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Abstract

In a context of climate change, the study of sustainability based on integrated approach-
es, such as the WEF Nexus (water-energy-food), has become important in assessing the
efficiency of production systems. This article evaluates the sustainability of family live-

% Editor stock systems in Brazil's Pampa biome from the perspective of the WEF Nexus. The re-
Miguel Sierra search was based on primary data collected through interviews with 83 family livestock
Instituto Nacional de  farmers located in the Ibirapuitd River basin. The MESMIS methodology was used to
l(%%'g,\jgft'; ";I\gg c;pecuarla construct 37 indicators, which were measured and compared between and within the
Urugtfay ’ WEF Nexus dimensions using Analysis of Variance (ANOVA) and Tukey's test for multiple

comparisons. In an analysis between the dimensions, a significant difference was found
Received 2 Dec 2024 between the averages of the sustainability indicators in the basin systems (p<0.01). The
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Published 27 Nov 2025 water dimension showed the highest level of sustainability, classified as “ideal”. Within the

WEF Nexus, in the food dimension, a lower level of sustainability was found in the “mar-
keting and consumption” indicators (p<0.05), classified as alert. In the energy dimension,
the high level of sustainability in the use of mechanical energy in the systems stands out,

& Correspondence in contrast to the alert situation in the use of thermal energy (p<0.05). Finally, in the water
Jo3o GA Viana dimension, all the sustainability indicators are in an ideal situation. The study consolidated
jgaribaviana@gmail.com a methodology for assessing sustainability indicators based on the NEXUS approach, as

well as identifying the main action points for improving the systems.
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Evaluacion de la sostenibilidad de los sistemas de ganaderia familiar en el
bioma pampa de Brasil: Un enfoque Nexus

Resumen

En un contexto de cambio climatico, el estudio de la sostenibilidad basado en enfoques integrados, como el WEF
Nexus, ha cobrado importancia para evaluar la eficiencia de los sistemas de produccion. Este articulo evalua la sosteni-
bilidad de los sistemas ganaderos familiares en el bioma pampeano de Brasil desde la perspectiva del WEF Nexus. La
investigacion se basé en datos primarios recogidos mediante entrevistas con 83 ganaderos familiares ubicados en la
cuenca del rio Ibirapuita. Se utilizé la metodologia MESMIS para construir 37 indicadores, que fueron medidos y compa-
rados entre y dentro de las dimensiones del WEF Nexus utilizando el Analisis de Varianza (ANOVA) y la prueba de
Tukey para comparaciones mdltiples. En un analisis entre las dimensiones, se encontré una diferencia significativa entre
los promedios de los indicadores de sostenibilidad en los sistemas de cuenca (p<0,01). La dimension del agua mostré el
nivel mas alto de sostenibilidad, clasificado como «ideal». Dentro del WEF Nexus, en la dimension alimentaria, se en-
contré un menor nivel de sostenibilidad en los indicadores de «comercializacion y consumo» (p<0,05), clasificados co-
mo alerta. En la dimension energia, destaca el alto nivel de sostenibilidad en el uso de energia mecénica en los siste-
mas, frente a la situacién de alerta en el uso de energia térmica (p<0,05). Por ultimo, en la dimensidn agua, todos los
indicadores de sostenibilidad se encuentran en situacion ideal. El estudio consolidé una metodologia de evaluacién de
los indicadores de sostenibilidad, ademas de identificar los principales puntos de accion para la mejora de los sistemas.

Palabras clave: cambio climatico, ganaderia, economia rural, sustentabilidad

Avaliacao da sustentabilidade de sistemas pecuarios familiares no bioma
Pampa do Brasil: Uma abordagem Nexus

Resumo

Num contexto de alteragdes climaticas, o estudo da sustentabilidade a partir de abordagens integradas, como o WEF
Nexus (&gua-energia-alimentos), tornaram-se importantes na avaliagdo da eficiéncia dos sistemas produtivos. Esse
artigo avalia a sustentabilidade de sistemas de pecuéria familiar no bioma Pampa do Brasil, sob a perspectiva do WEF
Nexus. A pesquisa baseou-se em dados primarios, coletados mediante entrevistas realizadas com 83 pecuaristas fami-
liares, situados na bacia do Rio Ibirapuitd. A metodologia MESMIS foi usada para construir 37 indicadores, que foram
mensurados e comparados entre e dentro das dimensdes do Nexo WEF, por meio de Analise de Variancia (ANOVA) e
teste de Tukey para comparagdes multiplas. Em uma analise entre as dimensdes, foi encontrada diferenca significativa
entre as médias dos indicadores de sustentabilidade nos sistemas da bacia (p<0,01). A dimens&o agua apresentou o
maior nivel de sustentabilidade, classificado como “ideal”. Dentro do Nexo WEF, na dimenséo alimentagao, foi encon-
trado um menor nivel de sustentabilidade nos indicadores de “comercializagdo e consumo” (p<0,05), classificado como
alerta. Na dimensao energia, destaca-se o elevado nivel de sustentabilidade na utilizagdo de energia mecanica nos
sistemas, em contraste com a situacédo de alerta na utilizacdo de energia térmica (p<0,05). Por fim, na dimensao agua,
todos os indicadores de sustentabilidade estdo em situagéo ideal. O estudo consolidou uma metodologia de avaliagéo
de indicadores de sustentabilidade baseada na abordagem NEXUS, bem como identificou os principais pontos de agéo
para a melhoria dos sistemas.

Palavras-chave: mudancgas climaticas, pecudria, economia rural, sustentabilidade
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1. Introduction

The Pampa biome, in the southern part of the state of Rio Grande do Sul, Brazil, has beef cattle farming as an
activity that has contributed to the region's economic, cultural and social formation. How the land was occu-
pied, based on large estates, the pastoral environment conducive to cattle breeding and the previous exist-
ence of cattle (introduced by the Jesuits in the 17t century) have meant that the region has historically been
economically based on this activity.

