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Editorial: 

Tuyeni H Mwampamba, Rob Bailis, Adrian Ghilardi

Urbanization, food, and water consumption trends in many tropical countries show 
that demand for charcoal (as a source of cooking energy), meat, grain and water will 
rise to proportions that surpass the ability of existing ecosystems to supply these 
services simultaneously and at desired qualities. Consequently, drastic changes to 
policy and practice are needed to improve ecosystem potential and/or alter demand 
trends.

Traditional charcoal production in sub-Saharan Africa, South East Asia and Latin 
America often competes or co-exists with livestock keeping and agriculture and has 
a tendency to occur in water-limited woodlands. The co-occurrence of charcoal and 
food production results in complex landscapes characterized by strong interactions 
between subsystems, managed by multiple sets of actors, with potentially competing 
objectives. These social-ecological systems provide goods and services that are 
essential to millions of people throughout the global south. Nevertheless, there have 
been very few detailed studies of such systems, particularly on the individual and 
combined effects of charcoal, crop, and livestock production on the hydrological 
system that maintains them and vice versa. As a result, these multi-use landscapes are 
typically managed by short-sighted, highly generalized, mono-sectorial policies that 
ignore important tradeoffs and undercapitalize on synergies. A system-level approach 
could provide important insights that improve and expand current understanding of 
this energy-food-water nexus.

Tackling urgent and complex problems composed of multiple and interrelated factors 
lies at the heart of nexus thinking - an approach that “examines the inter-relatedness 
and interdependencies of environmental resources and their transitions and fluxes 
across spatial scales and between compartments” (UNU-FLORES 2015) and relies on 
interdisciplinary research and multi-sector policy teams. It has attracted significant 
interest from international organizations, the private sector and governments as 
a way to develop integrated equitable solutions that involve inputs from multiple 
stakeholders. However, this approach is notably absent in the research arena.

Identifying appropriate interventions for achieving sustainable charcoal and food 
production and maintaining the underlying hydrological system on which they 
depend requires that the systems are considered simultaneously and that their 
biophysical, social, and political inter-relations are well understood. Taking charcoal 
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as the nexus entry-point, this Research Topic aims to generate new understanding 
of charcoal production systems by incorporating agriculture and hydrology into 
the matrix. We were interested in empirical articles, reviews, meta-analytical articles 
and perspective papers that address at least two of the three nexus components 
and which offer provocative and insightful perspectives into the nexus as a whole.

We hope that this Research Topic will 1) facilitate identification of research gaps, 
policy opportunities and priorities for the nexus, 2) kick-start the development of a 
community of researchers and practitioners working on the nexus, and 3) permit the 
development of a research agenda that explores the nexus globally across multiple 
study sites.
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The “water-energy-food nexus” has become an increasingly popular way to frame the

challenges associated with reconciling human development objectives with responsible

management of natural resources and ecosystems. Yet the nexus is complex,

requiring effective engagement between expert and Non-expert stakeholders in order to

understand biophysical inter-linkages between resources and resource flows and social

interactions between different actors in the socio-ecological system and landscape. This

can be a substantial challenge due to varying levels of knowledge and understanding

amongst actors with divergent, and often entrenched, interests. This paper presents

insights on how participatory scenario-building processes can create space for dialogue

amongst stakeholders with differing knowledge, experience, priorities, and political

perspectives. Drawing on completed and on-going research applying a “nexus toolkit” in

Ethiopia and Rwanda respectively, we contribute to a generalized conceptual framework

for addressing, communicating, and assessing the water-energy-food nexus, with a

particular focus on how to utilize the nexus concept in practice. This framework

has significant potential to help better understand interactions at landscape level, for

example, between charcoal production, food production, and environmental systems.

We find that participatory scenario-building processes that facilitate engagement beyond

technical aspects to include social, economic and political concerns provide a valuable

space for discussing and negotiating development pathways that are sustainable

both biophysically and socio-economically. In addition, the involvement of stakeholders

throughout the project process greatly enhances the quality and legitimacy of results.

Furthermore, we suggest that by building capacity amongst stakeholders to maintain a

quantitative “nexus toolkit,” it has a better chance of informing decision-making and for

supporting the development of more technically refined analyses of alternative decisions

and management strategies.

