to 
synthesise high-dimensional datasets and classify farms according to their technical, economic and 
environmental variables [17–21]. 

The main aim of this paper is to identify eco-efficiency indicators that integrate economic and 
environmental dimensions in traditional Iberian pig farms located in the dehesa ecosystem. Our 
findings provide insights into the trade-offs and synergies between profitability and environmental 
efficiency, and offer relevant implications for farmers, researchers, policymakers, and other 
stakeholders aiming to enhance the sustainability of extensive livestock farming systems. 

2. Materials and Methods 

2.1. Study Area and Iberian Pig Production System 

The study was conducted in the dehesa ecosystem, a traditional agrosilvopastoral system 
covering approximately 6.7 million hectares in the south-west of the Iberian Peninsula [22]. These 
systems are characterised by woodlands of holm and cork oaks (Quercus spp.), pastures, and shrubs, 
where extensive livestock farming coexists with other land uses [23]. 

Iberian pigs are a medium-sized native breed, traditionally raised under extensive or semi-
extensive conditions [24]. Their feeding regime is based on a combination of compound feed and 
natural resources, depending on the season [25]. The main productive categories are piglets (up to 23 
kg of live weight), growers (between 60 and 100 kg) and fatteners (165 kg on average). According to 
the fattening management, Iberian pigs can be classified as montanera fatteners, which are fed only 
natural resources (acorns and grass), or cebo de campo fatteners, which are fed a combination of 
available natural resources (mainly pasture) and compound feed [16]. The greater physical activity 
in extensive systems, together with the pigs’ age at slaughter (12 to 14 months), contributes to the 
high quality of Iberian pork [24]. 

2.2. Data Acquisition 

Data were collected from 68 Iberian pig farms through face-to-face interviews using structured 
questionnaires. The surveys were conducted in traditional Iberian pig farming areas within the dehesa 
ecosystem (Figure 1). The number of farms selected in each region was proportional to the regional 
production of montanera fatteners to ensure a representative sample [26]. The questionnaire was 
designed to capture the main structural, productive, economic, and social aspects of Iberian pig farms 
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within the dehesa ecosystem. Farm structure (area, facilities, machinery) and livestock inventory (pigs 
and other species) were considered as key indicators of farm-level productive potential [27]. 
Management practices (reproductive, feeding and health) were assessed due to their impact on 
animal performance and welfare [28], while work organisation and economic variables (labour and 
commercialisation) provided information to evaluate farm viability [27,29]. Social aspects, reflecting 
the role of farms in rural communities [27], were assessed as social sustainability indicators. 
Integration with other agricultural activities was also considered to reflect the multifunctional role 
[30] of extensive farms in the dehesa ecosystem. Additionally, derived variables were calculated from 
the questionnaire data to facilitate the multivariate analysis. 

 

Figure 1. Distribution of Iberian pig farms surveyed (n = 68). 

2.3. Environmental Assessment 

Environmental impacts were assessed for 36 of the 68 surveyed farms, representatively 
distributed across the study area, using life cycle assessment (LCA). The remaining 32 farms were 
excluded due to insufficient data for LCA did not exhibit substantial structural or productive 
differences compared to the 36 farms analysed (data not shown). The environmental results can 
therefore be considered representative of the overall sample. The functional unit was defined as one 
kilogram (kg) of live weight (LW) at the farm gate, following the system boundaries established by 
García-Gudiño et al. [31]. 

The environmental impact categories assessed were: climate change (CC, kg CO₂ eq), 
acidification (AC, molc H+ eq), eutrophication (EU, kg PO43− eq), cumulative energy demand (CED, 
MJ) and land occupation (LO, m2·year). Characterisation was performed using the International 
Reference Life Cycle Data System (ILCD) and Centre of Environmental Science (CML) methods from 
the University of Leiden, implemented in SimaPro software (version 8.5.2.0, PRé Consultants, 
Amersfoort, The Netherlands). 

