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Dependence on the socio‑economic 
system impairs the sustainability 
of pasture‑based animal agriculture
Enrique Muñoz‑Ulecia 1,2*, Alberto Bernués 1,2, Andrei Briones‑Hidrovo 3, Isabel Casasús 1,2 & 
Daniel Martín‑Collado 1,2

Livestock systems contribution to environmental change is controversial. Pasture‑based systems 
are considered a sustainable alternative due to their adaptation to the use of local natural resources. 
However, they have limited productivity per product unit and, in Europe, depend on public economic 
support. Furthermore, they are heterogeneous in farm structure and resources use, which may 
determine their sustainability. We use emergy accounting to assess the sustainability of mountain 
pasture‑based cattle systems and analyse the variability among farms. Emergy accounting assesses 
the sustainability performance of complex systems (i.e., farming systems) and their interaction with 
other systems (i.e., the environment and the socio‑economic system) focusing on the origin, quality 
and quantity of the energy required for the system to function. Results show that pasture‑based 
systems largely use local natural renewable resources but depend largely on the wider socio‑economic 
system given their reliance on public economic support and purchased animal feeds. This economic 
dependence turns out in most farms largely using non‑renewable resources. Increasing self‑produced 
feeds and grazing on natural pastures can reduce the dependence on the socio‑economic system and 
improve farm sustainability.

Agriculture is not only a major driving force for trespassing planetary boundaries, such as biodiversity loss, 
biogeochemical flows disruption and climate change  intensification1,2, but also one of the most important drivers 
of ecosystem services  degradation3. Of all agriculture forms, livestock systems lie at the core of the public and 
scientific debate because of their controversial contribution to environmental  change4,5, resulting in a marked 
focus to assess their sustainability in the academy. Nonetheless, livestock farming systems are widely diverse in 
production orientation, farming practices and use of resources, and provide contrasting social, economic and 
environmental  outcomes6,7. Consequently, sustainability assessments should differentiate among farming sys-
tems to better understand the specific social and environmental role of livestock on the global and local  scale6,8.

Life cycle assessment (LCA) is the most widely used approach to assess farming systems’ environmental 
 sustainability9. The outcomes of these assessments are strongly influential because they are used to inform policies 
and decision  making10, which is reflected, for instance, in the European Union GHG reduction  goals11. However, 
LCA does not consider the contribution of free renewable resources (such as solar radiation or rain), how much 
it takes for the geobiosphere to produce required inputs (e.g., indirect resources and energy), or the energy and 
resources associated to economic  exchanges12. Consequently, from the LCA perspective, conventional intensive 
farming systems, which are highly efficient in the use of resources and emissions per product unit, are normally 
considered as having a low environmental impact. However, not considering the issues mentioned above leaves 
LCA failing to fully address whether farming activity can be maintained in the long  term13,14.

From a systemic perspective, pasture-based systems are usually singled out as a sustainable alternative for 
keeping livestock farming within planetary boundaries, while maintaining ecosystem functions and  services15 
due to their adaptation to local environments, considerable use of natural resources and self-sufficiency16,17. 
However, these systems normally depend on public economic support, particularly in the European  Union18. In 
addition, they have limited feed conversion efficiency and productivity per product  unit19,20, commonly resulting 
in low sustainability performance when applying LCA approaches. Moreover, pasture-based systems are usu-
ally characterised for their heterogeneity in terms of both farm structure and local resources  use18,21,22, which 
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can lead to variable sustainability performance. Thus, considering farm diversity is crucial for the sustainability 
assessments of these systems to be sound and accurate.

One of the alternative approaches to assess livestock systems’ sustainability is to focus on the energy required 
for their functioning and maintenance. This energy comes from renewable (solar radiation flux) and non-
renewable (fossil fuel stocks) sources. Considering the origin, quantity and quality of used resources is essential 
for assessing long-term sustainability. From this perspective, emergy accounting assesses the available energy that 
has been required to generate a product or service after considering all the direct and indirect energy embodied 
in resources, as well as the different qualities of the energy used in the production  process13,23. Within the energy 
framework, energy quality refers to the ability of different energy types to do useful work, where useful can be 
defined as contributing to the preservation of the  system13,24.

In the last two decades, several studies have used emergy accounting to compare farming systems manage-
ments (usually conventional vs. pasture-based, organic, or low-input/low-output farming systems)25–29. In these 
emergy studies, conventional intensive livestock systems generally present lower environmental sustainability 
than less intensive managements. In the case of beef cattle farming, the few emergy studies published are based 
on data from single  farms30–34, and/or average data from national or regional  databases35–38, and do not address 
heterogeneity among farms. Very little is known about how individual farms may present variable sustainability 
outcomes depending on their own particularities.

The objectives of this study were to: (i) assess the sustainability of mountain pasture-based beef-cattle systems, 
understood as the capacity to maintain their activity over time based on the resources used and the load placed 
on the environment, using emergy accounting; and (ii) analyse the variability of sustainability performance in 
terms of the energy used among individual farms. We discuss the implications of the results for selecting farming 
practices that have potential to improve farms’ sustainability.

Material and methods
Study area and data collection. The study area comprised three valleys from the Spanish Central Pyre-
nees, which had been previously selected to embrace the diversity of mountain beef-cattle management practices 
and environmental and socio-economic  contexts18,39–41. Data about farm structure, farming management and 
economic performance were collected from farms (n = 50) by means of an in-depth face-to-face questionnaire 
in 2018. These farms are part of a longitudinal study and have been followed up in 1990, 2004 and 2018. The 
research protocol and questionnaire content, and all methods were performed in accordance with the guidelines 
and with the approval of the Ethics Committee of the Agrifood Research and Technology Centre of Aragón, 
Spain (no. CESIH_2022_3). Data anonymity was granted to the participants, who expressed their oral informed 
consent to provide the information contained in the questionnaire.