Keywords: water-energy-food nexus, scenario planning, stakeholder dialogue, co-exploration, Ethiopia, Rwanda

INTRODUCTION

In recent years, the “water-energy-food security nexus” has become an increasingly popular way to
frame the challenges associated with reconciling human development objectives with responsible
management of natural resources and ecosystems (Bazilian et al., 2011; Hoff, 2011; Howells
et al., 2013). The value of the “nexus” concept lies is its ability to clarify inter-linkages and
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competition for resources between different sectors of the
economy and highlight the implications on development of
(un)coordinated decision-making and management in these
sectors. Therefore, a nexus approach is useful when there is
a need to plan and govern interdependent resource-related
matters, for instance, when different sectors depend on the same
resources or the direct inputs from each other. In low-income
countries, this pertains to hydropower generation, irrigation,
fodder production, manure management, and the charcoal
sector. In the latter case, a nexus analysis is of specific relevance
given the complex interactions between the charcoal sector and
deforestation, ecosystems, energy use, and income generation
(see Chidumayo and Gumbo, 2013; Mwampamba et al., 2013;
Zulu and Richardson, 2013).

The intrinsic complexity of the “nexus,” particular in relation
to the charcoal sector, underlines the need for effective
engagement between expert and non-expert stakeholders in
order to understand biophysical inter-linkages between resources
and resource flows and social interactions between different
actors in the socio-ecological system and landscape. Stakeholder
engagement is also essential for building dialog and negotiating
solutions around how to better coordinate decision-making and
management across sectors for the purpose of sustainable and
equitable development. However, achieving effective engagement
between expert and non-expert stakeholders can be a substantial
challenge due to varying levels of knowledge and understanding
amongst actors with divergent and often entrenched, interests,
and power to influence decision-making.

This paper presents insights on how participatory
scenario-building processes can create space for dialog
amongst stakeholders with differing knowledge, experience,
priorities, power, and political perspectives. In doing so, we
contribute to a generalized conceptual framework for addressing,
communicating, and assessing the water-energy-food nexus, with
a particular focus on how to utilize the nexus concept in practice
to better understand challenges faced in the charcoal sector.
To illustrate insights on how participatory scenario-building
processes can help to illuminate particular nexus contexts in
reality and create space for dialog on solutions to more integrated
development pathways, we draw on completed and on-going
action research projects in Ethiopia and Rwanda respectively. In
these projects, we utilized a quantitative “nexus” toolkit, based
upon the dynamic linking of a water and biomass modeling
software tool—Water Evaluation and Planning (WEAP)—with
an energy and climate modeling software tool—Long-range
Energy Alternatives Planning (LEAP).

THE FOOD-ENERGY-WATER NEXUS
CHALLENGE IN SUB-SAHARAN AFRICA

Many countries across Sub-Saharan Africa are witnessing
rapid growth and development, largely driven by the processes
of energy transition and agricultural transformation (Africa
Progress Panel, 2015; AfDB, 2016). Sustainable energy
transitions involve moving away from traditional biomass
use to more modern energy services, ensuring universal access

to reliable electricity supply, all whilst meeting climate change
mitigation goals. Options may include modern bioenergy and
hydropower, both of which require access to water and land
resources. Meanwhile, agricultural transformation typically
refers to improved productivity through intensification and
commercialization, as well as integration into world markets.
Such transformation is likely to require significantly higher
energy and water inputs to improve productivity. At the same
time, withdrawal of water upstream for irrigation purposes
may reduce the water available for hydropower generation and
ecosystems. A changing climate places further emphasis on
the need to effectively manage water resources to adapt to and
minimize the impacts of more frequent droughts. These changes,
in addition to population increases and shifting patterns of
consumption, lead to greater demand for natural resources and
ecosystem services (Hallding et al., 2012; Jäger and Patel, 2012;
Bierbaum et al., 2014). These pressures are exacerbated by the
impacts of climate change, potentially leading to degradation of
resources and leaving many millions of people food, energy, and
water insecure (Matthew et al., 2010; Lee et al., 2012).