Eco-efficiency indicators were calculated as the ratio of gross margin (€/kg LW) to environmental 
impact (e.g., kg CO₂ eq), and expressed in €/unit of impact. Gross margin was estimated as the 
difference between incomes from Iberian pig production and associated variable costs [32,33]. 

2.4. Statistical Analysis 

Multivariate statistical tools were used to identify different farm types among traditional Iberian 
pig farms in the dehesa, based on technical, economic, and management data. The identification of 
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farm types followed the methodology used by Giorgis et al. [17], Gaspar et al. [18], Toro-Mújica et al. 
[19], Rivas et al. [20] and Díaz-Gaona et al. [21], which consists of three stages: variable selection, 
factor analysis, and cluster analysis. 

From the initial 34 variables in the survey data, 26 variables with coefficient of variation (CV) > 
50%) were selected. Data suitability was assessed by comparing Pearson (rPEAR) and partial (rPAR) 
correlations between the variables [34] to eliminate uncorrelated variables and retain the variable 
with the highest CV from each correlated pair. This selection process yielded 13 variables described 
in Table 1: montanera income (%), dehesa production (%), dehesa land use (%), pig stocking rate 
(LU/ha), pig production (kg/ha), sows per 100 kg (n/100 kg), production per AWU (kg/AWU), income 
per AWU (€/AWU), sows (n), piglets output (n), area per AWU (ha/AWU), farm surface (ha), and 
montanera production (kg/ha). 

Table 1. Structural variables included in factor analysis for traditional Iberian pig farms in the dehesa 
ecosystem. 

Variable Description (units) 

Montanera income Montanera income as a percentage of total pig production income (%) 
Dehesa 
production 

Dehesa production as a percentage of total farm live weight production (%) 

Dehesa land use Utilized dehesa area as a percentage of total dehesa area (%) 
Pig stocking rate Pig livestock units per hectare (LU/ha) 
Pig production Live weight from pig production per total surface area (kg/ha) 
Sows per 100 kg Number of sows per 100 kg of pig live weight produced (n/100 kg) 
Production per 
AWU 

Live weight from pig production per annual work unit (kg/AWU) 

Income per AWU Income from pig production per annual work unit (€/AWU) 
Sows Total number of sows (n) 
Piglets output Piglets produced per fattened pig (n) 
Area per AWU Total surface area per annual work unit (ha/AWU) 
Farm surface Total surface area (ha) 
Montanera 
production 

Live weight from montanera fatteners per dehesa area (kg/ha) 

AWU: Annual Work Unit; LU: Livestock Unit. Data were obtained from surveys conducted on traditional Iberian 
pig farms in the dehesa ecosystem. 

Factor analysis was then applied to reduce dimensionality and summarise variance. Variables 
were standardised to avoid scale effects. Principal components analysis was used as the extraction 
method to calculate factor scores for each farm [20], with varimax rotation to ensure orthogonality of 
extracted factors [35]. The Bartlett sphericity test and the Kaiser–Meyer–Olkin index verified sample 
adequacy [36,37]. 

Finally, farms were classified into groups using cluster analysis based on individual factor 
scores. Hierarchical clustering was performed using Ward’s method with Euclidean, squared 
Euclidean, and Manhattan distances [38]. The optimal number of clusters was determined using the 
Elbow method [20] and validated through discriminant analysis and analysis of variance [19]. 

Cluster groups were characterised and compared using Student’s t-test for economic, technical 
and environmental variables [39]. To facilitate comparison between clusters, normalised indices 
(group mean/global mean) were calculated and presented graphically. All statistical analyses were 
performed using IBM SPSS Statistics version 27.0 (IBM Corporation, Armonk, NY, USA, 2020). 
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3. Results 

3.1. Characteristics of the Iberian Farms in the Dehesa Ecosystem 

In the agrosilvopastoral system known as the dehesa, traditional Iberian pig farms showed high 
structural and productive variability (see Table 2). These systems were typically large in terms of 
land area and multiple livestock species, with Iberian pigs representing a significant proportion of 
the total livestock units. The stocking rates reflected the extensive nature of the livestock system. 