There were two farm types according to the production objectives. Most farms sold weaned calves to be fat-
tened elsewhere (weaner farms; n = 40), and the rest fattened calves on-farm, which implied more animal feed 
purchases (mainly concentrates), and they sold animals ready for slaughter (weaner-finisher farms; n = 10). The 
studied farms represented around one fourth of all the cattle farms in these valleys in 2018 (official data from the 
Aragón Statistics Institute). The main structural and economic characteristics of the studied farms are presented 
in Table 1 and is further detailed  in18.

Grazing management in the area is a longstanding  tradition17, characterised by using different natural 
resources in spring, summer and autumn. Animals are moved annually from (rented or owned) private mead-
ows and forest areas in the valleys where farms are located, where they graze in spring, to communal mountain 
pastures in summer before being moved back to the valleys in  autumn42. This grazing management lasts two 
thirds of the  year18 and is a major source of livestock  feeding43. In winter, animals are mostly kept in farm sur-
rounding areas and have access to barns. Most farms complete the herd diet (in winter and while grazing in val-
leys) with self-produced forage crops and purchased straw, corn, forage and concentrates. Mountain communal 
pastures are regulated and entail paying fees to use them. Farms are supported by public policies (the first and 

Table 1.  Structural and economic characteristics of the studied farms. Mean and SD.

Variable Variable definition

Weaner farms 
(n = 40)

Weaner-finisher 
farms (n = 10)

Mean SD Mean SD

Agricultural area (ha) Sum of private area used for crops, forages, pastures, and other agricultural uses. This area does not include public/
communal grazing areas 47.3 31.0 67.6 52.2

Herd size (LU) Livestock units of cattle, where the coefficient used was: 1 for cows and bulls; 0.7 for heifers; 0.4 for calves 72.8 33.8 123.0 73.1

Labour input (WU) One work unit (WU) is equivalent to the work of one person, full time, for one year 1.3 0.5 1.7 0.9

Grazing length (days) Days of grazing without external feeds input 251.5 49.4 237.5 24.0

Total income (€) The sum of incomes obtained from the sale of farm products 41,548 28,004 82,952 45,508

CAP Payments (€) Payments for agriculture maintenance and development 32,420 16,473 56,112 37,570

Variable costs (€) Feeding costs plus veterinary costs, water and electricity, transport, fertilizers and miscellaneous items 23,722 13,609 56,691 45,063

Gross margin (€) Total income plus subsidies, minus variable costs 50,247 32,268 82,373 44,301

Gross margin/LU (€) Gross margin per livestock unit 717.6 395.4 705.0 148.0
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second pillars of the Common Agricultural Policy, CAP). These CAP payments represent around two thirds of 
these farms’ gross  margin18.

Emergy framework. Emergy accounting method looks back on the production chain to consider the differ-
ent upstream energy inputs of every energy type (e.g., fossil fuels, electricity or energy embedded in resources), 
which must be included to summarise all the energy required in any production  process13. Emergy computes 
the difference in quality between the various energy forms involved in a process and expresses them all as the 
same unit (i.e., sej). To do so, all the system’s inputs (e.g., animal feeds, crop inputs, fuels, human labour, CAP 
payments) must be converted into emergy units with a conversion factor called the Unit Emergy Value (UEV), 
which is the emergy embedded in one unit of a specific product or  service13. Therefore, the UEV represents the 
available energy that has been directly and indirectly required to produce a good divided by the total amount 
produced, considering all the processes and transformations that took place to produce it. With this conversion, 
emergy accounting allows comparisons of the renewable and non-renewable resources from the environment, 
as well as local and external resources from the socio-economic  system44. Renewable energy is defined as the 
energy that directly or indirectly comes from natural renewable sources (i.e., sun radiation), while non-renewa-
ble energy is that which comes from fossil fuels or is used up faster than its renewal rate (i.e., soil erosion)13. The 
more energy transformations take place, the higher the UEV is because during each transformation, available 
energy is consumed to produce a smaller amount of energy of another form and some energy is  dissipated13,45. 
The emergy methodological framework consists of three main steps:

 (i) First, drawing of the diagram defining the system’s boundaries and the inputs, outputs, and flows of 
resources.

 (ii) Second, compiling all the flows of the resources indicated in the diagram in an emergy evaluation table, 
where resources are converted into sej using the UEV. The UEV is defined depending on the resource 
type: the emergy to energy ratio (Transformity, for resources in energy units), emergy per mass (specific 
emergy, for resources in mass units) or the emergy that supports the generation of one economic prod-
uct unit (em€, for resources in monetary units, e.g., CAP payments)46. The em€ represents how much 
emergy corresponds to a unit of money produced by the national  economy47. UEVs have to be checked 
and homogenised according to the global emergy baseline (GEB). The GEB is the sum of the primary 
energies driving all the processes of the geobiosphere, commonly assessed on a yearly  basis48. We applied 
the renewability factor to account for the renewable and non-renewable fraction of each  resource32. This 
factor was obtained from the literature based on the proportion of renewable emergy required to produce 
the product or service under analysis. To avoid double counting of natural resources (i.e., solar radiation, 
wind, rain and evapotranspiration) of the same origin (i.e., solar radiation), only that with the highest 
emergy value must be  used13. Finally, all the resource flows incorporated into the evaluation table have 
to be classified into four types, namely: natural renewable local resources (R), natural non-renewable 
local resources (N), purchased resources (P), and services (S). The emergy yield (Y) is calculated as the 
sum of the previous ones.

 (iii) Third, calculation of emergy indicators (Table 2).

Accounting for grazing resources from natural pastures in emergy accounting. The standard 
approach to assess emergy from natural pastures considers that they receive energy from natural renewable 
resources and that, if the area used by livestock is known, the emergy flow can be fully allocated to livestock 
 grazing29,31,32,37. However, this approach is problematic because: (i) natural pastures are not on farmland, which 
generates the problem of properly accounting for their contribution to farms’ sustainability performance; (ii) 

Table 2.  Description and calculation of emergy indicators. Pr and  Sr are the renewable fraction of the 
purchased resources and services, while  Pn and  Sn are the non-renewable fraction of the purchased resources 
and services. a To calculate the ESI, the alternative calculation of EYR and ELR proposed  by49 has been used, 
which included the renewable and non-renewable fraction of each resource.