The future of charcoal production, trade and use is closely
connected to processes of energy transition and agricultural
transformation. Increased use of charcoal in urban centers
in sub-Saharan Africa complicates attempts to facilitate an
energy transition to cleaner low-carbon energy services: over
80% of urban households in the region rely on charcoal
as their main source of cooking, and demand is set to
increase as population grows and urbanization continues
(Zulu and Richardson, 2013). At the same time, the clearing
of forest to make way for agricultural land often provides
opportunities for charcoal production using cleared forest
resources (Mwampamba et al., 2013). The environmental and
ecosystem impacts of charcoal production—whether from forest
resources cleared for agricultural production or otherwise—can
be severe (Chidumayo and Gumbo, 2013).

Within Sub-Saharan Africa, Ethiopia, and Rwanda stand out
as two countries with ambitious development plans based around
transforming agriculture and energy transition. Although, vastly
different in terms of geographical size and population, both
countries show similarities in their GDP per capita, percentage of
the population employed in agriculture and energy access rates
(see Figure 1).

Ethiopia has ambitions to become a middle-income country
by 2025. A variety of targets have been set to help it reach
this goal, including a number related to the agriculture and
energy sectors. In 2010, the Government of Ethiopia established
the Growth and Transformation Plan (GTP) followed by the
Climate-Resilient Green Economy (CRGE) strategy in 2012
(Ministry of Finance and Economic Development, 2010; Federal
Democratic Republic of Ethiopia, 2012). Both policy documents
describe a pathway toward developing and modernizing the
national economy in a sustainable, climate-compatible manner.

Ethiopia’s GTP and GTP II targets build on long-standing
agriculture growth and set targets associated with agricultural
inputs (such as improved seeds, fertilizer, mechanization, land),
energy generation (hydropower), irrigation, conservation, and
land use. For example, by converting grazing and/or forest
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FIGURE 1 | Country comparison. CIA World Facebook (CIA, 2016).

land into cropland, the government aims to achieve a 13 per
cent increase in cultivatable land. Meanwhile, irrigated land
is expected to increase by more than 400 per cent during
the same time period. Lastly, fertilizer use is projected to
increase by roughly 100 per cent, leading to dramatic increases
in productivity and agricultural output: e.g., increasing crop
productivity by 30 per cent, power generation by 300 per cent,
and sugar production by 600 per cent (Ministry of Finance and
Economic Development, 2010).

As well as these conventional economic growth objectives,
GTP also sets out a National Resource Conservation Plan
that aims to rehabilitate land and increase forest cover. The
CRGE strategy—which aims to ensure ambitious national
development plans are not adversely affected by climate change—
further describes these conservation targets (Federal Democratic
Republic of Ethiopia, 2012). While the targets set out in the
CRGE strategy—shown in Table 1—are admirable, it is unclear
whether all direct impacts or potential conflicts between targets
have been adequately explored. For example, there is little
to suggest that conflict between water use for irrigation and
hydropower development has been studied. Similarly, continued
and increasing exploitation of forest resources for charcoal
production and construction purposes may make it increasingly

difficult to meet forest cover targets. By 2014, over three million
tonnes of charcoal were being consumed each year in Ethiopia’s
urban centers; as in many countries in sub-Saharan Africa,
attempts to regulate charcoal production and trade to make
it more sustainable have been ineffective (Bekele and Girmay,
2014). Considering and pre-empting such conflicts is particularly
important when analyzing potential welfare impacts, preparing
coping mechanisms, and managing environmental feedback
effects at the local level.

Furthermore, the rapid expansion of hydropower and
irrigation infrastructure has heightened tensions with
neighboring countries that depend extensively on water
resources originating from the Ethiopian highlands for
household, agricultural, and industrial consumption. Yet it
also signals a changing geopolitical climate in which Ethiopia
is becoming an important force in the Horn of Africa region
(Rahmato, 2011; Verhoeven, 2011). Given these related concerns,
it is unlikely that all the goals of the GTP and the CRGE can be
met simultaneously, particularly when following a conventional
sectoral approach (Karlberg et al., 2015a).

Meanwhile, Rwanda has committed itself to becoming a
middle-income country by 2020. The countries Vision 2020
and Economic Development and Poverty Reduction Strategies
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TABLE 1 | Green growth strategies in Ethiopia and Rwanda.