Table 2. Descriptive characteristics and productive parameters of traditional Iberian pig farms in the dehesa 
ecosystem (n=68). 

Variable Description (units) Mean SD 

Farm surface Total surface area (ha) 517.8 533.5 
Quercus density Number of Quercus spp. per ha (n/ha) 45.23 14.12 
Livestock units Total number of livestock units (LU) 206.8 181.8 
Stocking rate Livestock units per hectare (LU/ha) 0.49 0.30 
Pig stocking rate Pig livestock units per hectare (LU/ha) 0.17 0.25 
Sows Total number of sows (n) 37.93 32.64 
Total born piglets Number of piglets born per litter (n)  7.98 0.93 
Liveborn piglets Number of liveborn piglets per litter (n) 7.27 0.74 
Weaned piglets Number of piglets weaned per litter (n) 6.26 0.66 
Weaning age Age at weaning (days) 39.96 12.51 
Annual piglets Total number of piglets produced per year (n) 494.15 625.81 
Annual fatteners Total number of fattening pigs produced per year (n) 251.79 282.81 

Values are expressed as mean and standard deviation (SD). 

Most farms followed a farrow-to-finish model, although approximately one-fifth specialised in 
rearing and fattening pigs purchased from other farms. Reproductive management was characterized 
by two farrowing cycles per year with high efficiency. While some piglets were sold before the 
fattening stage, the majority of fattened pigs were fed using only local natural resources, highlighting 
the sustainable nature of the system. 

This production system demonstrated strong economic performance, with pig production 
serving as the main source of farm income. The fattening stage represented the vast majority of the 
economic value in Iberian pig production, emphasising its critical importance to the overall 
profitability of these farms. Given this structural and productive variability, a multivariate analysis 
was conducted to identify the main factors characterising these farming systems. 

3.2. Factors Characterizing the Iberian Farms 

The Bartlett’s test of sphericity was significant (p < 0.05), and the Kaiser–Meyer–Olkin (KMO) 
measure of sampling adequacy was 0.77, confirming the suitability of the data for factor analysis. The 
first three extracted factors explained a cumulative 73.14% of the total variance (Table 3). 

Table 3. Factors loadings and communalities of structural variables after varimax rotation in an exploratory 
factor analysis of traditional Iberian pig farms in the dehesa ecosystem (n=68). 

Variable 
Factor 1   

Production system 

Factor 2   

Profitability 

Factor 3 

Land efficiency 
Communality 

Montanera income 0.938 -0.077 0.051 0.888 
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Dehesa production 0.925 -0.089 0.037 0.864 

Dehesa land use 0.848 -0.003 -0.037 0.721 

Pig stocking rate -0.690 0.173 -0.433 0.693 

Pig production -0.653 0.243 -0.504 0.739 

Sows per 100 kg -0.551 -0.259 0.101 0.381 

Production per AWU 0.095 0.930 0.154 0.898 

Income per AWU 0.187 0.911 0.152 0.888 

Sows -0.203 0.758 0.235 0.671 

Piglets output -0.301 0.616 -0.228 0.522 

Area per AWU 0.092 0.245 0.875 0.834 

Farm surface 0.100 0.350 0.815 0.796 

Montanera production 0.445 0.326 -0.557 0.614 

Variance (%) 31.16 23.91 18.07 - 

Eigenvalue 4.24 3.28 1.99 - 

AWU: Annual work unit. Bold values indicate the main factor of extraction for each variable. 

Three factors were extracted: Factor 1 (Production system) explained 31.16% of the total 
variance, with high loadings on dehesa-related variables; Factor 2 (Profitability) accounted for 23.91% 
focusing on productivity metrics; and Factor 3 (Land efficiency) explained 18.07% emphasising 
variables related to farm size. Based on these structural and economic dimensions, a classification of 
farms was performed to identify distinct management types. 