Emergy indicator Definition Formula

Renewability (%R) The ratio between natural renewable local resources (R) and the total emergy of the system. Represents renewability R
Y

Emergy Yield Ratio (EYR) The ratio between the emergy yield (Y) and the emergy from purchased resources (P) and services (S). Represents net contribu-
tion to the socio-economic system

Y
P+S

Emergy Investment Ratio (EIR) The ratio between the emergy from purchased resources (P) and services (S) and the emergy from natural local (renewable or 
not) resources (R and N). Represents market dependency

P+S
R+N

Emergy Exchange Ratio (EER) The ratio between the emergy yield (Y) and the money paid for a product or service. Represents market trade status
Y

C ·

[

seJ

C

]

Environmental Loading Ratio (ELR) The ratio between non-renewable natural (N) or purchased (P and S) emergy resources divided by natural renewable (R) ones. 
Represents environmental load

N+P+S
R

Emergy Sustainability Index (ESI) The ratio between EYR and ELR. Represents sustainability
Y

Pn+Sn
N+Pn+Sn
R+Pr+Sr
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livestock does not consume all the energy that natural pastures receive. Here we propose an alternative approach 
to estimate the emergy flow from natural pastures more accurately by considering grazing period length (days), 
the stocking rate and the proportion of Aboveground Net Primary Production (ANPP) in relation to Net Pri-
mary Production (NPP), and the ANPP consumed by livestock as follows:

where m&f refers to meadows and forests, mp refers to mountain pastures, and Emergy grazing is the emergy that 
livestock obtains in each grazing area, calculated as:

where E is the emergy flow for all the NPP of these ecosystems calculated as described in Sect. "Emergy frame-
work". using the stocking rate of 0.2 LU/ha50 to calculate the area in meadows and forests; 1.2 LU/ha51 in moun-
tain pastures; Grazing length refers to the number of days that livestock are grazing; ANPP is 50% for both grazing 
 areas52,53; ANPPconsumed is the proportion of ANPP consumed by livestock, estimated at 65% for meadows and 
forests and 40% for mountain  pastures52.

Emergy calculations. We followed the three steps described in Sect. "Emergy framework" for the 50 farms 
under study. We present the results separately for farms according to their productive orientation as weaner 
farms and weaner-finisher farms are not comparable because they have different outputs. Then we calculated 
emergy indicators individually for each farm as proxies of their sustainability performance in terms of the energy 
used. Services are assets or work that do not constitute a farm’s biophysical input or output but affect its eco-
nomic performance. So they were included in the analysis as  suggested13,32. Details about the calculations of each 
emergy flow are provided in the Supplementary material.

System diagram and boundaries. Figure 1 shows the emergy diagram that represents the studied farm-
ing system. On the one hand, farms received renewable energy from sun radiation, rain, wind and evapotran-
spiration, and also from natural pastures (i.e., R). On the other hand, farms interacted with the socio-economic 
system by purchasing resources (P; i.e., crop inputs, animal feeds and other farming inputs, while also hiring 
labour force), and exchanging services (S; i.e., paying taxes and receiving public economic support in the form 
of subsidies). The natural pastures-farms interaction consists in an inflow of biomass from natural pastures to 

(1)Emergy natural pastures
(

sej
)

= Emergy grazingm&f

(

sej
)

+ Emergy grazingmp(sej)

(2)Emergy grazing(sej) =
E(sej/yr)

grazing length (days/yr) · ANPP(%) · ANPPconsumed(%)

+ 

R
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Figure 1.  Emergy diagram representing the studied grazing livestock farming system. R: natural renewable 
local resources. N: natural non-renewable local resources. P: purchased resources. S: services. Y: emergy yield. 
O.M. refers to organic matter. Crop inputs includes seeds, fertilisers and phytochemicals. Mach. & Build. It 
includes machinery and buildings’ maintenance and depreciation, and small equipment. Animal feeds include 
straw, corn, forage, vitamin-mineral supplements and concentrates. Services include taxes paid and subsidies 
(CAP payments) received by farmers.
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farms, an outflow of organic matter from livestock to pastures, and economic exchange between farms and insti-
tutions for using natural pastures (not shown in the figure).

Results
Emergy flows—What resources contribute. The average proportion of each resource in farms’ total 
emergy flow is provided in Fig. 2, differentiating the renewable and non-renewable fraction of each resource. 
For the weaner farms, natural local resources (evapotranspiration, natural pastures, soil erosion) represented an 
average of 34.7% of the total emergy flow, with 24.1% coming from renewable resources. The resources from the 
socio-economic system represented 65.3% of the total emergy flow, having services (i.e., CAP payments), ani-
mal feeds and others (i.e., veterinary and medicines, machinery and buildings, electricity and fuel) the highest 
contribution (54.5%) in the emergy flow. For the weaner-finisher farms, the flows from natural local resources 
represented 30.1% of the total emergy flow, with 21.2% coming from renewable resources. The resources from 
the socio-economic system represented 69.9% of the total emergy flow, with animal feeds, services (i.e., CAP 
payments), and others (i.e., veterinary and medicines, machinery and buildings, electricity and fuel) contribut-
ing more (63.0%).

The proportion of Natural renewable local resources (R), Natural non-renewable resources (NR), Purchased 
renewable resources (PR) and Purchased non-renewable resources (PNR) across farms is provided in Fig. 3. 
For each farm, the sum of R, NR, PR and NPR is 100%. Heterogeneity among farms was wide, particularly on 
the weaner farms. The proportion of emergy from R varied between 6.3% and 50.9%, NR fluctuated between 
1.5% and 25.5%, PR went from 1.8% to 25.4%, and PNR ranged from 21.8% to 75.4% of the total emergy flow.