The grassland landscape of the Pampa biome(" led to the development of livestock farming. According to
Reverbel(, a few regions in Brazil were “more suitable for raising cattle on a large scale.” In other words, the
environment was highly favourable to cattle raising. With this trajectory, the biome has always been seen as
the region of large estates, where the “estancieiros” and the “latifundio” were established, with no importance
or significance given to small property exploitation or family farming. More recently, in the early 2000s, some
studies (initially carried out by EMATER/RS technicians) began to identify in Rio Grande do Sul (and signifi-
cantly in the Pampa) a large group of producers with small areas who are family farmers and whose main ac-
tivity is beef cattle farming ().

According to Waquil and others(®), there were around 60,000 family livestock farmers in Rio Grande do Sul,
representing 70% of all rural enterprises dedicated to beef cattle farming. Data from Brazil's latest Agricultural
Census™ allow us to update our perspective on the representativeness and importance of family livestock
farming. Rio Grande do Sul has 365,094 agricultural establishments, of which 80.5% (293,892) are family
farms and 19.5% (71,202) are non-family farms. Of these agricultural establishments, approximately one third
(130,391) carry out livestock and other animal husbandry activities, of which 76.6% (99,846) are family farms
and 23.4% (30,545) are non-family farms.

These family farmers, who raise cattle, have come to be identified as family ranchers. The characteristics of
family farmers in the Pampa biome are beef cattle farming as their primary activity, with or without sheep
and/or goat farming and small crops, and family labour (with the possibility of hiring occasional labour) in areas
of up to 300 hectares. In addition to these characteristics, family farmers have a way of life that defines pro-
duction systems that maintain a co-production relationship with nature and self-management based on their
own resources().

In the same research(®), some differences between family livestock farmers and family farming are reinforced,
such as using natural pastures, using low external inputs, and having cattle as a reserve commaodity. This be-
haviour means that marketing strategies are based on the family's needs and not on the search for better pric-
es. The cattle are managed with high stocking rates, causing low animal productivity.

Other authors(® state that family livestock farmers, through their way of life, guarantee a continuous flow of
goods, matter and energy, appropriating nature in an affable and contemplative way and conserving land-
scapes and natural resources. They also state® that this is a low-impact environmental production, generating
ecosystem services that are important enough for “family livestock farming to be considered a strategic activi-
ty, in the sense of preserving a culture and, above all, a unique ecosystem”. The ways of life and identities of
cattle ranchers in Rio Grande do Sul are linked to nature and the landscape.

Family livestock farming has been studied and highlighted as a category of environmental, cultural and eco-
nomic importance(®)®), Other research results('% have indicated that family livestock farmers are an essential
social actor in the conservation and sustainable use of Rio Grande do Sul's grasslands, capable of giving the
development process in communities and regions a better balance between the environmental, social and
economic dimensions. Therefore, it is extremely important to identify and deepen knowledge about the sus-

Agrociencia Uruguay 2025;29(NE4):e1621 3



©
'R Viana JGA, Ribeiro CM, Barros C, Minella J, Silva FN, Valle C, Ribeiro CG, Santos C, Silveira V

tainability of this way of life and its production systems. This requires the existence and generation of indica-
tors that reflect this social category and the possibilities for sustainability in the future. The recent effects of
climate change require a rethink of assessing production systems' sustainability. This new approach directly
involves assessing the elements that sustain human and animal life: the water, energy and food nexus (WEF
Nexus)("). The Nexus approach arises from the concern of proposing articulated actions for these ele-
ments('2), Although some actions and policies value the interrelationships between the WEF Nexus, there are
still difficulties in measuring indicators to assess these complex relationships(13),

The aim of the study was to assess the sustainability of family livestock systems in the Pampa biome of Brazil
by measuring indicators of the water, energy and food nexus (WEF Nexus). The hypothesis is that family live-
stock systems perform better in terms of water and energy sustainability than in terms of food sustainability.
This is due to certain characteristics of family livestock production, such as the preservation of the structural
conditions of soils and grasslands, low demand for mechanization and low diversification of production for self-
consumption.

Furthermore, the proposed study brings contributions to the field of knowledge, both by providing input for the
discussion on sustainable management in similar systems and ecosystems, and by providing methodological
input with indicators that allow the WEF Nexus to be evaluated in other realities. These contributions are in line
with the demand to promote strategies and methodologies for evaluating the WEF Nexus, announced by the
FAQ(4),

2. Materials and Methods
2.1 The Study Area and Methodological Approach

The Pampa biome is characterized by grassland vegetation, also known as southern grasslands. Its pastoral
regions extend over part of Argentina (the provinces of Buenos Aires, La Pampa, Santa Fe, Entre Rios and
Corrientes), all of Uruguay, and part (63%) of Rio Grande do Sul, Brazil(5). In Brazil, the Pampa biome repre-
sents 2.3% of the national territory and covers an area of approximately 19 million hectares(6). In order to
assess the sustainability of family livestock systems in Brazil's Pampa biome, we chose the Ibirapuitd River
basin as our study area (Figure 1). The choice of this basin is justified because it contains a diversity of live-
stock farms that are similar to the realities of other parts of the biome.

The construction of sustainability indicators for family livestock farming was based on the MESMIS methodol-
ogy). This method indicates that sustainability should be measured from each socio-environmental and tem-
poral context based on a systemic, participatory and interdisciplinary approach. To this end, adaptations were
made to the MESMIS methodology, transforming the tripod of sustainability (social, economic and environ-
mental) into the fundamentals of the Nexus approach (water, energy and food). The interdisciplinary and par-
ticipatory approach was guaranteed by a group of 70 extension workers and researchers from different areas
of knowledge, including professionals in higher education in agriculture, scientists from research institutions
and professors from Brazilian public universities.