Factor loadings revealed important relationships between variables and farm characteristics. 
Negative loadings on Factor 1 for pig stocking rate, pig production, and sows per 100 kg indicate that 
more intensive and efficient farms are less aligned with traditional dehesa management practices. 
Similarly, the negative loading of montanera production on Factor 3 reflects that larger farms tend to 
have lower production intensity per hectare of dehesa. 

Based on these three factors, farms were classified into distinct management types to better 
understand the diversity within the Iberian pig production system in the dehesa. 

3.3. Iberian Farm Types in the Dehesa Ecosystem 

Cluster analysis using Ward's method identified two distinct groups. Group I concentrated 
45.59% of farms (n=31) and was defined as Iberian pig farms with multiple production phases, 
denominated Mixed-orientation Farms (MF). Group II included 54.41% of farms (n=37) was defined 
as Farrow-to-finish farms specialized in acorn-based fattening was denominated Acorn-Fed Farms 
(AF). The scores for the three factors differentiated significantly between the two groups of farms, 
defining the main characteristics of each farm type (Table 4). AF showed greater homogeneity in 
values, while MF presented higher dispersion across the three factors (Figure 2). 

Table 4. Differences between Iberian pig farm types in technical and economic variables (Global and farm-type 
mean ± SEM; P-value indicates significance of differences). 

Variable 
Global 
mean 

MF (Mean ± 
SEM) 
n=31 

AF (Mean ± 
SEM) 
n=37 

P-value 

Montanera income (%) 83.41 70.08 ± 4.50 94.58 ± 4.11 < 0.001 
Dehesa production (%) 81.93 68.19 ± 4.65 93.44 ± 4.26 < 0.001 
Dehesa land use (%) 81.37 67.74 ± 4.69 92.78 ± 4.30 < 0.001 
Pig stocking rate (LU/ha) 0.17 0.22 ± 0.04 0.13 ± 0.04 n.s. 
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Pig production (kg/ha) 136.9 153.7 ± 27.58 122.8 ± 25.24 n.s. 
Sows per 100 kg (n/100 kg) 0.12 0.21 ± 0.08 0.06 ± 0.07 n.s. 
Production per AWU 
(kg/AWU) 

26,010 33,775 ± 3,690 19,503 ± 3,378 < 0.01 

Income per AWU (€/AWU) 74,862 94,459 ± 9,745 58,444 ± 8920 < 0.01 
Sows (n) 37.93 50.68 ± 5.01 14.95 ± 4.58 < 0.001 
Piglets output (n) 4.47 8.38 ± 3.80 1.19 ± 3.47 n.s. 
Area per AWU (ha/AWU) 288.0 418.6 ± 37.41 178.6 ± 34.25 < 0.001 
Farm surface (ha) 517.8 793.5 ± 84.88 288.7 ± 77.69 < 0.001 
Montanera production 
(kg/ha) 

113.6 100.7 ± 16.09 124.4 ± 14.73 n.s. 

AWU: Annual Work Unit; MF: Mixed-orientation Farms; AF: Acorn-Fed Farms. Values are expressed as mean 
± standard error of the mean (SEM). n.s.: not significant (p ≥ 0.05). 

(a) 

(b) 

Figure 2. Traditional Iberian pig farms in the dehesa ecosystem plotted by factor scores: (a) Factor 1 and Factor 
2, (b) Factor 1 and Factor 3. Blue triangles (▲) = Mixed-orientation Farms; orange circles (●) = Acorn-Fed Farms. 
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3.4. Environmental Performance by Farm Type 

Having identified these two farm types, their environmental performance was compared to 
assess the sustainability implications of each management approach. Environmental impacts differed 
significantly between Iberian farm types in terms of CC, AC, EU, and CED, with AF showing lower 
impacts per kilogram of live weight produced compared to MF. No differences were found in LO 
impact among Iberian farm types. Eco-efficiency indicators, expressed as the ratio between gross 
margin and environmental impact, showed significantly better values in AF (Table 5). The gross 
margin per kilogram of live weight was 15% higher in AF compared to MF (p < 0.05). 

