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ABSTRACT: Global agricultural production is expected to double by 2050 due to both 
global population increase and changes in diets as a consequence of growing incomes. 
This also means more pressure on water resources, as agriculture accounts for 70 % 
of global water withdrawal and for energy production as the entire food supply chain 
accounts for about 30 % of total global energy consumption. Although there are ongoing 
discussions related to the sustainability of food, water, and energy sectors, integrating 
these sectors is still rare and challenging. We investigated the effects of agricultural 
practices on the Food, Water and Energy (F-W-E) nexus security systems by evaluating 
the results reported in scientific literature. Focusing on the Brazilian Atlantic Forest biome 
as a study case, our main goals were 1) to elucidate the impacts of rural conservation 
practices on food, water, and energy production based on literature analysis, 2) to propose 
F-W-E attributes and evaluate how they are addressed by rural practices. Our findings 
demonstrated, in general, a positive impact of agricultural conservation practices on 
F-W-E security attributes. Indeed, 76 % of the combination between a conservational 
practice with a F-W-E attribute was positive. Some agricultural practices, such as no 
tillage are very well documented (45 % of all combinations), especially regarding their 
effects on soil quality parameters. We found few results connecting agricultural practice 
and energy aspects. These results are key elements that corroborate with the agriculture 
multifunctionality approach, and the results can better guide the planning of strategies 
in the agricultural sector and subsidize decision making.

Keywords: soil functions, multifunctional agriculture, food security, water security, 
energy security.
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INTRODUCTION
International organizations and governments are increasing their awareness of the 
challenges in securing human well-being and livelihoods in the face of current population 
growth rates and environmental degradation. Most scenarios considering non-intervention, 
or a business-as-usual perspective, project that food demand will increase from 59 up to 
98 % between 2005 and 2050 (Valin et al., 2013). Indeed, global agricultural production 
is expected to double by 2050 due to both global population increase and changing 
diets due to growing incomes (Godfray et al., 2010; Tilman and Clark, 2015). This means 
increased demand for water resources, as agriculture is responsible for 70 % of global 
water withdrawal (Aquastat FAO, 2019), and for energy production, while the entire food 
supply chain consumes about 30 % of total global energy (FAO, 2011a).

Due to this complex scenario, food, water and energy (F-W-E) issues need to be addressed 
together and cannot be treated as a stand-alone problem. Applying a Nexus approach 
allows a systematic integration to address issues related to F-W-E security at various 
levels, generating different scenarios (Hellegers et al., 2008; Hoff, 2011; Rasul, 2014). 
This approach looks for ways to conceptualize and, if possible, quantify the links between 
F-W-E in a single structure capable of generating integrated assessments focused on 
food, water, and energy security (Flammini et al., 2014).

Some of the elements considered by F-W-E Nexus include: a) the three sectors have 
billions of people lacking access (quantity, quality or both); b) there is a growing global 
demand and resource constraints for all of them; c) different availability on a regional 
scale and variations in supply and demand; d) the strong interdependencies with climate 
change and with the availability of natural resources (Brazilian et al., 2011).

Additionally, besides the pressure for more water and energy, there is also a concern 
related to climate change effects on F-W-E production, specifically extreme events and 
natural disasters. These include more frequent droughts, floods, landslides, as well 
as outbreaks of animal and plant pests and diseases. Cumulative effects of decisions 
regarding land management, construction techniques, implementation of waste treatment 
infrastructure, as well as low investment in educational programs, poverty reduction, 
social integration, and others can be exposed by unexpected disasters (World Bank, 
2010). Such combined decisions and unexpected natural events can have severe socio-
economic and environmental consequences.

Adding to the impacts of climate change related disasters, there are the impacts 
related to conventional management practices in rural areas. These practices often 
correspond to the use of synthetic chemicals, fertilizers, tillage systems, monocultures, 
among other practices that aim to maximize the yield of a particular crop or set of 
crops. Although these conventional management practices have been used to feed 
the fast-growing human population, their negative impacts on the ecosystem services 
that sustain human well-being created the need to transition towards more sustainable 
management practices.