The construction of the indicators went through the six stages of the evaluation cycle proposed by MESMIS,
namely: i) determining the object of evaluation; ii) determining the critical points; iii) selecting the indicators;
iv) measuring and monitoring the indicators; v) integrating the results, and vi) conclusions and recommenda-
tions('8). In the first stage, the type of production system to be studied was defined. In the second stage, a
SWOT (strengths, weaknesses, opportunities and threats) matrix was drawn up for family livestock systems in
Pampa. In the third stage, each dimension of the Nexus (water, energy and food) was discussed in working

4 Agrociencia Uruguay 2025;29(NE4):e1621
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groups. In the end, each group collectively presented proposals for developing indicators within the WEF Nex-
us. The interdisciplinary approach was guaranteed through of participation group of extensionists and re-
searchers from different areas of knowledge, totaling 70 members. The interdisciplinary approach enriched the
process, especially when assigning indicator weights, avoiding overlapping interests in disciplinary processes.
Thus, the scopes and indicators for the three dimensions were defined, totalling 37 sustainability indicators for
family livestock farming.
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Figure 1. Delimitation of the study area in the Pampa biome of Brazil: the Ibirapuita River basin

Table 1 shows each Nexus dimension, its scope and indicators. The experts in the working groups assigned
different weights to the indicators for the water, energy and food dimensions. The assignment followed the
criterion of the relative importance of each indicator in the sustainability of each dimension. These weights
were then put to a group of livestock farmers to assess their empirical relevance. A detailed overview of the
description, composition, and questionnaire questions that resulted in the measurement of each indicator can
be found in the Table S1 (Supplementary material)(19),

The indicators were constructed by experts and measured based on the perceptions of family livestock farm-
ers about each variable in the survey. In the end, the composition of the variables and their respective weights
in each indicator resulted in an assessment of the sustainability of family livestock systems in the Brazilian
Pampa.
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Table 1. Sustainability indicators for the water-energy-food nexus of family livestock farming in the Pampa

DIMENSION SCOPES WEIGHT INDICATORS WEIGHT
. Water quantity 10
H { 2
uman consumption 0 Water quality 10
Water for production 10
Water Production 40 Water use efficiency 20
Drought susceptibility 10
Exi f ioni i
Degradation 40 X|stence.o conservathnlst practices 30
Perception of the erosive process 10
Generation 20
Electric 60 Consumption 20
Grid 20
Energy Thermal 20 Thermal energy use
Thermal energy source
Mechanical 20 Pumping
Fossil fuel

Tradition and culture
Supporting organizations

Public policies
Organizational and institutional 20 Social and associative participation
environment Cooperation in the markets
Logistic and energy infrastructure
Quality of life

Succession/transmissibility

Genetics of animal production
Grassland management
Crop management
Food Feed management
Productive gnd technological 50 Dependence on external inputs
environment Production diversification
Economic management
Dependence on the flow of capital
Availability of labour force
Cattle raiding

Market structure and prices
Commercialization chains
30 Value addition
Secondary products
Self-consumption and direct sale

Commercialization and
consumption

B O OO REDRE RO REBRNNMNONNDDNNG OIS S

2.2 Livestock Family Systems Sampling and Data Analysis

The fourth stage of the methodology involved drawing up a questionnaire to measure all the indicators. Since
the study area needed data on sustainability, a pilot study was conducted with 45 previously sampled produc-
tion units. After the pilot study, the survey's sampling plan was defined according to the sampling method for a
finite population (Equation 1).

o2-72.N .
" £2-(N-1)+02-22 (Equatlon 1)

where: n = sample size; o = standard deviation; Z = confidence level; N = population size; € = margin of error
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All the agricultural systems in the Ibirapuitd River basin (N=2,685) come from data from the Agricultural Cen-
sus of the Brazilian Institute of Geography and Statistics). A 95% confidence level was used (Z=1.96). With
the data from the pilot study, it was possible to measure the sustainability indices' standard deviation and mar-
gin of error. The energy indices showed the greatest variability, so we used these indices to calculate the
sample size (0=7.94;¢ = 1.5).

Primary data was collected through interviews. Livestock farmers were selected at random by visiting them on
rural roads. Due to the long distances, it was possible to reach a maximum of two family farmers per day. Also,
due to the limitations of COVID-19, the total data collection period was 15 months. Initially, the research ob-
tained a sample of 121 agricultural systems, divided into extensive livestock systems integrated with agricul-
ture and family livestock systems. For this investigation, only the group of family livestock farmers was consid-
ered, totalling 83 sampling units. Family livestock farmers were considered to be those systems with up to 300
hectares, which produce livestock on natural pasture, with a predominantly family workforce. All the production
systems sampled were geo-referenced. Figure 2 shows a spatial view of the stratification of the sample in
terms of family livestock farmers in the Ibirapuita River basin. The interviews took place between October 2020
and December 2021.
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Figure 2. Spatial location of the farming systems sampled in each sub-basin of the Ibirapuité River in the Brazilian Pampas

The fifth stage was integrating and analyzing the results. The sustainability indices range from 0 to 100. In a
specific analysis of sustainability within the dimensions (water, energy, and food), the indices were measured
from the weighted composition of each indicator. Ultimately, the closer the value is to 100, the greater the sus-
tainability attributed to the indicator within the family system. In this way, it was possible to create a scale of
sustainability levels for the WEF Nexus, as shown in Figure 3.
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Figure 3. Levels of sustainability for the water, energy, and food nexus of family livestock farming

Perfectly
Sustainable

In all scientific disciplines, there is growing recognition of the need for more statistically robust approaches to
data visualization. Plotting tools are sought that accurately and transparently convey the main aspects of sta-
tistical effects2). From this perspective, the raincloud diagram emerges. According to authors(29), the raincloud
diagram can visualize raw data, probability density, and key summary statistics such as median, mean, and
relevant confidence intervals in an appealing and flexible format with minimal redundancy, offering “inference
at a glance”. Thus, the WEF Nexus sustainability indicators were presented using raincloud diagrams. For an
inferential analysis, the indicators between and within each dimension (water, energy, and food) were ana-
lyzed and compared using Analysis of Variance (ANOVA) and Tukey's test for multiple group comparisons.
The maximum significance level adopted was 5%. The software used for the statistical analysis was JASP
0.18.3. Finally, the sixth stage discussed the sustainability indicators of family livestock systems with recent
findings from international literature.