Table 5. Differences of Iberian farm types between environmental variables and calculated eco-efficiency 
indicators (Global and farm-type mean ± SEM; P-value indicates significance of differences). 

Variable Global mean 
MF (Mean ± 

SEM) 
n=31 

AF (Mean ± 
SEM) 
n=37 

P-value 

CC (kg CO2 eq) 3.76 4.03 ± 0.20 3.49 ± 0.12 < 0.05 
AC (molc H+ eq) 0.10 0.10 ± 0.004 0.09 ± 0.002 < 0.05 
EU (kg PO43− eq) 0.05 0.053 ± 0.002 0.047 ± 0.001 < 0.05 
CED (MJ) 23.59 25.92 ± 1.68 21.26 ± 0.98 < 0.05 
LO (m2·year) 38.72 44.25 ± 6.64 33.19 ± 2.39 ns 
CC eco-efficiency (€/kg CO2 
eq) 

0.63 0.51 ± 0.04 0.77 ± 0.03 < 0.01 

AC eco-efficiency (€/molc H+ 
eq) 

23.75 19.72 ± 1.45 28.44 ± 0.87 < 0.01 

EU eco-efficiency (€/kg PO43− 
eq) 

47.18 38.94 ± 3.04 56.79 ± 1.87 < 0.01 

CED eco-efficiency (€/MJ) 0.10 0.09 ± 0.01 0.12 ± 0.01 < 0.05 
LO eco-efficiency (€/m2·year) 0.07 0.05 ± 0.01 0.09 ± 0.01 < 0.01 

MF: Mixed-orientation Farms; AF: Acorn-Fed Farms. CC: Climate Change; AC: Acidification; EU: 
Eutrophication; CED: Cumulative Energy Demand; LO: Land Occupation. Eco-efficiency indicators were 
calculated as the ratio between gross margin and environmental impact (€/unit of impact). Values are expressed 
as mean ± standard error of the mean (SEM). n.s.: not significant (p ≥ 0.05). 

4. Discussion 

4.1. Structural Diversity of Iberian Pig Farms in the Dehesa Ecosystem 

The traditional Iberian pig production system is a distinctive form of extensive livestock farming 
that is closely associated with a particular territory and agrosilvopastoral knowledge [16,40]. A wide 
range of production models coexist within this framework, differing in terms of farm structure, herd 
composition, management of natural resources, and degree of integration with the dehesa ecosystem 
[41]. This heterogeneity poses significant challenges for designing and implementing uniform 
sustainability policies, and highlights the need for integrative indicators that can capture economic 
and environmental performance in diverse farming contexts. 

This structural heterogeneity is confirmed by the data obtained in the present study, which 
reveal high variability consistent with previous typological analyses of dehesa livestock farming 
systems [40,42–44]. Most farms operate as multi-species livestock systems, combining Iberian pigs 
with beef cattle and/or sheep, a pattern characteristic of the dehesa ecosystem [41]. The average farm 
surface area was comparable to values reported in other studies [41,45], and the mean stocking rate 
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of 0.49 LU/ha reflects the low-density management typical of this ecosystem. This figure is consistent 
with other estimates for similar multi-species systems in the dehesa ecosystem [40,41]. 

Despite the extensive nature of these systems, the Iberian pig breed accounted for a significant 
proportion of the productive structure, representing over one-third of the total livestock units and 
generating almost 60% of the total farm revenue. This confirms the central economic role of the 
Iberian pig within these multi-species farms and supports previous findings on the high added value 
of montanera fatteners [41,44]. In many cases, pigs are fattened only on local natural resources, which 
enhances the environmental and cultural value of the final product, while providing economic 
incentives for the conservation of the dehesa and the continuation of traditional extensive 
management practices. 

In summary, the present study supports the view that Iberian pig farming in the dehesa is 
structurally diverse, economically significant, and deeply rooted in the use of natural resources 
[10,46]. This complexity requires tailored policy tools that account for the diversity of farm types, 
their territorial embeddedness, and their capacity to ability to provide economic benefits and 
ecosystem services. 