The adoption of an ecosystem approach to address agricultural food production is used 
to pursue sustainable intensification. This aims to enhance crop productivity by relying 
on ecosystem services that enable the reduction of external inputs (e.g., mineral fertilizer 
and pesticides) (Bommarco et al., 2013). Conservation agriculture (CA) implemented at 
the farm level is connected to reduced labor requirement, lower energy consumption, 
stable yields, and improved soil quality (FAO, 2011b). Conservation agriculture has the 
potential to optimize the use of agricultural resources through the integrated management 
of soil, water and biodiversity, also reducing the dependency on external inputs. 

Therefore, these agricultural approaches affect three components embedded in 
any human livelihood and are susceptible to the cited pressures: food, water and 
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energy security. As most of the food, water, and energy production occurs in rural 
landscapes, these areas face the most pressures to fulfill society’s demands. In this 
respect, the F-W-E nexus perspective helps reach a better understanding of the 
intersectoral dimension of sustainability in rural landscapes (BMZ, 2018). However, 
how to target the nexus remains an open issue as its components are often treated 
in isolation (Liu et al., 2018).

Soil resources have been neglected, but they are fundamental for understanding the 
capacity of the land to produce food, capture water and generate energy (Hatfield et al., 
2017). However, soil management practices play an important role to encompass key 
linkages in socio-ecological systems and enable changes in soil functions (Helming et al., 
2018). In other words, it is possible and essential to improve rural landscape sustainability 
through agricultural management practices that improve the utilization of soil resources 
and increase ecosystem services provision (Turetta et al., 2016), related to F-W-E security. 
Some authors demonstrate that understanding soil functions and their correlations with 
food, water, and energy provision could be a platform to promote operational actions 
that simultaneously impact all three (Lal et al., 2017; Helming et al., 2018). That is, 
there are uncovered synergies and co-benefits between soil functions, management 
practices, and the F-W-E Nexus.

This study investigated the effects of agricultural practices on Food, Water and Energy 
(F-W-E) security through the evaluation of the results reported in scientific literature. 
Our main goals were to synthesize what has been published to elucidate the impacts 
of rural conservation practices on food, water, and energy production in the Atlantic 
Forest biome; and to evaluate how different attributes of the F-W-E Nexus have  
been addressed.

MATERIALS AND METHODS
We performed a literature review to assess research papers that link rural conservation 
practices and their impact on food, water, and energy production. The focus was on 
the Brazilian Atlantic Forest biome. The Atlantic Forest is the Brazilian biome with the 
greatest population density within the country, hosting 72 % of the population and 
contributing to 70 % of the Brazilian GDP (SOS Mata Atlântica, 2020). Thus, the demand 
for water, energy and food in this biome is high. The intensive use of land for agriculture, 
urbanization, and industrialization has led to high rates of deforestation, which result 
in the loss of many ecological functions, especially those related to the supply of F-W-E 
(Joly et al., 2014; Rezende et al., 2015). 

Water provided within this biome is important for drinking and electricity production, as 
is the case, for example, of the Parana River watershed. The complex of reservoirs and 
dams within this biome provides energy to more than 60 % of the Brazilian population 
(Joly et al., 2014). The Atlantic Forest also provides food and other agricultural 
products. Brazil has three main regions for the development of agriculture, two 
of which encompass areas of the Atlantic Forest biome: one in the southeastern 
region, characterized by crops for exportation and vertically integrated agribusiness; 
and other in the south, with diversified agriculture, like cooperatives and contract 
agriculture (Chaddad, 2015).

Searching the articles

We searched the Web of Science database, using a combination of keywords with at least 
one rural conservation practice that follow the conservation agriculture principles stated 
by FAO (2011b), and one security aspect (F-W-E) restricted to terrestrial landscapes in 
rural, agricultural, mixed rural-urban or natural habitat regions, in the Atlantic Forest 
Biome, thus excluding strictly urban or marine landscapes (Table 1).
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Rural practices groups

The second step was to organize the literature survey results adapting the framework 
proposed by Xiong et al. (2018) when they investigated the impact of agricultural practices 
on soil erosion and water runoff within Brazilian’s landscapes (Table 2).

F-W-E attributes

Because food, water, and energy production can occur in one rural landscape and be 
consumed in another landscape, within their respective distribution systems, we limited 
the assessment presented in this study to only the provision systems that ensure the 
security of the three attributes. 