3. Results

The results are presented to compare the levels of sustainability between and within the water, energy, and
food nexus (WEF Nexus) in family livestock systems located in the Brazilian Pampa. Figure 4 shows the dis-
persion, descriptive measures, and distribution of the WEF Nexus sustainability indicators using the raincloud
diagram.

B ‘2
70 — o8 e
® )
_§ 60 —
S 50-
2 40
£ 40 - . e .
30 -
20 —
10 —
0 -
[ T |
Food Energy Water

Figure 4. Raincloud diagram of the WEF Nexus sustainability indicators for family livestock systems in the Pampa of
Brazil
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The WEF Nexus sustainability indices of the systems sampled show a distribution close to normal, favouring
an inferential perspective of the results. Descriptively, we can see that family livestock systems have a higher
level of sustainability in the indicators relating to the water nexus. In a lower position, the sustainability indices
for the energy and food nexuses showed similar behaviour, with greater dispersion for the energy indices.
Table 2 shows the results of the Analysis of Variance (ANOVA) and the multiple comparison test (Tukey's test)
for the WEF Nexus sustainability index of the family livestock farmers sampled.

Table 2. Analysis of variance (ANOVA) and multiple comparisons test for sustainability index for the water, energy, and
food nexus (WEF) of the family livestock systems sampled in the Pampa of Brazil

DIMENSION SUSTAINABILITY INDEX ['] STANDARD ERROR (SE) COEFFICIENT OF VARIATION (o/o)
Water 87.302 0.67 7.0
Energy 51.77° 0.99 17.4
Food 1952 077 141
F n? p-value
ANOVA 669.38 0.845 <0.001

[Different letters indicate a significant difference between means by Tukey's Test (p<0.01).

According to the ANOVA, there was a significant difference in the sustainability indices between water, energy
and food (p<0.01), with a high effect size (n2)@1. The water dimension showed the highest level of sustainabil-
ity for family livestock systems (p<0.01), classified as “optimal”. On the other hand, the sustainability levels of
the energy and food dimensions showed no difference between them, and were classified as “alert”.

Figure 5 shows the raincloud diagram disaggregating the sustainability indicators within each Nexus (water,
energy, and food). In this way, it is possible to visualize the composition of each dimension and the dispersion,
descriptive measures, and distribution of the scopes that make up each WEF Nexus. Regarding water in fami-
ly livestock systems in Pampa, the high sustainability of the water for consumption indicator (CS) and the high
dispersion of the Degradation indicator (DG) are noteworthy. In energy, we highlight the high dispersion of
family livestock farmers in the three indicators and a less sustainable average value for using thermal energy
(TM). For the food dimension, we identified greater homogeneity in the values of the Productive and Techno-
logical Environment (PTE) indicators and a lower average value for the Commercialization and Consumption
(CC) indicators of the family livestock systems sampled.

Agrociencia Uruguay 2025;29(NE4):e1621 9
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Figure 5. Raincloud diagram of the sustainability index of the WEF Nexus scopes* in family livestock systems in the

Pampa of Brazil

*Legend of the scopes - Water indicators: Water for consumption (CS), Degradation (DG) and Water for production (PD); Energy
indicators: Electrical (ET), Mechanical (MC) and Thermal (TM); Food indicators: Organizational and institutional environment (OIE),
Productive and technological environment (PTE) and Commercialization and Consumption (CC).
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Table 3 shows the results of the Analysis of Variance (ANOVA) for comparing the sustainability scopes within
each WEF Nexus of family livestock systems. We found that there is a difference in the sustainability levels of
the scopes within the three dimensions of the WEF Nexus (p<0.01), with a moderate effect size (n2) for water
and energy, and low for food("),

Table 3. Analysis of variance (ANOVA) of the sustainability index of the WEF Nexus scopes for the family livestock sys-
tems sampled in the Pampa of Brazil

ANOVA F n? p-value
Water scopes 60.01 0.328 <0.001
Energy scopes 56.60 0.315 <0.001
Food scopes 8.56 0.065 <0.001

Table 4 shows the sustainability indices for each scope, which comprise the water, energy, and food dimen-
sions of the family livestock farms sampled in the Brazilian Pampa. There was a significant difference between
the averages of the indicators for the water scope in family livestock farming (p<0.05). We highlight the highest
level of sustainability for the “water for consumption” scope. However, all the indicators in the water dimension
were classified as “excellent”. The energy nexus also showed a significant difference between the indicators of
its scope (p<0.05), emphasizing greater sustainability in using mechanical energy. In turn, the use of thermal
energy in family livestock systems is a problem, with the indicator classified at the lower end of the “alert” level.

Table 4. Multiple comparisons test for sustainability index of the WEF Nexus scopes for the family livestock systems
sampled in the Pampa of Brazil

SUSTAINABILITY STANDARD ERROR COEFFICIENT OF VARIATION

NEXus SCOPES INDEX ['] (SE) (%)
Water for consumption 97.89a 0.67 6.20

Water ~ Water for production 86.59° 0.86 9.00
Degradation 83.26¢ 1.32 14.50
Mechanical 67.342 1.70 16.44
Energy Electrical 49 47> 1.43 24.48
Thermal 42.53¢ 1.94 42.59
Product. & techn. environment 52.122 1.00 17.50
Food  Organ. & institut. environment 50.61a 1.43 25.70
Commercial. & consumption 44 41> 1.69 34.70

[Different letters indicate a significant difference between means by Tukey's Test (p<0.05).