Issue areas Ethiopia’s CRGE Rwanda’s GGCRS

Land and agricultural

transformation

Improving crop and livestock production practices for higher

food security and farmer income while reducing emissions

Ensuring sustainable land-use and natural resources

management resulting in food security and the preservation

of biodiversity and ecosystem services

Safeguarding forests and reforestation in order to maintain

their economic and ecosystem services, including as

carbon stocks

Energy transition Increasing electricity supply from renewable sources for

domestic and regional markets

Achieving energy security and low carbon energy supply,

while avoiding deforestation

Leapfrogging to clean, efficient and modern and

technologies in transport, industrial sectors, and buildings

Societal impacts Societal protection, including reduced vulnerability to

climate change

Federal Democratic Republic of Ethiopia (2012); Republic of Rwanda (2011).

(EDPRS I and II) both set out clear intentions to intensify
agriculture and increase national energy output (Republic of
Rwanda, 2013, 2007). For example, agriculture is expected to
grow by 8.5% annually and energy generation is expected to
grow from 45 MW in 2006 to 563 MW in 2018, mainly through
development of hydropower. These ambitions are also present at
a sub-national level, with District Development Plans including
provisions to modernize agriculture, invest in energy production
and expand many water-intensive activities, such as mining,
industrial development, and ecotourism.

These development goals place increasing pressure on limited
water and biomass resources. Competition over water resources
demanded by hydropower, irrigation, and water supply to major
towns and various industries has the potential to create serious
conflict. Meanwhile, biomass scarcity causes the country to
import biomass from neighboring countries as well as having
to allocate croplands to wood plantations, such as eucalyptus;
in 2009, 21% of the biomass consumption was ascribed to
unsustainable use of biomass and “the constant flow of charcoal
into Kigali, exerts a considerable pressure on the wood resources
of the country” (Drigo et al., 2013, p. vii). In addition, an
intensified agricultural sector will demand more energy and
water per hectare, although a modernized energy sector less
dependent on traditional biomass is likely to be less land-
intensive.

In order to better understand the linkages between different
sectors in future scenarios, Rwanda developed its Green Growth
and Climate Resilience Strategy (GGCRS) in 2011 (Republic of
Rwanda, 2011). The GGCRS was developed to guide decisions
around natural resource management, investments and policy
as well establish demonstration initiatives to support climate
resilience activities and community livelihoods. The GGCRS
centers around three cornerstones, shown in Table 1.

Whilst green growth and development plans in Ethiopia and
Rwanda appear impressive—and have garnered significant
support from international development partners (The
Economist, 2010)—these ambitious national plans raise a
number of concerns. In both countries, the political reality

is complex. Despite exhibiting the formal institutions of
democracy, civil society remains “stunted” (Matfess, 2015).
Political opposition in Ethiopia is weak (Kefale, 2011) and
the failure to meaningfully engage stakeholders at all levels of
society, particularly at the local level, raises key issues of equity,
representation, and recognition. This is likely to further exclude
those who are already politically and socially marginalized
(Jones and Carabine, 2013). There have been impressive efforts
in Rwanda to reconstruct and modernize the country after
genocide (Uvin, 2001; Ansoms, 2008), including huge steps to
achieve better gender equality in political representation, with
women taking 64 per cent of parliamentary seats in 2013 (United
Nations, 2013). However, citizen participation is low in areas
such as policy making, formulation of laws, decision-making and
development, and evaluation of local government programmes
(Interayamahanga, 2011). Decentralization has not increased
the voice of local people, but has merely allowed the central
level to extend its influence to the local level (Ansoms, 2008).
This “developmental authoritarianism” (Matfess, 2015) reduces
the prospects for democratic deliberation over green growth
strategies and plans and the potential for developing alternative
pathways and understandings of “sustainability.”

Taken together, these issues point to the need for approaches
that can “open up” space for dialog in order to deal with complex
nexus issues. Such approaches need to be based on quantitative
assessments of resources availabilities, as well as qualitative
analysis of the impacts on whole socio-economic systems. Our
goal is to develop, test and apply such an approach through a
process of collaborative stakeholder dialog.