Emergy indicators—sustainability performance. The results showed high heterogeneity across farms 
for most emergy indicators (Fig. 4). Despite this heterogeneity, there was a general pattern across farm in emergy 
performance. On average, around one fourth of the total emergy required to generate the final product came 
from renewable resources (%R) for both the weaner and weaner-finisher farms. Most farms did not incorporate 
significant net emergy into the socio-economic system (EYR ≤ 2) and depended on the market to maintain their 
activity (1 ≤ EIR). However, farms provided more emergy to the socio-economic system than what they received 
in return (1 < EER). Finally, farms had a variable, but moderate, environmental load (2 ≤ ELR). Because of their 
moderate environmental load (ELR) and minor contribution to the economy (EYR), around half the weaner 
farms were sustainable in the short term (1 ≤ ESI ≤ 5), while the other half and most of the weaner-finisher farms 
were unsustainable (ESI ≤ 1).

Figure 2.  Average emergy flow for each group of resources by differentiating farming systems. Services include 
CAP payments received (28.7% and 28.1%, respectively for the weaner and weaner-finisher farms), minus 
taxes paid by farmers (0.6% and 0.4%). Others include machinery (2.5% and 2.9%), buildings (4.7% and 3.4%), 
small equipment (1.1% and 1.2%), veterinary and medicines (2.1% and 2.1%), electricity (0.1% and 0.1%) and 
fuel (3.4% and 3.7%). Animal feeds include straw (3.7% and 5.2%), forage (6.0% and 3.2%), vitamin-mineral 
supplements (0.2% and 0.3%) and concentrates (2.4% and 13.4%). Crop input includes seeds (0.0% and 0.0%), 
fertiliser (4.9% and 3.7%) and phytochemicals (0.0% and 0.0%). Each colour refers to a group of resources.
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Figure 3.  Distribution of the origin and renewability of the resources used by farming systems. Boxplots 
represent the farms (points), mean (crosses), median (solid horizontal lines), first and third quartiles (contained 
in boxes) and dispersion (vertical lines).

Figure 4.  Farms’ environmental performance according to emergy indicators. Boxplots represent the mean 
(crosses), median (solid horizontal lines), first and third quartiles (contained in boxes), dispersion (boxes 
vertical lines) and outliers (external points) of the distribution of the indicators in farming systems. The 
thresholds of the emergy indicators were  set13,54.
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Discussion
Demand for more sustainable agriculture and livestock production is increasing and more institutional efforts are 
being made in this  regard55, notably for reducing GHG emissions at national and global  levels10,11. Nonetheless, 
assessments that focus solely on GHG emissions commonly support farming systems that use less resources and 
emissions per product unit, regardless of the renewability of the used resources and, therefore, ignore whether 
the activity can be maintained in the long term or  not13. Our study addresses livestock systems’ sustainability by 
offering a systemic and thermodynamic perspective that focuses on the energy and work required for nature to 
support the farming activity in a large farms sample.

Determining agricultural systems’ sustainability is a complex task that depends not only on efficiency and 
productivity, but also on the origin and renewability of the resources required and the load on the  environment44. 
Despite pasture-based systems normally being considered to be highly sustainable because they depend on 
local renewable  resources8,56, our analysis showed that, on average, only one fourth of farms’ emergy came from 
natural local renewable resources, which increased to one third when accounting for the renewable fraction 
of purchased resources. The high proportion of non-renewable emergy had a major driver in public economic 
support to farms (i.e., CAP payments received), whose marked contribution also resulted in an increase in the 
total emergy required to maintain farming activity. Consequently, most farms did not significantly contrib-
ute to the socio-economic system with net emergy (EYR ≤ 2), as has also been pointed out in other emergy 
 assessments31–33,57 (see Supplementary material Table A2 for the comparative data of the emergy indicators). 
Farms showed moderate market dependence (EIR), which was greater than for similar farming  systems31–33,35,37,58. 
Market dependence was driven mainly by animal feeds purchased and CAP payments received. These results are 
not surprising given European pasture-based systems’ low energy efficiency and their high economic dependence 
on public  support18–20. Despite these farming systems poorly contributing to the socio-economic system (EYR), 
they are at a market trade  disadvantage54 because they deliver more emergy to the socio-economic system than 
what they receive in return (EER > 1). In other words, emergy accounting brings a different perspective on the 
market exchange of pasture-based products: in economic terms they are receivers of public economic support, 
in biophysical terms they are donors of resources.

Regarding farming-environment interaction, our results showed that although there is variability across farms 
all of them present a moderate load on the environment (ELR > 2) due to the quite large inflow of non-renewable 
resources. The performance of weaner versus weaner-finisher farms cannot be compared because of their different 
product orientations. However, it seems that the more animal feeds purchased to fatten calves resulted in using 
more non-renewable resources and, therefore, depending more on the market, having higher environmental 
loads and worse sustainability performance. Consequently, only half the weaner farms and practically none of 
the weaner-finishers farms proved sustainable in the short term (1 < ESI > 5). We should note that farms are not 
far from being sustainable (in emergy terms), due to grazing and forage self-sufficiency. Therefore, increasing the 
use of grazing resources and self-produced forages could move farms towards sustainability. Our results revealed 
similar sustainability outputs to other cattle grazing  systems31,32,57, but also lower than  others33,35,37,58. There are 
two main reasons for the limited sustainability performance we found. The first reason is the strong economic 
dependence on public economic  support18, which reduces sustainability by transferring the socio-economic 
system’s unsustainability (fossil fuels dependence) to  farms13. The second reason is methodological and refers 
to the marked reduction in the emergy inflow from natural pastures according to our calculation that better 
captures the amount of emergy that goes into the system through livestock grazing (discussed below). Indeed, 
applying the standard calculation would have resulted in higher sustainability (moving from ESI≈1 to ESI > 3). 
In other words, most farming systems would have appeared as sustainable in the short-term.