Table 1. Keywords used to search for articles that were investigating the impact of at least one 
rural conservation practice on one security within the Brazilian biome of interest

Keywords used in the research
Rural conservation practices Security aspect Location

Spring protection / Headwater protection
Riparian restoration
No tillage
Conventional crop / Conventional agriculture 
Minimum crop
Organic crop / Organic Fertilization / Organic 
agriculture
Green manure / Green fertilization
Crop rotation
Terrace
Level crop
Containment basin
Basic sanitation
Rural tourism / Agritourism
Agroforestry / Agroforestry
Fallow
Soil manage / Soil management
Pasture rotation / rotational grazing
Manure treatment

Water
Energy / power / hydropower
Food
Agricultural production
Crop production

Brazil
Atlantic Forest

Table 2. Groups of selected rural conservation practices and their description

Group(1) Description(1) Rural conservation practices

Soil management 
practices

Practices used to maintain the fertility 
and structure of the soil

No-tillage, minimum tillage, 
crop rotation, green fertilization, 
intercropping

Biological and 
water-related 
management 
practices

Practices that utilize the protective 
effects of plant covers to reduce 
erosion, thus conserving soil and water

Hedgerows, grass cover, Buffer 
strips, springs conservation

Engineering 
practices

Practices that control the movement 
of water over the soil surface with 
human-made structures

Terraces, contour bunds

System-related 
practices

Set of practices that increase ecological 
interactions and decrease the need for 
inputs from outside the system.

Agroforestry systems, organic 
systems, integrated crop-livestock-
forest systems, rotational pastures

(1) Classifications were adapted from Xiong et al. (2018).
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It is important to highlight that we also restricted our evaluation according to the 
“stability” dimension of each security, i.e., the system’s ability to provide food, water, 
or energy over time despite disturbances. Thus, the third step was to connect the 
papers surveyed with the F-W-E security attributes that were established based on 
the following statements: 

• For food security, we assessed the capacity of rural systems to produce food. This 
production is directly related to ecosystem quality, including soil, plants, pollinators, 
and ecological processes that maintain food production throughout time.

• For water security, we assessed the capacity of the rural systems to impact the 
water quantity and quality provision to fulfill drinking and non-drinking purposes 
(such as irrigation).

• For energy security, we assessed the rural system performance regarding energy 
aspects. 

• Each rural system was connected to F-W-E Nexus attributes. These attributes 
were created to demonstrate the interconnectedness of the F-W-E security nexus 
(Figure 1 and Table 3).

For each surveyed paper, we then attributed a positive, negative or neutral impact of the 
rural conservation practice on the respective security attribute, as proposed in table 3, 
when compared to sites without any conservation practice or under conventional practices. 
That is, if the rural conservation practice improved the related security attribute compared 
with conventional practices, it had a positive impact. If the security attribute decreased 

Table 3. Select attributes for each element of the F-W-E Nexus, and their description, for which 
we could measure the impact of rural conservation practices

Attributes Description
Security

Food Water Energy

Water quantity  
and quality

Influences the provision of clean water 
for drinking and non-drinking purposes, 
including the amount of water in reservoirs

X X

Water efficiency Reduction in the amount of water used in 
agricultural systems X X

Water infiltration Important for groundwater recharge X

Food productivity Improvement of agricultural activities and 
more stable production of food through time X

Energy efficiency
This efficiency decreases the demand for 
energy in agricultural activities, and it can 
be used for other purposes in addition to 
reducing production costs

X X

Energy from biofuels Increases the diversity of energy sources X

Soil quality

Addresses the multi-functionality of soils 
defined from an environmental perspective, 
including the promotion of plant growth and 
food production, in addition to protecting 
watersheds by regulating the infiltration and 
preventing water pollution

X X X

Soil erosion control

Despite being a component of soil quality, 
this attribute was kept separately as it 
increases the stability and nutrients of the 
soils for food production, decreases the 
amount of sediments in water bodies, and 
helps in the reservoir longevity

X X X

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/infiltration
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or had a lower value than the conventional practice, the conservation practice negatively 
impacted the area. If no significant change between conservation and conventional 
practices was reported, we considered the impact as neutral. We considered each 
relationship between one rural conservation practice and one F-W-E attribute as one 
independent combination between these variables. 