PARTICIPATORY SCENARIO BUILDING
APPROACH FOR CO-EXPLORING THE
NEXUS

The inherent complexity of the water-energy-food nexus
approach makes stakeholder participation essential, particularly
if space is to be opened up for actors with different perceptions
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to be heard, particularly those who are often marginalized. One
way to open up space for co-exploration and dialog around nexus
issues is through a participatory scenario-building approach,
combining qualitative, and quantitative methods.

Scenario Building for the
Water-Energy-Food Nexus
Scenario building is becoming widely appreciated as an effective
way in which to explore interactions between complex social and
environment systems over themedium-to-long term (Swart et al.,
2004; Kok et al., 2007; Volkery et al., 2008). Essentially, scenario
building is a way to posit ideas about the future, with scenarios
describing how the future may develop based on a certain set of
assumptions about potential drivers of change and uncertainties
(Bradfield et al., 2005; Millennium Ecosystem Assessment, 2005).
Exploratory scenarios are particularly relevant for investigating
the water-energy-food nexus, as it allows us to explore
development pathways arising from the interactions between
different sectoral strategies.

Exploratory scenarios can be qualitative, quantitative or—
more often than not—a mix of the two. Often a “story
and simulation approach” (Alcamo, 2008) is pursued whereby
qualitative scenarios—storylines or narratives—describing the
broader picture of future development are quantified for use
in computer-based modeling tools. Typically, each scenario
represents a possible future state of the social and environmental
system under consideration (Spielmann et al., 2005).

Exploratory scenarios can also be used at different levels.
For example, at the global level, scenarios were used in the
IPCC Special Report on Emissions Scenarios (SRES; Nakicenovic
et al., 2000) and in Shared Socioeconomic Pathways (SSPs;
O’Neill et al., 2015), the new scenario process replacing the
SRES scenarios. On the local level there are numerous studies
employing scenario planning, e.g., climate adaptation planning
(Baard et al., 2011; Carlsen et al., 2013), integrated water resource
management (Voinov and Gaddis, 2008) and governance of
sustainable development (Bohunovsky et al., 2011).

Participation and Engagement
Building scenarios can be done in many ways. Typically
scenarios are constructed by developing a storyline or narrative
(as in the story and simulation approach), based around
first prioritizing the most uncertain and most important
driving forces. These driving forces might encompass trends
associated with population growth, economic growth and
urbanization, potential changes in climate and planned policies,
and interventions. Given the unlimited range of scenarios
that can be developed, it often makes sense to narrow down
to a small number of particularly relevant scenarios based
upon broad plausible storylines/narratives. A typical starting
narrative is the “business-as-usual” scenario, whereby the key
drivers affecting future development are on-going demographic
trends, such as population growth, economic growth, and
increasing urbanization. Other scenarios may be based upon the
implementation of planned national polices and interventions, or
on certain climate change projections.

This leads to key questions around who defines the storyline,
and whose voice is represented in this version of the future?
Who decides which driving forces are most important? The
water-energy-food nexus presents a particular challenge given
the complex inter-linkages between sectors and the different
future pathways identified with by actors in different sectors.
Furthermore, quantifying a given future pathway for use in an
analytical scenario building may place a bias on the views of
technical experts over those of non-experts (e.g., practitioners,
policy makers, and the public).

How might participation improve planning and decision-
making processes? Fiorino (1990) identifies three main rationales
for increasing participation. The first is substantive: the public’s
judgments about risk are equally sound, and sometimes better,
than those of experts; hence, increasing participation can
improve the outcomes of planning. From this perspective,
participatory nexus scenario planning can help to increase
knowledge and understanding of the water-energy-food security
nexus in a particular context, particularly nuanced framing
with multiple perspectives. Combining factual information and
analytical techniques with “local knowledge and subjective
perceptions” (Pahl-Wostl, 2002) “imagination and expertise”
(Volkery et al., 2008) from different stakeholder groups can
help to build consensus on the current conditions and key
driving forces (Andersson et al., 2008) and lead to more accurate
scenarios reflecting local realities (Patel et al., 2007; Reed et al.,
2013).