An accurate accounting of grazing is crucial for sound sustainability assessments of pasture-based systems 
given the importance of local feed resources, particularly grazing in natural pastures beyond farm  boundaries42,59. 
In quantitative terms, our calculation implied an average 75% reduction in the natural pastures emergy flow 
compared to the standard calculation and, accordingly, the inflow of natural renewable local emergy and farms’ 
sustainability declined. However, from a wider perspective, our calculation revealed the emergy from natural 
pastures that is not used by livestock, but maintains other ecosystem  functions53. In qualitative terms, our cal-
culation allowed us to recognise the value (in emergy terms) of ecosystems’ functions beyond their utility for 
human  activities60. It may seem contradictory that natural pastures, which are a major source of animal feeding 
in pasture-based  systems18,43, represent less than 4% of the emergy flow in these pasture-based livestock systems. 
However, it is precisely their low emergy contribution that makes natural pastures a key resource because, accord-
ing to the emergy theory, the resources with the lowest transformities require less energy, work and intermediary 
transformations from the environment to be  produced13.

Farm sustainability is not solely due to differences among farming systems (e.g., conventional, organic, low-
input/low-output or pasture-based), but is also due to the relative importance of the resources they use, the 
farm structure and the specific farming practices (e.g., utilised agricultural area, herd size or purchased animal 
feeds) within the same farming  systems61. In fact, farm sustainability greatly relies on farmers’ selection of farm 
resources, since the energy to produce those resources may come from solar radiation (constant but limited 
inflow) or fossil fuels, which can be used without limit but are a finite  resource60. This means that despite the 
studied farms being managed under similar mountain conditions, the heterogeneity across farms in the relative 
importance of the used resources (natural renewable, natural non-renewable, purchased renewable and pur-
chased non-renewable) is wide, which results in different sustainability performance across individual farms. 
Specifically, decisions at the farm level can reduce the unsustainable practices associated with soil erosion and 
improve feeding and grazing  management61,62. However, even if farms could completely rely on self-produced 
feeds, avoid soil erosion, and leave out fertilisers and machinery, there would still be 54.7% and 48.3% (sum 
of evapotranspiration, services and labour for the weaner and weaner-finisher farms, respectively) of the total 
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emergy that does not completely depend on farmers’ management decisions. Emergy accounting shows that 
farm sustainability is constrained not only by biophysical conditions, but also by the sustainability performance 
of the socio-economic system into which farms are integrated. The latter is modifiable only through changes 
made in society at  large13, pointing to the need of a systemic change that goes far beyond individual  farms63. 
Therefore, public economic support through CAP payments not only restrict economic sustainability, but also 
compromise environmental sustainability.

The quantification of dependence on non-renewable resources of farming systems, particularly pasture-based 
livestock systems, is especially relevant today, when the effects of climate and ecological crises call for reduc-
tions in fossil fuel  use64,65. The depletion of these resources could cause energy deficits that threaten the viability 
of systems that strongly depend on fossil  fuels66. Therefore, if policy goals and scientific recommendations 
for reducing fossil fuel consumption were  followed2, the emergy from services and other purchased resources 
would be based on a higher proportion of renewable resources and, therefore, these pasture-based systems 
would become more sustainable. Our results also show that the repeatedly mentioned low economic viability 
of pasture-based systems is not related to biophysical barriers, but to the mainstream economic regime. This 
regime does not account for the free contribution of nature, but its time-specific price that depends on market 
fluctuations, resources scarcity and people’s willingness to  pay67. Therefore, sustainability assessments such as 
emergy accounting can help to inform policymakers and avoid short-term measures, which are frequently driven 
by the ambition of continuous growth, and rely on the extended (and refuted) idea of fully decoupling economic 
growth and environmental  impact68,69.

Limitations
Emergy accounting has been largely developed in the last few  decades70, and it is important to contemplate its 
 shortcomings71 and to point out some weaknesses that call for the numerical results to be carefully read. First, 
the accuracy of the numerical emergy accounting results depends on the precision of the conversion factors 
(UEVs). This is particularly relevant when assessing specific goods production in local systems where specific 
UEVs are not normally available; in our case, some animal feeds like straw or forage are often purchased from 
nearby farmers, but we used standard UEVs from the literature. Second, this research relies on data from only 
1 year. Therefore, annual monitoring could provide further insights to understand the impact of farmers decisions 
on farming sustainability. Third, there is some uncertainty when estimating the real pasture area used during the 
grazing season and the stocking rates. We reduced uncertainty by using available estimations for the study area. 
Fourth, mountain grazing livestock systems in the study area do not only produce food (meat), but also several 
ecosystem services recognised by  society72. Despite emergy accounting allows ecosystem services to be evalu-
ated and  measured73,74, we did not have any empirical data. Thus, this study does not consider non-marketable 
services, which would have certainly improved sustainability outcomes.

Conclusion
Our study broadens the view of mountain pasture-based systems’ sustainability by quantifying the origin, qual-
ity and quantity of the energy used across a group of farms. We assessed the relation of farming systems to the 
environment and the socio-economic system by showing the long-term feasibility of maintaining grazing systems.

Farms are strongly dependent on non-renewable resources due to the purchase of animal feeds and their 
dependence on the socio-economic system through CAP payments. This questions farms future viability. Farmers 
can improve the sustainability of their farms by increasing self-produced feeds and extending the grazing period 
length to maximise the use of renewable resources. However, the capacity of farms to improve sustainability is 
constrained by the functioning of the socio-economic system at large, which translates its energy unsustain-
ability to mountain pasture-based farming. There is an urgent need to increase the sustainability of the global 
socio-economic system, which would determine the performance of the systems operating within its boundaries.

Data availability
The datasets generated and/or analysed during the current study are available in the citaREA repository, https:// 
hdl. handle. net/ 10532/ 5863.

Received: 19 April 2022; Accepted: 28 August 2023

References
 1. Campbell, B. M. et al. Agriculture production as a major driver of the earth system exceeding planetary boundaries. Ecol. Soc. 