In the food nexus, the sustainability indices of the three indicators are in a “warning” situation. This result is
particularly noteworthy because family livestock systems in the Ibirapuité River basin in the Pampa mainly aim
to produce food for local markets and self-consumption. Among the indicators, there was no significant differ-
ence between the Productive and Technological Environment and the Organizational and Institutional Envi-
ronment. However, the Commercialization and Consumption indicator showed the lowest sustainability index
(p<0.05), determining the limited capacity of family livestock farming to relate to markets and to develop fairer,
higher-value commercialization strategies.
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Ultimately, the results show an imbalance in the sustainability of the WEF Nexus of family livestock farming in
the Ibirapuita River basin of the Brazilian Pampa. The use of electrical and thermal energy, how food is pro-
duced, how support organizations are linked, and how products are marketed are central elements for exten-
sion and rural development policies in the region. Progress on these WEF Nexus issues is fundamental for
greater sustainability and equity in family livestock farming in southern Brazil.

4. Discussion

How livestock production is exploited determines the sustainability of the food system. Livestock systems
compete for scarce resources, such as land and water, and rival each other regarding meat production for the
market and self-consumption. Added to this is the imperative to operate within a carbon-constrained economy.
The scarcity of water resources has been a fundamental issue for a long time, and agriculture is one of the
most significant uses of this resource. Therefore, highlighting why this is not a problem in the context studied
allows us to reflect on possibilities, strategies, and actions in other contexts. The results show that the water
dimension is highly sustainable in the family livestock systems sampled, meeting the livestock farmers' produc-
tion and human consumption needs.

Water availability in agricultural systems influences production efficiency by determining the allocation of land
patterns and the scale of livestock production(?2(23), Therefore, family livestock farming can be considered
beneficial for water management in the biome. In addition, other authors(24(25) point out that introducing graz-
ing in cropping systems can reduce runoff and water yield in future climate scenarios and mitigate hydrological
alteration due to climate change.

Taguta and others(26), from the perspective of the WEF nexus, used sustainability polygons to visualize the
interactions between water use efficiency, productivity, and energy consumption, pointing out that the modern-
ization of irrigation systems presents the best performance for promoting sustainability in agriculture in differ-
ent climate zones.

The research carried out by Wu and others(?’) evaluated six agricultural adaptation strategies in response to
climate change in the Saskatchewan region, Canada, using a Nexus model. The results showed that while
some adaptations compensated for yield losses caused by climate change, they also resulted in varying im-
pacts on water use and energy consumption. In this context, according to the authors, the WEF Nexus ap-
proach allowed for a comprehensive assessment of trade-offs between sectors, providing valuable insights for
the formulation of sustainable agricultural adaptation policies.

Feng and others(2®) used a linear optimization model based on the WEF Nexus to allocate water resources and
agricultural land in China, aiming to maximize local production and minimize CO, emissions. The findings
highlight the integration of environmental and social factors in agricultural management, suggesting that the
WEF Nexus approach can guide policy decisions to balance economic and environmental development.

Regarding the energy dimension, the mechanical energy scope has the greatest sustainability due to the low
intensity of land use in family livestock farming. Low mechanization and natural field management reduce the
use of fossil fuels, increasing sustainability in this area Figure 5. Family livestock farmers have little capital for
improvements, machinery, and equipment (only 19% of total capital). This is because family production sys-
tems are based on pastoralism. Furthermore, in the case of family livestock farmers, most of the capital is
represented by livestock (81% of capital).

12 Agrociencia Uruguay 2025;29(NE4):e1621



Viana JGA, Ribeiro CM, Barros C, Minella J, Silva FN, Valle C, Ribeiro CG, Santos C, Silveira V N

It is also relevant to consider that agriculture is not only an energy producer but also a consumer, and the effi-
cient use of energy contributes to increased productivity and the profitability and competitiveness of sustaina-
ble agriculture(?), The sustainability of the electricity scope of family farmers is reduced by the poor conditions
of energy distribution in rural areas, especially due to network problems and assistance from the utility compa-
ny. In this sense, it is essential for the public sector to renegotiate energy concession and transmission con-
tracts to guarantee the quality, power, and reach of the electricity grids, especially in the face of the damage
caused by climatic events (storms, flooding, etc.) that have successively impacted the region.

Also noteworthy is the low level of adherence by livestock farmers to generating their own energy, and the
presence of photovoltaic systems is still a far cry from this social category. Here, two fronts of action based on
the creation of policies that combine credit and extension services are promising. The first is to encourage the
sustainable management of existing forest areas and the planting of new forest specimens in order to meet the
families' energy demands. The second is to develop effective proposals to encourage the installation of alter-
native energy systems that are compatible with the reality of cattle farmers. According to Silva and others(®),
photovoltaic energy systems installed —overhead or on the ground, with the farmer's own resources or with
financing via PRONAF (National Program for Strengthening Family Farming)— have shown promise in family
production units.

According to the findings®!), energy input depends heavily on the cultivation practices adopted, the distance
from the production field, the storage infrastructure, and processing facilities and the technology in place.
Based on this logic, thermal energy stands out for its lower level of sustainability in the dimension. This is due
to the intensive use of firewood for heating and cooking within family livestock systems, which lack many alter-
native sources. In addition, the origin of this firewood is partly from the region's native forests, hindering the
sustainable exploitation of this wood.

Furthermore, it is important to consider the great potential of family livestock farming for generating agro-
energy through biogas(2), which could help meet the demand for thermal energy on farms. Using agricultural
bioenergy helps achieve energy security without causing environmental damage®3). However, despite the
initiatives' success, they are still few and isolated and do not have equivalent economic and regulatory support
that could act as a driver for actions of this nature. Effective promotion and technical support actions by public
and private institutions can stimulate important progress in this regard.

The most limiting issue in the food dimension is marketing and consumption. Family farmers still produce little
for their own consumption and are largely involved in global, commoditized production chains. There is a lack
of incentive for them to work in shorter or higher value-added chains. Few initiatives exist for cooperation and
joint marketing. This is a key issue for extension and rural development policies.