The second rationale for participation is instrumental:
decisions that involve citizens are seen as more legitimate;
hence, increasing participation ensures better buy-in, which
leads to better results. Increasing participation in nexus scenario
building may help to ensure “that all stakeholder groups involved
have a high degree of confidence” (Andersson et al., 2008).
It is vital to ensure future scenario storylines are credible,
legitimate and salient, particularly “with respect to personal
beliefs, the equifinality of alternative development pathways,
the validation and uncertainty of assumptions, stakeholder
engagement in visions development, and participatory methods”
(Rounsevell and Metzger, 2010). Making sure scenarios are
relevant to stakeholder needs and priorities (Reed et al., 2013)
may significantly increase the chances of buy-in to subsequent
policy proposals based upon the nexus analysis (Robinson et al.,
2011).

The third rationale is normative: the best judge of citizens’
interests are citizens themselves, hence, increasing participation
is the right thing to do. This normative drive for participation
is derived from the need for dialog to clarify problems,
identify unavoidable trade-offs and negotiate viable solutions
to complex and uncertain environmental and societal problems
(Patel et al., 2007; Voinov and Bousquet, 2010; Ravera et al.,
2011). Participatory processes can help trigger conversations
on future developments between stakeholders who might never
typically engage with each other (Volkery et al., 2008). If
managed effectively, such engagement can “increase the level
of understanding between the various groups and therefore
ameliorates the potential for future conflicts” (Andersson et al.,
2008).
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Challenges to Effective Participation
Despite the allure of participatory scenario building approaches
to co-explore and address water-energy-food nexus issues,
there are significant challenges to ensuring participation is
effective. There are many rungs on the ladder of participation;
from token participation (consultation and informing) to full
citizen power (partnership and control; Arnstein, 1969). Not
all mechanisms that are considered “participatory” actually
provide opportunities for full engagement. In some cases,
stakeholder engagement is merely symbolic (Voinov and
Bousquet, 2010).

Participation in nexus scenario building is made difficult by
the complex issues involved, typically crossing multiple sectors
beyond the knowledge of any one person. This difficulty may
be amplified if the quantitative technical models used to build
scenarios are inaccessible. Indeed, there is often a risk of
overwhelming stakeholders (Robinson et al., 2011). Avoiding this
risk requires considerable investment in time and resources to
ensure that complex information and decisions are presented to
non-technical stakeholders in an accessible way (Kok et al., 2007;
van Vliet et al., 2010; Robinson et al., 2011).

Despite best efforts, there remains the risk of participatory
processes being framed such that the range of options considered
reflects the preferences of incumbent interests. In this sense,
participation is used as a “technology of legitimation” (Harrison
and Mort, 1998 in Stirling, 2007, p. 264). As Stirling (2007)
argues, participatory processes do not inherently solve the
problem associated with expert-led planning: the sensitivity to
framing by powerful interests. In order to make a difference,
participatory processes need to open up the decision space
beyond the options preferred by those with the most power
and influence. They need to better inform and determine the
technical analyses, and uncover alternatives that might not
otherwise be considered.

Participatory Nexus Scenario Building in
Ethiopia and Rwanda
Given the potential benefits and pitfalls of participatory processes
to understand and seek solutions to the water-energy-food nexus,
it is important to design a structured—but flexible—process or
method to effectively and sincerely engage with stakeholders as
one moves between “story” and “simulation.” In our research
in Ethiopia and Rwanda, we sought to co-produce different
plausible development scenarios with stakeholders. In Ethiopia,
the geographical scope of our study was the Lake Tana sub-
basin1, while the Akagera river basin formed the geographical
scope of our study in Rwanda2. The scenario co-production
process in each case study was used to create space for dialog
amongst stakeholders with differing knowledge, experience,
priorities and political perspectives on how to address challenges
and opportunities pertaining to the nexus.

1https://www.sei-international.org/mediamanager/documents/Publications/SEI-
DB-2013-Nexus-Blue-Nile-Ethiopia.pdf.
2https://www.sei-international.org/mediamanager/documents/Projects/
FONERWA_Project_Flyer[2].pdf.