4.2. Key Differentiation Factors and Implications for Eco-Efficiency 

The multivariate analysis revealed a robust factorial structure, with the first three extracted 
factors accounting for 73.14% of the total variance, effectively capturing the main dimensions of farm 
differentiation. This is considered a satisfactory percentage in the context of farm typification studies 
[47] and aligns with previous research in terms of the proportion of variance explained and the 
number of dimensions retained relative to the number of original variables [17,19,20,39,42]. These 
results provide a solid foundation for characterizing distinct farm types and subsequently evaluating 
eco-efficiency. 

The three factors identified reflect key aspects of management practices and the use of natural 
resources, as described below: 

The first factor, denominated "Production system", reflects the balance between intensive 
management and use of natural resources. Farms with high scores are more integrated with the dehesa 
ecosystem, relying extensively on montanera finishing and natural resources. Conversely, farms with 
lower scores exhibit more intensive management and higher stocking rates. This gradient 
demonstrates the contrast between traditional acorn-based finishing and intensified production 
through supplemental feeding, in line with findings from previous dehesa studies [42,43], and 
captures the inverse relationship between intensification and natural resource use. 

The second factor, termed 'Profitability', reflects aspects of scalability and labour productivity, 
which are closely interrelated [48]. It refers to a farm's ability to increase the number of reproductive 
sows without proportionally increasing labour input, thereby achieving a higher production output. 
Therefore, the second factor reflects how an increased number of Iberian sows can generate 
additional commercial opportunities (such as piglet, grower and finisher sales) while also improving 
labour productivity. These improvements contribute to higher economic returns. However, these 
economic benefits must be balanced against environmental impacts and the rising costs of external 
inputs (such as compound feed), which can reduce profitability [49]. 

The third factor, referred to as "Land efficiency," emphasises variables to farm size and land-to-
labour ratios. Farms with larger surface areas exhibit higher area per worker and lower montanera 
production per hectare, reflecting the extensive nature of traditional dehesa systems [42]. Rather than 
indicating inefficiency, this pattern corresponds to a land-based production model in which eco-
efficiency plays a central role: farms that manage land resources prudently, in accordance with 
ecological constraints, tend to minimise environmental impacts per unit of product [31]. In contrast 
to other studies where farm area was included in the first factor [19,21], in this case it emerged as the 
third factor, possibly due to the analytical focus of this study, which prioritised efficiency-related 
criteria over the structural characterisation of the farms. 
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Together, these three factors provide a comprehensive framework for understanding the 
structural diversity of traditional Iberian pig farms and lay the groundwork for eco-efficiency 
assessment. Identifying them allows us to evaluate how different Iberian farm types balance 
productivity, economic performance, and environmental sustainability within the dehesa ecosystem. 

4.3. Production Models of Iberian Pig Farms in the Dehesa Ecosystem 

The classification of Iberian pig farms into two types, MF and AF, reveals the structural and 
strategic diversity that characterizes production systems in the dehesa ecosystem. Rather than 
indicating a linear transition from traditional to modern systems, this typology reflects different 
strategies of adaptation to market conditions. 

AF represent a production model that is aligned with the dehesa ecosystem. Their consistent factor 
scores suggest a homogeneous system, based on farrow-to-finish farms specialized in acorn-based 
fattening. This strong dependence on natural resources, particularly acorns, limits intensification but 
enhances product differentiation and integration with the ecosystem [16]. Their economic performance is 
sustained by the production of montanera fatteners, supporting a model centred on quality, tradition, and 
low external input use, which is consistent with other extensive livestock systems [50]. 

In contrast, MF adopt a more diversified approach. These farms manage a significantly higher 
number of sows, achieve higher labour productivity, and produce multiple pig categories for the 
market. The greater variability observed within this group reflects a wide range of management 
strategies, degrees of intensification, and levels of dependency on external inputs [51]. This model 
increases the capacity to adapt to market fluctuations but also implies higher external resource 
demands [10]. Thus, MF achieve higher economic efficiency through diversification [52]. 