22(4), 8. https:// doi. org/ 10. 5751/ ES- 09595- 220408 (2017).
 2. IPCC. Climate Change and Land: an IPCC special report on climate change, desertification, land degradation, sustainable land 

management, food security, and greenhouse gas fluxes in terrestrial ecosystems. (2019).
 3. IPBES. Global assessment report on biodiversity and ecosystem services of the Intergovernmental Science-Policy Platform on Biodi-

versity and Ecosystem Services. (2019) https:// doi. org/ 10. 5281/ zenodo. 38316 73.
 4. Leroy, F. et al. Animal board invited review: Animal source foods in healthy, sustainable, and ethical diets—An argument against 

drastic limitation of livestock in the food system. Animal 16, 100457 (2022).
 5. Muñoz-Ulecia, E., Rodríguez Gómez, M., Bernués Jal, A., Benhamou Prat, A. & Martín-Collado, D. Do animal source foods always 

ensure healthy, sustainable, and ethical diets?. Animal 16, 1 (2022).
 6. Rivera-Ferre, M. G. et al. Re-framing the climate change debate in the livestock sector: Mitigation and adaptation options. Wiley 

Interdiscip. Rev. Clim. Chang. 7, 869–892 (2016).
 7. McGee, M. et al. Performance, meat quality, profitability, and greenhouse gas emissions of suckler bulls from pasture-based com-

pared to an indoor high-concentrate weanling-to-beef finishing system. Agric. Syst. 198, 103379 (2022).

https://hdl.handle.net/10532/5863
https://hdl.handle.net/10532/5863
https://doi.org/10.5751/ES-09595-220408
https://doi.org/10.5281/zenodo.3831673


9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:14307  | https://doi.org/10.1038/s41598-023-41524-4

www.nature.com/scientificreports/

 8. Garnett, T. et al. Grazed and confused? Ruminating on cattle, grazing systems, methane, nitrous oxide, the soil carbon sequestra-
tion question - and what it all means for greenhouse gas emissions. FCRN. https:// edepot. wur. nl/ 427016 (2017).

 9. European, C., Centre, J. R. & Sustainability, I. for E. and. International Reference Life Cycle Data System (ILCD) Handbook - General 
guide for Life Cycle Assessment - Detailed guidance. Publications Office of the European Union (2010) https:// doi. org/ 10. 2788/ 38479.

 10. European Environment Agency. Annual European Union greenhouse gas inventory 1990–2018 and inventory report 2020. (2020).
 11. European Commission. The European Green Deal. COM vol. 9 https:// jurnal. globa lheal thsci enceg roup. com/ index. php/ JPPP/ 

artic le/ downl oad/ 83/ 65% 0A http:// www. embase. com/ search/ resul ts? subac tion= viewr ecord & from= expor t& id= L6035 46864% 
5Cn https:// doi. org/ 10. 1155/ 2015/ 420723 https:// doi. org/ 10. 1007/ 978-3- 319- 76 (2019).

 12. Raugei, M., Rugani, B., Benetto, E. & Ingwersen, W. W. Integrating emergy into LCA: Potential added value and lingering obstacles. 
Ecol. Modell. 271, 4–9 (2014).

 13. Odum, H. T. Environmental Accounting: Emergy and Environmental Decision making (Wiley, 1996).
 14. van der Werf, H. M. G., Knudsen, M. T. & Cederberg, C. Towards better representation of organic agriculture in life cycle assess-

ment. Nat. Sustain. 3, 419–425 (2020).
 15. Martín-López, B. et al. Nature’ s contributions to people in mountains: A review. PLoS ONE 14, 1–24 (2019).
 16. Ripoll-Bosch, R., Joy, M. & Bernués, A. Role of self-sufficiency, productivity and diversification on the economic sustainability of 

farming systems with autochthonous sheep breeds in less favoured areas in Southern Europe. Animal 8, 1229–1237 (2014).
 17. Tejedor-Rodríguez, C. et al. Investigating Neolithic caprine husbandry in the Central Pyrenees: Insights from a multi-proxy study 

at Els Trocs cave (Bisaurri, Spain). PLoS ONE 16, e0244139 (2021).
 18. Muñoz-Ulecia, E. et al. Drivers of change in mountain agriculture: A thirty-year analysis of trajectories of evolution of cattle 

farming systems in the Spanish Pyrenees. Agric. Syst. 186, 102983 (2021).
 19. Schader, C. et al. Impacts of feeding less food-competing feedstuffs to livestock on global food system sustainability. J. R. Soc. 

Interface 12, 20150891 (2015).
 20. Veysset, P., Lherm, M., Roulenc, M., Troquier, C. & Bébin, D. Productivity and technical efficiency of suckler beef production 

systems: Trends for the period 1990 to 2012. Animal 9, 2050–2059. https:// doi. org/ 10. 1017/ S1751 73111 50020 13 (2015).
 21. Bernués, A., Ruiz, R., Olaizola, A., Villalba, D. & Casasús, I. Sustainability of pasture-based livestock farming systems in the 

European Mediterranean context: Synergies and trade-offs. Livest. Sci. 139, 44–57 (2011).
 22. Veysset, P., Lherm, M., Bébin, D. & Roulenc, M. Mixed crop-livestock farming systems: A sustainable way to produce beef? Com-

mercial farms results, questions and perspectives. Animal 8, 1218–1228 (2014).
 23. Brown, M. T., Brandt-Williams, S. L., Tilley, D. & Ulgiati, S. Emergy synthesis: An Introduction. In Emergy Synthesis: theory and 

applications of the emergy methodology (ed. Brown, M. T.) (2000).
 24. Thollander, P., Karlsson, M., Rohdin, P., Wollin, J. & Rosenqvist, J. General energy theory. Introd. Ind. Energy Effic. https:// doi. org/ 

10. 1016/ b978-0- 12- 817247- 6. 00002-x (2020).
 25. Castellini, C., Bastianoni, S., Granai, C., Bosco, A. D. & Brunetti, M. Sustainability of poultry production using the emergy 

approach: Comparison of conventional and organic rearing systems. Agric. Ecosyst. Environ. 114, 343–350 (2006).
 26. Guan, F. C., Sha, Z. P., Zhang, Y. Y., Wang, J. F. & Wang, C. Emergy assessment of three home courtyard agriculture production 

systems in Tibet Autonomous Region, China. J. Zhejiang Univ. Sci. B 17, 628–639 (2016).
 27. Panzieri, M., Marchettini, N. & Bastianoni, S. A thermodynamic methodology to assess how different cultivation methods affect 

sustainability of agricultural systems. Int. J. Sustain. Dev. World Ecol. 9, 1–8 (2002).
 28. Patrizi, N., Niccolucci, V., Castellini, C., Pulselli, F. M. & Bastianoni, S. Sustainability of agro-livestock integration: Implications 

and results of Emergy evaluation. Sci. Total Environ. 622–623, 1543–1552 (2018).
 29. Rodríguez-Ortega, T., Bernués, A., Olaizola, A. M. & Brown, M. T. Does intensification result in higher efficiency and sustain-

ability? An emergy analysis of Mediterranean sheep-crop farming systems. J. Clean. Prod. 144, 171–179 (2017).
 30. Bastianoni, S., Marchettini, N., Panzieri, M. & Tiezzi, E. Sustainability assessment of a farm in the Chianti area (Italy). J. Clean. 