The process, shown in Figure 2, was based on a set of
iterative steps consisting of engagement with technical and non-
technical stakeholders to identify the current state of affairs and
posit scenarios about how the future might unfold, followed
by quantitative modeling of these scenarios. In a workshop
setting, stakeholders and the project team jointly developed
the assumptions, populated the model with their own data
and critiqued the results of the tool in an iterative approach
until the model is deemed credible. Moreover, stakeholders
analyzed the socioeconomic and environmental impacts of
the results and compare them with the goals in national
strategies and policies. Lastly, stakeholders participated in the
formulation of new policies and technical innovations to be
tested in the toolkit, thereby supporting the development of new
interventions. Application of the “nexus tool-kit” in Ethiopia,
including quantitative scenario modeling results on the water-
energy-food nexus in the Lake Tana region, are available (see
Karlberg et al., 2015a). Scenario modeling in Rwanda is still
on-going and thus results are not yet published.

Initial Stakeholder Engagement and Model
Development
The first step of the process consisted of initial engagement
with stakeholders to understand the current context and setting,
and discuss initial narratives or storylines about the future. In
both case studies, local project partner(s) invited stakeholders
for broader stakeholder engagement, as well as to be part
of a smaller technical team who were part of developing
the quantitative tools. In Ethiopia, the local project partner
was the Bahir Dar University, a prominent university in the
case study region. In Rwanda, and our local partner was the
Albertine Rift Conservation Society (ARCOS), a conservation
NGO headquartered in Kigali.

A first workshop was held with the broader stakeholder
group to introduce the water-energy-food nexus concept, map
out actors and institutions, define current issues pertaining
to the nexus, and finally to create initial scenario narratives.
In Ethiopia, 40 stakeholders attended the this first workshop,
with participation from, for instance, the Bureau of Water
Resource Development, the Bureau of Agriculture, the Bureau
of Energy and Mines, the Fisheries Association, Environment
Protection, Land Administration and Use Bureau, the Abbay
Basin Authority, and Bahir Dar University. In Rwanda, around
25 stakeholders attended, representing the Ministry of Natural
Resources, the Rwanda Natural Resources Authority, the
Ministry of Agriculture, the Ministry of Local Government and
the three districts specifically targeted in the study. In both
countries, it proved challenging to attract stakeholders from the
government authorities and state-owned utilities in the energy
sector.

In the first workshop in both Ethiopia and Rwanda,
stakeholders were initially asked to describe the current situation
in terms of water and land-use for energy and food production
and related socio-ecological impacts. This information was used
to develop the initial reference scenario, also called “business-as-
usual” (BAU). In this scenario for both cases, all existing resource
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FIGURE 2 | Iterative participatory scenario planning in Ethiopia and Rwanda.

management practices were assumed to remain the same, or
change according to historical trends, but distributed amongst a
growing population as per expected growth patterns. In order to
compare this BAU development pathway, the stakeholders were
then asked to generate a second scenario based on the national
policy framework. For example, population growth in Ethiopia
and Rwanda were expected to continue at 3.1 and 2.5 per cent per
year (the figure for Ethiopia is adopted in the specific case study
area). Meanwhile, agricultural transformation in both countries
would continue to unfold slowly and energy transition would
remain hampered by continued dependence on traditional or
marginally more efficient biomass energy.

Back-to-back with the first workshop, an initial training on
the quantitative tools used in the projects (the “nexus tool-kit”)
was provided to the local technical team in each country. The
intention was to engage experts early on to acquire knowledge
on the tool-kit so that they could co-develop the application
and be proficient users at the termination of the projects.
Typically participants in this team were technically proficient
junior/mid-level employees from stakeholder organizations, who
may or may not already have prior knowledge of the modeling
tools. In Ethiopia, the technical team for LEAP consisted
of representatives of the Ethiopian Electric Power Company
(EEPCo), the Environmental Protection, Land Administration
and Use Bureau and the Mines and Energy Resources
Development and Promotion Agency and Bahir Dar University.
The technical team for WEAP included representatives from

for instance the Bureau of Water Resource Development,
the Bureau of Agriculture, the Abbay Basin Authority, the
Amhara Regional Agricultural Research Institute (ARARI), and
Bahir Dar University. In Rwanda, the technical team members
came from for instance the Energy Utility Corporation, the
Ministry of Infrastructure, the Ministry of Natural Resources, the
Rwanda Natural Resources Authority, the Water and Sanitation
Corporation, and a number of representatives from three districts
specifically targeted in the study. In Ethiopia, it was particularly
challenging to find energy experts. In Rwanda, energy experts
were easier to access, but agricultural experts were difficult to
access.