RESULTS
A total of 105 studies met the established criteria, which generated 152 combinations 
between one rural practice and one F-W-E attribute. Of this total, 91 (60 %) combinations 
approached soil management practices, 35 combinations (23 %) corresponded to 
system-related practices, 21 (14 %) to biological and water-related management practices, 
and 5 (3 %) engineering practices (Figure 2).

Among the soil management practices, 68 (~75 %) combinations are related to no-tillage 
practices, that correspond to ~45 % of all combinations (Figure 2b). Most of the combinations 
within this practice group were related to soil quality (41 combinations) and soil erosion 
control (14 combinations) attributes. Between all combinations related to no-tillage, 
75 % presented positive impact on one or more F-W-E security when compared to sites 
without any conservation practice or under conventional practices. Crop rotation was 
the second soil management practice with more reported combinations, with 11 in total 
(Figure 2b), with almost 64 % presenting positive impacts and 36 % neutral.

Combinations with system-related practices group were distributed along with all the 
F-W-E attributes (Figure 3). Most of them were combinations impacting food production 
and soil quality attributes, with 12 combinations (34 %) each. The agroecological systems 
and organic practices corresponded to, respectively, 46 and 40 % of the system-related 
practices combinations. Most of the studies regarding these two practices reported a 
positive impact on the F-W-E attributes, and only one study reported a negative impact 
on food production.

Figure 1. Linkages among attributes and F-W-E Nexus.

FOOD

WATERENERGY

Food
productivity

Energy
efficiency

Water
efficiency

Water
infiltration
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and quality
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There was the same number of reported combinations of biological and water-related 
management practices group with soil erosion control, soil quality, and water quantity 
and quality attributes, each one representing 24 % of all combinations with this practice 
group. Almost all combinations reported (20 out of 21) a positive influence of this practice 
group on F-W-E attributes. The engineering practices group had the lowest number of 
reported combinations among our research, and all of them were related to the soil 
erosion control attribute.

As we defined attributes that can be related to one or more security, as exposed in 
table 3, we found 133 combinations with the attributes related to food security (Figure 3a), 
126 related to water security (Figure 3b) and 177 related to energy security (Figure 3c). 
From these, 101 reported a positive influence on food security, 99 on water security and 
91 on energy security. These correspond to 76, 79 and 78 % of all combinations with 

Figure 2. Proportions of combinations between rural practices and F-W-E attributes encountered 
in each rural practice group (a), and predominance of each practice within the soil management 
practices group in detail (b). 
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the respective security systems. There were 27 (~18 %) reported combinations with a 
neutral impact and 9 (~6 %) with a negative impact.

Soil quality attribute appeared in most combinations, 70 (~46 %) in total, and encompasses 
a set of soil parameters connected to different soil functions. This attribute is correlated 
to all three security systems (Figure 3). Among all combinations, between one practice 
and this attribute, 74 % showed a positive effect on soil quality. The same goes for soil 
erosion control, which was part of 32 (~21 %) combinations in total, with 78 % of them 
being positive. However, without considering these two attributes (soil erosion control 
and soil quality), we were able to find only seven combinations of rural conservation 
practices specifically related to energy security (Figure 3c).

Indications for decision-making

According to our findings, soil management practices were the most studied conservation 
practices in the Atlantic Forest Biome, with a high rate of positive impact (~72 %) 
on Nexus F-W-E. This practice category should be encouraged and pursued throughout 
private and public lands due to their synergistic ability to impact the three securities. 
This is translated in figure 3, with the rural practices belonging to this group having the 
thickest interaction bars in the three representations of each security system.

For landscapes focused on food production and need to ensure food productivity, water, 
and energy efficiency, our results indicate that system-related practices are described 
as having a positive effect on these attributes. Specifically, we found that 61 % of the 
interactions (total of 18) between a system-related practice and one of these three 
attributes were indicated as positive, which means that the rural practice increased 
productivity or efficiency when compared to not using this practice or using a conventional 
one. Figure 3a shows that most of the links related to these attributes occur with a 
system-related practice.

In addition to soil management practices, we found that the scientific literature related 
to the Atlantic Forest Biome reported increases in water quality, quantity and infiltration 
when buffer strips and grass cover were present. Our results showed that all eight 
combinations between these two practices and these attributes were positive. In this 
biome, securing water is highly related to securing energy production, as there are many 
hydropower reservoirs. In this sense, figures 3b and 3c show that most of the water 
quantity and quality interactions occur with these practices related to the vegetation’s 
capacity to control erosion.