Regarding factor scores, AF scored highest on Factor 1 (Production System), confirming their 
alignment with natural resource use and extensive practices. MF stood out in Factor 2 (Profitability), 
due to their scalability and labour efficiency. For Factor 3 (Land Efficiency), both farm types reached 
similar levels in montanera productivity, constrained by regulatory stocking limits [16]. 

These two types of farms illustrate complementary roles within Iberian pig production systems. 
AF contribute to preserving the environmental and cultural functions of the dehesa ecosystem, 
offering a production system that adds value through tradition and sustainability [53]. On the other 
hand, MF provide adaptability and volume to the market, ensuring competitiveness and employment 
[10]. Rather than being in competition, these models respond to different market needs and reinforce 
the multifunctionality of the dehesa ecosystem. 

Figure 3 clearly illustrates this complementarity, showing how the relative positioning of MF 
and AF across the three main factors reflects their contrasting yet complementary contributions to 
sustainable Iberian pig production. This approach balances economic viability with the conservation 
of the dehesa ecosystem through natural resources use. 

 
(a) 
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(b) (c) 

Figure 3. Cluster comparison using indices (group mean/global mean) derived from technical-economic 
variables for (a) Factor 1, (b) Factor 2 and (c) Factor 3 (blue triangle – Mixed-orientation Farms, orange spot - 
Acorn-Fed Farms). Blue triangles (▲ ) = Mixed-orientation Farms; orange circles (●) = Acorn-Fed Farms. 
Variables marked with an asterisk indicate significant differences between clusters. AWU: Annual Work Unit. 

4.4. Environmental Performance and Sustainability Implications 

The results of the environmental assessment clearly show that AF perform better than MF in 
several environmental impact categories, with reductions in CC, AC, EU and CED ranging from 9% 
to 18% (Figure 4a). These differences reflect a greater integration of AF within the dehesa ecosystem, 
due to the optimised use of natural resources and reduced dependency on external feed inputs 
[11,31,54]. This efficient use of resources is consistent with previous studies that have highlighted the 
environmental benefits of extensive systems [31,55,56]. Beyond their environmental performance, AF 
also demonstrate markedly higher eco-efficiency indicators, with economic returns that are 32% to 
59% higher than those of MF across all indicators assessed (Figure 4b). 

  
(a) (b) 

Figure 4. Cluster comparison using indices (group mean/global mean) derived from (a) environmental impact 
variables and (b) eco-efficiency indicators. Blue triangles (▲) = Mixed-orientation Farms; orange circles (●) = 
Acorn-Fed Farms. Variables marked with an asterisk indicate significant differences between clusters. CC: 
Climate Change; AC: Acidification; EU: Eutrophication; CED: Cumulative Energy Demand; LO: Land 
Occupation. Eco-efficiency indicators represent the ratio of economic value per unit of environmental impact. 

Although differences in LO were not statistically significant, the eco-efficiency analysis revealed 
that AF showed 59% higher LO eco-efficiency than MF. This suggests that AF can generate greater 
economic value per unit of land used. This result is linked to the high market price of montanera 
fatteners [51], which supports more sustainable land use practices. In contrast, the difference in CED 
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eco-efficiency was smaller (32%) between farm types, probably due to similar reliance on compound 
feeds during the growing phase [57]. This is a shared constraint that still limits the sustainability 
potential of traditional Iberian farms. 

In summary, AF stand out not only for their lower environmental impacts, but also for their 
higher returns per unit of environmental impact. These results suggest that AF can represent a viable 
model of ecologically self-regulating and economically sustainable livestock systems, supporting the 
conservation of the dehesa ecosystem while ensuring farm profitability. 