Regarding the consumption of family cattle farmers, one must consider “their historical and cultural peculiari-
ties"®), which suggest that their diet is predominantly based on meat and with almost no planting or consump-
tion of vegetables and fruit. This differentiates the family cattle rancher from the family farming traditionally
described. Thus, this scope showed low sustainability because there is practically a dependence on a single
form of consumption: sheep or beef.

In this respect, our results show that family farms do not produce food for consumption. To complement this
statement, the study conducted by Maas and others®4 investigated the prevalence of food insecurity in rural
households in the municipality of Rio Grande - RS. The findings showed that 26% of households faced food
insecurity, which was more prevalent in families with lower levels of schooling, a greater number of residents,
no animal husbandry, and who received government assistance (Bolsa Familia).
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The research by Silva®® analyzed the impact of the expansion of soybean plantations on food sovereignty in
30 municipalities in the Pampa biome. The results show that, between 2010 and 2020, there was an increase
of 352.31% in the area planted with soy in the municipalities analyzed, this growth significantly reduced the
areas destined for family farming, agroecology, and territories of traditional communities, compromising local
food diversity and food sovereignty.

From the perspective of food insecurity in the region studied, Dickel and others(®) point out that the situation of
food insecurity in the Pampa biome is related to the changes that have taken place in agriculture over the last
40 years, such as the modernization of agriculture and changes in land use parameters. The authors suggest
public policies to stimulate the production of diversified foods by family farming and to monitor the condition of
food and nutritional sovereignty and security.

The marketing indicators showed the lowest sustainability for family livestock systems. We have listed some of
the characteristics that aggravate this:

i) Cattle as a reserve commodity: Producers keep their cattle in the field as a strategy to maintain their market
autonomy, regulating sales according to their family's needs, and not in search of better prices.

i) Low scale of production: Because they have smaller areas, family farmers have fewer animals to sell and,
therefore, have to sell to larger neighbours or buyers who impose prices and deadlines on their products.

iii) Distance from markets: Family farmers are dispersed and located in regions far from cities and main roads.
Together with the low scale of production, this distance results in a high transaction cost, keeping these family
farmers away from better market conditions.

iv) Lack of institutional organization: Limited initiatives by groups or associations of family livestock farmers.
These organizations could coordinate marketing and learning spaces, strengthening livestock farmers' access
to higher-value markets.

The last few decades have accelerated transformations in the livestock market, mainly due to significant mer-
gers between meatpacking companies and increased contractual relationships. This scenario has led to a
duality: on the one hand, opportunities for producers with a larger scale and greater technological input; on the
other hand, the exclusion of farmers who do not meet these conditions, especially family farmers (7).

Sustainability in family livestock systems is directly related to the ability to balance the water, energy, and food
nexus. In many livestock systems, sustainability is not just a technical concept, but a practice that involves
adapting to the specific challenges of limited resources, technical knowledge, and unequal access to markets.
In this perspective, the results point to complex challenges such as energy performance and food security, a
common characteristic of family livestock systems being their low efficiency in energy use with the use of tradi-
tional technologies. On the other hand, these systems are potentially effective in guaranteeing food security for
the regions. Despite their low energy efficiency, this is because production is generally geared towards local
consumption, with a diversity of agricultural practices that favor self-consumption.

The systemic bias within family livestock systems is related to their ability to evolve, i.e. dependence on tradi-
tional practices can be seen as a strength, but also as a weakness, which is visible in Nexus foods. The lack of
access to markets or differentiated prices for the products sold makes it difficult for families to improve their
living conditions.

Livestock systems do not respond in the same way to the WEF Nexus challenges. Some use organic waste to
generate biogas (energy), which in turn feeds irrigation systems (water) and sustains forage production (food).

14 Agrociencia Uruguay 2025;29(NE4):e1621



Viana JGA, Ribeiro CM, Barros C, Minella J, Silva FN, Valle C, Ribeiro CG, Santos C, Silveira V N

Others have more diversified production, raising animals, growing food, and making use of agricultural by-
products, which are more resilient and efficient.

This study expands the dialogue on sustainability in livestock systems by providing insights into the emer-
gence of possible integrative solutions to these challenges. One of the aspects we point out is adopting inte-
grated approaches that consider not only economic and food needs, but also environmental and social condi-
tions.

Despite these market limitations, family livestock farming in the Brazilian Pampas is crucial in preserving the
biome's biodiversity. As highlighted in the literature(8), livestock production on natural pastures, under appro-
priate management conditions, achieves a positive CO2 absorption balance, acting as a sink for greenhouse
gases and contributing to environmental sustainability and conservation. Therefore, public rural extension poli-
cies must address the limitations in the use of thermal energy and the challenges of market access faced by
family livestock farmers, aiming to strengthen the sustainability of these systems. This, in turn, supports the
primary objectives of family livestock farming in the Pampas: maintaining capital, ensuring income, and pre-
serving a rural lifestyle in synergy with the biome(®9).

5. Conclusions

The research evaluated the sustainability of family livestock systems in the Brazilian Pampas using water,
energy, and food nexus indicators. Among the sampled systems, the water nexus demonstrated the highest
level of sustainability. Water for consumption and production meets the needs of family livestock farmers with-
out negatively impacting the biome. It is important to note that this result reflects the conditions of the studied
watershed and does not necessarily represent the reality of the entire Brazilian Pampas biome. Other regions
of the biome face challenge in storing and supplying water for human and animal needs and deserve attention
from public initiatives on this issue.

The energy nexus showed an acceptable level of sustainability in the use of mechanical energy due to the low
intensity of land use. Pastoral activities reflect a low consumption of fossil fuels. However, thermal energy
demonstrated the lowest sustainability level within this dimension, primarily due to the exclusive reliance on
firewood for cooking and thermal comfort during winter months. In this regard, it is essential to implement pro-
posals for planting and rational management, in line with the reality of family livestock farming and the Pampa
biome. Other potential alternative is to increase the diversity of energy sources, exploring photovoltaic and
biogas technologies.