Prod. 9, 365–373 (2001).
 31. Fonseca, A. M. P., Marques, C. A. F., Pinto-Correia, T. & Campbell, D. E. Emergy analysis of a silvo-pastoral system, a case study 

in southern Portugal. Agrofor. Syst. 90, 137–157 (2016).
 32. Fonseca, A. M. P., Marques, C. A. F., Pinto-Correia, T., Guiomar, N. & Campbell, D. E. Emergy evaluation for decision-making in 

complex multifunctional farming systems. Agric. Syst. 171, 1–12 (2019).
 33. Haden, A. C. Emergy analysis of Food Production at S&S Homestead farm. S&S Cent. Sustain. Agric., Lopez Island, WA, USA 

(2002).
 34. Kuczuk, A., Pospolita, J. & Wacław, S. Energy and emergy analysis of mixed crop-livestock farming. E3S Web Conf. 19, 02033 

(2017).
 35. dos Reis, J. C. et al. Integrated crop-livestock systems: A sustainable land-use alternative for food production in the Brazilian 

Cerrado and Amazon. J. Clean. Prod. 283, 124580 (2021).
 36. Pauselli, M. Organic livestock production systems as a model of sustainability development. Ital. J. Anim. Sci. 8, 581–587 (2009).
 37. Zhang, L. X., Yang, Z. F. & Chen, G. Q. Emergy analysis of cropping-grazing system in Inner Mongolia Autonomous Region, China. 

Energy Policy 35, 3843–3855 (2007).
 38. Zhao, Z., Chen, J., Bai, Y. & Wang, P. Assessing the sustainability of grass-based livestock husbandry in Hulun Buir, China. Phys. 

Chem. Earth 120, 102907 (2020).
 39. Bernués, A. Economía de da sanidad animal en áreas de montaña: Interrelaciones entre la patología y los sistemas de explotación 

de vacuno y evaluación económica de programas sanitarios. (University of Zaragoza, 1994).
 40. García-Martínez, A., Olaizola, A. & Bernués, A. Trajectories of evolution and drivers of change in European mountain cattle 

farming systems. Animal 3, 152–165 (2009).
 41. Olaizola, A. Análisis de la Ganadería en un Valle Pirenaico Característico Mediante Técnicas Multivariantes y de Optimización 

(University of Zaragoza, 1991).
 42. Oteros-Rozas, E. et al. Traditional ecological knowledge among transhumant pastoralists in Mediterranean Spain. Ecol. Soc. 18, 

33 (2013).
 43. Agabriel, J. Alimentation des bovins, ovins et caprins. Besoins des animaux - valeurs des aliments. Tables Inra 2007. (Éditions Quae, 

2007).
 44. Brown, M. T. & Ulgiati, S. Emergy evaluation of the biosphere and natural capital. Ambio 28, 486–493 (1999).
 45. Artuzo, F. D., Allegretti, G., Santos, O. I. B., da Silva, L. X. & Talamini, E. Emergy unsustainability index for agricultural systems 

assessment: A proposal based on the laws of thermodynamics. Sci. Total Environ. 759, 143524 (2021).
 46. Odum, H. T. Energy systems concepts and self-organization: A rebuttal. Oecologia 104, 518–522 (1995).
 47. Ulgiati, S. & Brown, M. T. Labor and services. Emergy Synth. 7 Theory Appl. Emergy Methodol. Proc. 7th Bienn. Emergy Conf. 

557–562 (2013).
 48. Brown, M. T., Campbell, D. E., De Vilbiss, C. & Ulgiati, S. The geobiosphere emergy baseline: A synthesis. Ecol. Modell. 339, 92–95 

(2016).
 49. Ortega, E., Anami, M. & Diniz, G. Certification of food products using emegy analysis. in Proceedings of III International Workshop 

Advances in Energy Studies 227–237 (2002).
 50. Casasús, I. et al. Vegetation dynamics in Mediterranean forest pastures as affected by beef cattle grazing. Agric. Ecosyst. Environ. 

121, 365–370 (2007).

https://edepot.wur.nl/427016
https://doi.org/10.2788/38479
https://jurnal.globalhealthsciencegroup.com/index.php/JPPP/article/download/83/65%0A
https://jurnal.globalhealthsciencegroup.com/index.php/JPPP/article/download/83/65%0A
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L603546864%5Cn
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L603546864%5Cn
https://doi.org/10.1155/2015/420723
https://doi.org/10.1007/978-3-319-76
https://doi.org/10.1017/S1751731115002013
https://doi.org/10.1016/b978-0-12-817247-6.00002-x
https://doi.org/10.1016/b978-0-12-817247-6.00002-x


10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:14307  | https://doi.org/10.1038/s41598-023-41524-4

www.nature.com/scientificreports/

 51. Revilla, R., D’Hour, P., Thenard, V. & Petit, M. Pâturage des zones de pinedes par des bovins. in 2. Rencontres autour des Recherches 
sur les Ruminants 61–64 (1995).

 52. de Leeuw, J. et al. Application of the MODIS MOD 17 Net Primary Production product in grassland carrying capacity assessment. 
Int. J. Appl. Earth Obs. Geoinf. 78, 66–76 (2019).