4.5. Implications for Agricultural Policy and Sustainable Development 

Several authors have emphasised the significant potential of European policies to promote 
sustainable livestock farming by providing economic support for environmentally friendly and low-
input systems [58]. The findings of this study provide empirical evidence in support of agricultural 
policies that prioritise eco-efficient models, such as farrow-to-finish farms that specialise in acorn-
based fattening. Compared to intensive production systems, these farms demonstrate superior 
environmental performance and ecosystem preservation, along with reduced external input. 
However, despite aligning with these policy objectives, Iberian pig production in the dehesa 
ecosystem is excluded from subsidies [59], revealing a policy inconsistency that overlooks their 
environmental contributions. 

Building on these insights, the results reinforce the importance of integrating eco-efficiency 
metrics into sustainability assessments and agricultural policy frameworks, particularly in support 
of extensive livestock systems within Mediterranean agroecosystems. These findings challenge the 
common assumption that sustainability necessarily entails productivity losses [60] and highlight the 
need for policy instruments that explicitly reward practices that enhance eco-efficiency. Policymakers 
should consider eco-efficiency as a key criterion when allocating subsidies, moving beyond simple 
environmental or economic indicators towards more holistic sustainability measures. 

4.6. Limitations and Future Research Perspectives 

The study design limits its ability to capture temporal dynamics, particularly the interannual 
variability in acorn production [61], which has a strong influence on montanera fattening. AF are 
particularly vulnerable to years of low acorn production, which can result in economic uncertainty 
and impact their long-term viability despite their superior eco-efficiency. Future research should 
assess the resilience of both farm types to variability in acorn production and market fluctuations, as 
well as their associated economic impacts. 

Furthermore, the considerable variability observed within MF suggests the presence of distinct 
subtypes, highlighting the necessity for further investigation to better characterise this heterogeneity. 

Additionally, adapting LCA methodologies to evaluate dehesa ecosystems, including all 
livestock species integrated within these farms, including all livestock species integrated within these 
farms, could enhance eco-efficiency estimates by providing a more holistic understanding of natural 
resource use, environmental impacts, and economic returns. This approach would be particularly 
relevant given that multi-species livestock systems have been documented as more sustainable than 
single-species farms [30,62–64], making it essential to capture these synergistic effects in LCA studies. 
Extending this framework to other extensive Mediterranean livestock systems would improve its 
generalisability and inform sustainable agricultural policies in comparable agroecosystems. 

5. Conclusions 

The assumption that environmental sustainability in livestock farming necessarily involves 
economic trade-offs should be critically reconsidered. Evidence from traditional Iberian pig 
production indicates that integration with the dehesa ecosystem can boost profitability while 
minimising environmental impact. AF achieve notably higher gross margins (approximately 15% 
above MF), alongside superior eco-efficiency indicators, exemplifying this. These findings challenge 
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the status quo of conventional livestock systems and support the development of regenerative 
production strategies, in which ecosystem services provide economic resilience. 

The considerable structural diversity among Iberian pig farms shows that standard technical 
recommendations are insufficient, highlighting the need for solutions tailored to this heterogeneity. 
MF, characterised by diversified production phases and a greater reliance on external inputs, play a 
crucial role in enhancing market adaptability and production volume. Their complexity emphasises 
the importance of appropriately management strategies that effectively balance productivity with 
environmental and economic sustainability goals. 

Given the structural complexity, eco-efficiency provides a robust framework for assessing and 
promoting the sustainability of traditional livestock systems, facilitating the identification of 
synergies and trade-offs that might otherwise remain unnoticed. Future assessments and policy 
instruments should prioritise an integrated approach that recognises the multifunctional roles of 
extensive farming systems and moves beyond isolated, sector-specific perspectives. 

Ultimately, this framework provides a replicable model for assessing sustainability of 
Mediterranean agroecosystems. As climate pressures and resource constraints intensify, the ability 
to monitor and optimise eco-efficiency will be essential for the survival of traditional farming 
systems. The approach developed in this study establishes a foundation to support the transition 
towards production models that are simultaneously economically viable, environmentally 
regenerative, and socially resilient, demonstrating adaptability to change. Furthermore, the proposed 
eco-efficiency indicators can serve as practical tools for benchmarking farm performance and 
informing evidence-based policies that support more sustainable and resilient livestock systems. 
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