In the food nexus, all indicators are of concern, particularly regarding family livestock farmers' commercializa-
tion and consumption patterns. The main products for self-consumption are sheep or cattle meat, with no pro-
duction of other types of food. This highlights the need to diversify food sources within these systems. Regard-
ing commercialization, there are significant challenges in accessing more profitable markets due to low pro-
duction scale, market individualism, and the distance from major consumer centres. These issues are crucial
considerations for rural extension policies in the state of Rio Grande do Sul, Brazil.

Our study contributes by offering an integrated WEF Nexus methodology to the contemporary challenges of
sustainability and climate emergencies. From this perspective, family livestock systems are based on practices
of rational use of natural resources, low carbon emissions, preservation of local biodiversity, and traditional
knowledge adapted to the ecological conditions of each territory. Above all, they comply with the Sustainable
Development Goals (SDGs), such as being a source of income and rural employment (SDG 1), the production
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of food of animal origin, favoring local and national food security and sovereignty (SDG 2), the adoption of
more sustainable and circular practices (SDG 12), and livestock systems with a smaller carbon footprint, im-
plementing climate-adaptive strategies such as the management of native grasslands (SDG 13).

This makes family livestock farming strategic for the territorialized implementation of the 2030 Agenda, to-
wards inclusive and sustainable systems. In terms of climate resilience, our study infers that family livestock
farming can possess fundamental characteristics to face extreme climate variations. In other words, family
livestock farming therefore faces the challenge of reconfiguring food systems to provide inclusive, healthy,
sustainable, and equitable diets to feed future generations.

Based on the results of this study, future research could include conducting comprehensive case studies in
various regional contexts to examine, for example, climate resilience and energy performance, ecosystem
services, and biodiversity conservation generated by family livestock farming. On methodological issues, ex-
panding the applicability of the sustainability indicators of the WEF Nexus approach to other agricultural con-
texts and dynamic assessments over time. Therefore, this research reveals the need for future studies that
point to integrated and territorial solutions, and recognize the complex web of interactions between natural
resources and the livelihoods of family farmers.

In addition to evaluating the systems' sustainability, the research contributes a proposed framework for analyz-
ing the WEF Nexus that can be replicated in other rural contexts, particularly in family livestock systems in the
Pampas regions of Uruguay and Argentina. This approach would enable comparisons of sustainability and the
challenges faced by family livestock systems across this extensive territory, identifying both commonalities and
unique characteristics.
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Table S1. Composition of sustainability indicators from the NEXUS-MESMIS approach

DIMENSION SCOPE INDICATOR WEIGHT VARIABLE WEIGHT MEASUREMENT
0 Not important
0.5 Not very important
Tradition and culture 2 Importance of culture and tradition in the farm 1 Not important
1.5 Important
2 Very important
0 Never
T . 0.5 Rarely
Supporting organizations 2 Degrge O.f arelationship with supporting 1 Occasionally
organizations
1.5 Frequently
2 Always
0 Doesn't know
0.5 Knows, but does not have access
Public policies 2 Knowledge and access to public policies 1 Knows, but chooses not to access
1.5 Accesses one policy
2 Accesses two policies
Organizational and institutional 0 Very low
Food .
environment . - L - 05 Low
Social and associative 9 Degree of participation in producer associations, 1 Medium
participation unions, and the local community .
1.5 High
2 Very high
0 No
Cooperation in the markets 2 Existence of collaborative commercialization 1 Yes, occasionally
1.5 Yes, regularly
2 Always
0 Very bad
- " - 05 Bad
Logistic and energy Conditions of the energy and logistics
. 2 . - 1 Regular
infrastructure infrastructure for the development of farm activities 15 Good
2 Very good
0 Very bad
Quality of life 4 Conditions that provide structural quality of life 1 Bad
2 Regular
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DIMENSION ScopPE INDICATOR WEIGHT VARIABLE WEIGHT MEASUREMENT
3 Good
4 Very good
0 No successor, age > 60
1 No successor, age < 60

Existence without predisposition / with an
area <300 ha

N

Existence and predisposition of successors to Existence without predisposition / with an

Successionftransmissibilty 4 continue operating the farm area > 300 ha

Existence with predisposition / with an
area <300 ha

Existence with predisposition / with area
over 300 ha

No breed definition

Genetics of animal production 4 Beef cattle breeds raised on the farm Intermediate breed pattern

Defined breed pattern

>10cm

Relationship between load and load capacity of the 5 Between 5 and 10 om

rassland
g <5cm

w |o|majw|la|do] &~

More than 90% cover-grassland without
invasives

Coverage between 70 and 90%-
grassland without invasives

N
w

Grassland management 6 Coverage between 70 and 90%-
grassland with up to 10% invasives

N

Forages, invasive plants, and land cover Coverage between 50 and 70%-

zrr\(\)/?rl;ﬁtrlx:natnd technological 1.5 grassland with up to 20% invasives
1 Coverage less than 50%-grassland with
up to 20% invasives
0 Coverage less than 50%, with invasives
and exposed soil
Consolidated (>10 years)
Agriculture incorporation time 1.5 Between 5 and 10 years
Recent (< 5 years)
>50% with crops
Crop management 6 1 40%-50% with crops
. : 1.5 30%-40% with crops
Percentage of agriculture in the system 20%-30% with crops
2.5 10%-20% with crops
3 Less 10% with crops