 53. Stuart Chapin, F., Matson, P. A. & Vitousek, P. M. Principles of Terrestrial Ecosystem Ecology (Springer, 2011).
 54. Brown, M. T. & Ulgiati, S. Emergy analysis and environmental accounting. Encycl. Energy 2, 329–354 (2004).
 55. European Commision. Farm to Fork Strategy. https:// ec. europa. eu/ food/ sites/ food/ files/ safety/ docs/ f2f_ action- plan_ 2020_ strat 

egy- info_ en. pdf (2020).
 56. Eldesouky, A., Mesias, F. J., Elghannam, A. & Escribano, M. Can extensification compensate livestock greenhouse gas emissions? 

A study of the carbon footprint in Spanish agroforestry systems. J. Clean. Prod. 200, 28–38 (2018).
 57. Alfaro-Arguello, R. et al. Steps toward sustainable ranching: An emergy evaluation of conventional and holistic management in 

Chiapas, Mexico. Agric. Syst. 103, 639–646 (2010).
 58. Rótolo, G. C., Rydberg, T., Lieblein, G. & Francis, C. Emergy evaluation of grazing cattle in Argentina’s Pampas. Agric. Ecosyst. 

Environ. 119, 383–395 (2007).
 59. López-Mársico, L., Altesor, A., Oyarzabal, M., Baldassini, P. & Paruelo, J. M. Grazing increases below-ground biomass and net 

primary production in a temperate grassland. Plant Soil 392, 155–162 (2015).
 60. Spash, C. L. Social ecological economics. In Routledge Handbook of Ecological Economics (ed. Spash, C. L.) (Taylor & Francis, 2017).
 61. dos Reis, B. Q. et al. Economic and environmental assessment using emergy of sheep production in Brazil. Sustainability 13, 11595 

(2021).
 62. Buller, L. S. et al. Soil improvement and mitigation of greenhouse gas emissions for integrated crop-livestock systems: Case study 

assessment in the Pantanal savanna highland, Brazil. Agric. Syst. 137, 206–219 (2015).
 63. TWI2050 - The World in 2050. Transformations to Achieve the Sustainable Development Goals - Report prepared by The World in 

2050 initiative. International Institute for Applied Systems Analysis (2018). doi:https:// doi. org/ 10. 22022/ TNT/ 07- 2018. 15347.
 64. Welsby, D., Price, J., Pye, S. & Ekins, P. Unextractable fossil fuels in a 1.5 °C world. Nature 597, 230–234 (2021).
 65. IEA. Net Zero by 2050 A Roadmap for the Global Energy Sector. www. iea. org/ t&c/ (2021).
 66. Delannoy, L., Longaretti, P. Y., Murphy, D. J. & Prados, E. Peak oil and the low-carbon energy transition: A net-energy perspective. 

Appl. Energy 304, 117843 (2021).
 67. Daily, G. C. et al. The value of nature and the nature of value. Science 289, 395–396 (2000).
 68. Parrique, T. et al. Decoupling debunked: Evidence and arguments against green growth as a sole strategy for sustainability. Eur. 

Environ. Bur. 80 (2019).
 69. Haberl, H. et al. A systematic review of the evidence on decoupling of GDP, resource use and GHG emissions, part II: Synthesizing 

the insights. Environ. Res. Lett. 15, 065003 (2020).
 70. Chen, W. et al. Recent progress on emergy research: A bibliometric analysis. Renew. Sustain. Energy Rev. 73, 1051–1060 (2017).
 71. Hau, J. L. & Bakshi, B. R. Promise and problems of emergy analysis. Ecol. Modell. 178, 215–225 (2004).
 72. Bernués, A., Tello-García, E., Rodríguez-Ortega, T., Ripoll-Bosch, R. & Casasús, I. Agricultural practices, ecosystem services and 

sustainability in High Nature Value farmland: Unraveling the perceptions of farmers and nonfarmers. Land Use Policy 59, 130–142 
(2016).

 73. Odum, H. T. & Odum, E. P. The energetic basis for valuation of ecosystem services. Ecosystems 3, 21–23 (2000).
 74. Yang, Q. et al. Emergy-based ecosystem services valuation and classification management applied to China’s grasslands. Ecosyst. 

Serv. 42, 101073 (2020).

Author contributions
EMU: Conceptualization; Data curation; Formal analysis; Investigation; Methodology; Visualization; Writing—
original draft. AB: Conceptualization; Supervision; Writing—review and editing. ABH: Methodology; Investiga-
tion; Writing—review and editing. IC: Funding acquisition; Investigation; Writing—review and editing. DMC: 
Conceptualization; Supervision; Validation; Writing—review and editing.

Funding
The research leading to these results has received funding from European Union’s Horizon 2020 research and 
innovation program—GenTORE—under grant agreement No. 727213, and from the Government of Aragón 
under the Grant Research Group Funds (A14_17R). E. Muñoz-Ulecia is supported by a pre-doctoral contract 
from the Government of Aragón. The funding sources were not involved for the conduct of the research.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 41524-4.

Correspondence and requests for materials should be addressed to E.M.-U.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://ec.europa.eu/food/sites/food/files/safety/docs/f2f_action-plan_2020_strategy-info_en.pdf
https://ec.europa.eu/food/sites/food/files/safety/docs/f2f_action-plan_2020_strategy-info_en.pdf
https://doi.org/10.22022/TNT/07-2018.15347
http://www.iea.org/t&c/
https://doi.org/10.1038/s41598-023-41524-4
https://doi.org/10.1038/s41598-023-41524-4
www.nature.com/reprints


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:14307  | https://doi.org/10.1038/s41598-023-41524-4

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Dependence on the socio-economic system impairs the sustainability of pasture-based animal agriculture
	Material and methods
	Study area and data collection. 
	Emergy framework. 
	Accounting for grazing resources from natural pastures in emergy accounting. 
	Emergy calculations. 
	System diagram and boundaries. 

	Results
	Emergy flows—What resources contribute. 
	Emergy indicators—sustainability performance. 

	Discussion
	Limitations
	Conclusion
	References