DISCUSSION
This study described the connections between rural conservation practices and the 
F-W-E Nexus. It is notable that soil management practices, mostly driven by the effect of 
these practices on soil quality and erosion control, are the most studied rural practices 
influencing the attributes related to the Nexus within the Atlantic Forest Biome. This result 
is completely linked with our proposition that rural management practices that directly 
affect soils can positively impact food, water, and energy security systems. Moreover, 
we found that most of the studies reported an improvement (positive impact) of rural 
conservation practices on the F-W-E Nexus compared to sites without any conservation 
practice or under conventional practices.

Our findings demonstrated the ability of conservation agriculture (CA) to improve some 
soil parameters that go beyond soil productivity and express its multifunctional capacity 
and ability to influence water and energy dynamics. For instance, no-tillage and crop 
rotation were the rural management practices that had more studies demonstrating their 
improvement on soil quality and soil erosion control attributes. Hence, it is possible to 
establish the impact of these practices on F-W-E security, since the reduction of water 
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infiltration in eroded soils, and the consequent continuous and rapidly occurring sediment 
accumulation, is one of the processes that affect the water reservoir’s lifetime, essential 
to ensure the proper functioning of these supply systems (Schellenberg et al., 2017).

Indeed, we found that soil quality was the most studied attribute related to rural 
conservation practices within the Atlantic Forest Biome. According to Bünemann et al. 
(2018), there are two main ideas regarding soil quality: one that focuses on the inherent 
soil properties and another that emphasizes the effects of human management on the 
soil. Within this second approach, the goal is not limited to agricultural productivity and 
trade-offs between food, water, and energy production need to be explicitly recognized. 
As a consequence, soil scientists start to play a more relevant role in relation to societal 
stakeholders. For instance, Palm et al. (2014) stated that there is a well-defined linkage 
between CA and the improvement of topsoil organic matter. The authors pointed out 
that this is a relevant aspect since there is a correlation between soil properties that 
reduce erosion and runoff while increasing wat and soil organic matter improvement. 

Erosion is a sensitive aspect in the Brazilian agriculture sector. There are some estimates 
that the rate of water erosion is between 600 and 800 million t yr−1, without a comprehensive 
understanding of how different agricultural activities contribute to this high amount 
(Merten and Minella, 2013). Some authors call attention to the reduction this causes to 
the productive capacity of soils, to aquatic ecosystems, and to sediment deposition in 
hydropower dams (Allin et al., 2002; Campagnoli, 2005). Soil erosion is also considered 
a threat to food production; according to FAO (2008), several practices and technologies 
can generate and spread, as well as buffer, production risks. As shown in this study, 
all groups of rural conservation practices can direct and positively influence erosion 
control and help change the business-as-usual projections of the Brazilian agriculture 
sector. Moreover, our findings also highlighted the potential threat to energy security 
when land stewards are not adopting conservation practices. It is an important hint for 
stakeholders involved in hydroelectric power generation to consider the planned actions 
of agricultural land use upstream to their reservoir recharge areas.

Our findings demonstrated the wide range of potential impact of the system-related 
practices group on F-W-E attributes, since this group had studies that reported influence 
on all attributes. This group presented the same number of correlations to food production 
and soil quality attributes. Indeed, Muchane et al. (2020) argued that agroforestry 
can impact the reduction of soil erosion rates, possibly up to 50 %, when compared to 
monocultures. This reduction can be achieved because agroforestry practices promote 
higher infiltration rates, lower runoff, a higher proportion of soil macroaggregates, and 
greater soil structure stability.

Additionally, among the studies within our research, the “system-related practices 
group” was the only one that reported influence on “Energy efficiency” and “Energy from 
biofuels” attributes. Indeed, Kamali et al. (2017), comparing conventional and organic 
systems for soybean production, found that energy use was lower for organic systems. 
Moreover, Nakajima et al. (2015), who applied the “energy evaluation approach” to 
compare conventional and organic horticultural systems, concluded that organic and 
other systems based on agroecology have better thermodynamic behavior than the 
conventional agro-chemical farms. However, Ceccon (2008) found that intercropping 
with Eucalyptus urophylla affected the bean (during rainy and dry season) and rice 
productivity negatively in the first two years, but with higher forest biomass production. 
The author stated that agroforestry systems combined with Eucalyptus plantations, 
when indicated in small-farm partnership programs, have a good chance of increasing 
biomass production. 