Agrociencia Uruguay 2025;29(NE4):e1621 21




9 Viana JGA, Ribeiro CM, Barros C, Minella J, Silva FN, Valle C, Ribeiro CG, Santos C, Silveira V

DIMENSION

SCOoPE

INDICATOR

WEIGHT

VARIABLE

WEIGHT

MEASUREMENT

Feed management

Livestock feed management

Feedlot or more than 25%
supplementation or 30% cultivated
pasture

< 25% supplementation or more 15%-
30% cultivated pasture

< 15% cultivated pasture

Up to 20% of natural grassland improved

Exclusively natural grassland

Dependence on external inputs

Degree of dependence of the farm on external
inputs

Independent

Slightly dependent

Moderately dependent

Very dependent

Totally dependent

Impact of scarcity of inputs on production

Not affected

Slightly affected

Medium affected

Very affected

Unviable

Productive diversification

Number of productive activities

A single productive activity

Two, with a predominance of one

Two, with a balance in both

Three or more productive activities

Economic management

Use of economic management tools in the property

Does not use management tools

Yes, with control of income and
expenses

Yes, with cost analysis and planning

Dependence on the flow of
capital

Source of income

100% of the farm

90-100% of the farm

80-90% of the farm

70-80% of the farm

()]

60-70% of the farm

50-60% of the farm

< 50% of the farm

Availability of labour force

Level of labour availability

Very low

Low

Medium

High

Very high

Cattle raiding

Incidence of cattle raiding in the location of the

Al lw M| lolo|—a|a NN |w A A] N |olo|~N|o
o

None
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DIMENSION

SCOoPE

INDICATOR

WEIGHT

VARIABLE

WEIGHT

MEASUREMENT

farm

Low

Medium

High

Characterization of the number of buyers of the
main farming product

Single buyer

Low number of buyers

Medium number of buyers

High number of buyers

Very high number of buyers

2
1
0
0
1
2
3
; 4
Market structure and prices 8 0 No hegofiating power
1 Low negotiating power
Price negotiation power 2 Medium negotiating power
3 High negotiating power
4 | set the price of my product
4 Locally
Geographical scope of consumption of the main 3 Regionally
product of the farm 2 Nationally
1 Internationally
Commercialization chains 8 4 Level zero
Type of marketing channel for the main product of g ?ne :eve:
the farm WO eVelS
Commercialization and 1 Three levels
Consumption 0 Four levels
Comparative position of the main product value in 0 Lower value
) . 1 Equal value
relation to other regions .
" 3 Higher value
Value addition 6
. . o . . 0 Below market average
Comparative price position received by the main
) . . 1 Market average
product in relation to the region
3 Above market average
0 No other products
Secondary products 4 Additional number of products marketed 1 One product
2 Two products
4 Three or more products
0 No food
Amount of food that the family consumes from the (1)'5 EImI?” fpttt)]rhcfm zf food
Self-consumption and direct farm att ot the 1o
sale 4 1.5 Most food
2 Almost all food
Frequency of direct sales of products to the 0 Never
consumer 0.5 Rarely
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DIMENSION

SCOoPE

INDICATOR

WEIGHT

VARIABLE

WEIGHT

MEASUREMENT

1

Sometimes

1.5

Often

2

Always

Energy

Electric

Generation

20

Independent generation

20

Renewable

10

Non-renewable

o

None

Consumption

20

Continuous use

Efficient

Regular

Poorly efficient

Inefficient

High energy-consumption equipment

Yes

No

Demand

High > 800 kW

()]

Medium-High 401 < x < 800 kW

Medium-Low 201 < x <400 kW

()]

Low 101 <x <200 kW

Very low < 100 kW

Excess of reactants

Yes

No

Grid

20

Access to concessionaire grid

Yes

No

Quality

Good

Average

Poor

Grid dependence

Totally dependent

Partially dependent

Independent

Thermal

Thermal energy use

10

Cooking

3 or more sources

2 sources

1 source

Personal hygiene

3 or more sources

2 sources

1 source

House heating

3 or more sources

2 sources

1 source

Productive process

biomass

other sources

No

24
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DIMENSION

SCOoPE

INDICATOR

WEIGHT

VARIABLE

WEIGHT

MEASUREMENT

Thermal energy source

10

Source

10

Own-Waste

[{e]

External-Waste

Native sustainable use

Own exotic planting

Own native planting

External-Reforestation

Indiscriminate use of native forest

External use of native forest

Mechanical

Pumping

Domestic

No need

Renewable

Electric

Fossil fuel

Needed but not available

Productive

Yes

No

Fossil fuel

15

Intensity of use (L/ha)

High

Medium

Low

Access

<30 km

30-50 km

50-100 km

>100 km

Storage

no

25-100 L

>100 L

Water

Human consumption

Water quantity

10

Source meets consumption

(scale 5

(scale 4

(scale 3

)
)
)
)

(scale 2

(scale 1)

No access

Water quality

10

Quality

Good

Average

Poor

Production

Water for production

10

Source meets production demand

(scale 5

scale 4

N[OOI (OIN(RO(O(=2(W| 2 |O|IOIN|A IO IO |~ |IOINO|O|INwWww oo~ (NdOo1N

)
( )
(scale 3)
(scale 2)
(scale 1)
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DIMENSION

SCOoPE

INDICATOR

WEIGHT

VARIABLE

WEIGHT

MEASUREMENT

No access

Water use efficiency

20

Forage and dryland farming

High / Don't use

Medium

Low

Horticulture

High / Don't use

Medium

Low

Rice

High / Don't use

Medium

Low

Drought susceptibility

10

Occurrence

No

Yes

Frequency

Low

Medium

High

Degradation

Existence of conservation
practices

30

Technological soil management

Good

Average

Poor

Soil compaction management

Good

Average

Poor

Crop management

Good

Average

Poor

Water management

Good

Average

Poor

Perception of the erosive
process

10

Wind erosion

No

Yes

Concentrated erosion

No

Yes

Diffuse erosion

No

Yes

Road-related soil erosion

No

Yes

River erosion

No

OINOINOINOINOIN(OCm|O|W|ICH|O|W|I|O|W|ID |O|W OO ||~ |ONR oMo

Yes
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