Therefore, considering the F-W-E Nexus, we ponder that the ecological benefits of the 
system-related practices are very well described in the literature, and there are no doubts 
about their positive effects. However, considering the complexity of food systems, it is 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/aquatic-ecosystem
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/sediment-deposition
https://www.sciencedirect.com/science/article/pii/S2095633915300290#bb0005
https://www.sciencedirect.com/science/article/pii/S2095633915300290#bb0055
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important to use integrated system models suited to local specificities and the production 
scale in question. Integrated systems suitable for small farms may not be suitable for 
medium/large-scale producers and vice-versa.

In the biological and water-related management practices group, grass cover was the 
management practice with the highest number of records and covering mostly soil quality 
and water infiltration F-W-E attributes. Thus, we highlight the importance of considering 
these practices, especially regarding water security aspects, since they can maintain the 
water in the system more efficiently. Although they were not the subject of this study, 
areas with more limiting natural conditions, such as semi-arid climate and sandy soils, 
can have more need for this kind of conservation practices, since water is a factor that 
can constrain agricultural production. 

All the combinations of engineering practices were related to soil erosion control F-W-E 
attributes. Where severe processes of soil erosion taking place, the adoption of only a 
few CA practices, such as no-tillage management, is not sufficient to provide erosion 
control, especially in hilly landscapes (Londero et al., 2018), such as most of the Atlantic 
Forest biome. The authors found that the combination of no-tillage and terraces reduced 
the surface runoff and sediment yield more than only no-tillage without terraces. 
So, considering the scenario of advanced soil erosion processes and hilly landscapes, 
it is indicated to combine rural management practices with engineering practices to 
ensure the F-W-E Nexus.

Despite the amount of data that demonstrated the effects of rural conservation practices 
on soil parameters and the relevance of the agriculture sector in Brazil, it was still a 
challenge to establish the impact of these practices on the F-W-E Nexus. This is a key 
aspect regarding land use planning, and it is relevant especially in highly populated 
areas such as the Atlantic Forest biome. In addition, the potential of rural conservation 
practices to impact the environmental and socioeconomic targets set by society is 
a widely accepted topic in the scientific debate. However, it still remains out of the 
decision-making and political agenda. We believe that the results presented here can 
provide subsidies to improve Brazilian policies, scientific debates, and strategies in the 
agricultural, energy, and water supply sectors, since they link recognized management 
practices to the stability of F-W-E Nexus. 

CONCLUSIONS
Our results demonstrated the interconnectedness of the F-W-E nexus security and 
how the rural practices impact this nexus. The attributes proposed “opened the box” 
of each F-W-E pilar and allowed us to state that soil quality and soil erosion control are 
the attributes that have the strongest role when evaluating the impact of agricultural 
practices on F-W-E security.

Soil management practices were the most studied conservation practices group in the 
Atlantic Forest Biome and presented a high rate of positive impact on F-W-E nexus, 
demonstrating their potential to be included in the process of decision making related to 
landscape agriculture planning in this biome. Still about this group, no-tillage and crop 
rotation were the rural management practices that strongly improved the soil quality 
and soil erosion control attribute, enabling us to establish the impact of these rural 
management practices on F-W-E security. 

The “system-related practices” group, which we defined as the set of practices that increase 
ecological interactions and decrease the need for inputs from outside the system, was 
the only group able to influence all attributes, including those related to energy security.

Besides the step forward in understanding the impact of agricultural practices on the 
F-W-E nexus demonstrated by this study and its potential to be used by decision-makers 
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regarding agricultural landscape planning, we also highlight the potential of studies 
based on data already published in the literature that can synthesize the findings from 
different authors about a specific thematic. 

We recommend the observance of some directives such as a survey on reliable 
databases and in peer-reviewed papers to consider publications that present similarities 
- environmental, social, economic - related to the research question and an accurate 
review with experts on the subject of the list of records.
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