Based on the information gathered during the workshop,
semi-structured interviews, local data-repositories made
available by the stakeholders, and information found in the
literature, a first model application was built using quantitative
tools (“nexus tool-kit”). In our particular “nexus toolkit,” we
used the Water Evaluation and Planning (WEAP) tool3 and
LEAP4. These software tools are two of the most common water
and energy planning tools used globally today, particularly in
data scarce environments. In dialog with stakeholders, the tool
can be applied to test classical “what if ” questions (e.g., what
if we increase the energy tariff, subsidize fertilizer, build more
irrigation dams etc.). SEI’s WEAP and LEAP “nexus toolkit” are

3http://sei-us.org/software/weap.
4http://sei-us.org/software/leap.
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modeling tools that use a broad set of data collected in the field
and from other sources. The toolkit can then analyse several
development pathways, conduct stakeholder analysis of outputs
and finally evaluate different development pathways.

Refining Scenario Story and Simulation
After the initial model application was completed by the
modeling experts, a full-week training with the technical team
was held in Ethiopia and Rwanda. During this week, the local
application of the model was used as the training material. For
instance, in Ethiopia the WEAP and LEAP model for the Lake
Tana region was used. In Rwanda, a national level LEAP model
was used and a WEAP model covering the Akagera basin was
used. In this way, the technical team were given the opportunity
to critique and refine the model assumptions and results—given
their local knowledge—andwere able to direct themodeling team
to better or more appropriate data as necessary. In both cases,
the technical training led to the emergence of invaluable and
previously inaccessible reports and associated data on energy,
water, and agriculture in the respective countries.

After a period of time, during which the model continued
to be refined, a second workshop with the broader stakeholder
group was then conducted (yet to be done in Rwanda). In
Ethiopia, this workshop employed the use of the SWOT analysis
approach (Strengths-Weaknesses-Opportunities-Threats). The
SWOT analyses were complemented with questions about
potential winners and losers under each scenario. The insights
generated by these exercises thus highlighted the implications of
each development trajectory for a variety of different stakeholder
groups. Based on these implications, a set of unresolved
dilemmas, also under the national framework scenario, were
identified. As a response to this, the stakeholders defined a
third scenario, hereafter called the “Nexus” scenario. As a
result, the interaction between stakeholders and scientists in
Ethiopia generated a revised set of narratives as well as a clearer
understanding among the scientists on which data to include in
the LEAP and WEAP models for the Lake Tana region.

Co-exploring Scenario Impacts
In consecutive workshops in Ethiopia, modeling work was
analyzed and critiqued by the technical team, which led to a
refinement of data and assumptions in an iterative process, until
the results were deemed credible. In Rwanda, these workshops
will take place in 2017 and 2018. The broader stakeholder
group in the Lake Tana region participated in refining the
scenarios and assessing impacts, again using SWOT analysis. The
outcome of participatory scenario modeling work in Ethiopia
was identification of clear, yet unresolved, conflicts and trade-
offs over national plans for water resource use in agriculture and
energy and over current patterns of biomass resource use, as well
as development of a “nexus” scenario that sought to address these
conflicts and trade-offs (Karlberg et al., 2015a).

Overall, each step in the process can be iterated as necessary
to further refine the models/scenarios, build competence within
the technical team and increase dialog between stakeholders.
When discussions move toward seeking solutions that address
trade-offs, etc., then the process can be viewed as coming to a

close. For instance, the dialog might lead to plans for several
promising technical innovations that may have positive impacts
for both transforming the agricultural and the energy sectors,
such as micro-hydro schemes, bio-digesters, improved cook-
stoves, water harvesting dams, conservation agriculture, etc. If
the both the direct and indirect impacts of upscaling these
technologies are unclear, the “nexus tool-kit” can in these cases
help to quantify the resources allocations to different sectors and
potential environmental impacts, as well as the production of
both food and energy for different development trajectories.

DISCUSSION AND LESSONS LEARNED

In order to further explore the conceptual approach
demonstrated in this paper, we relate the process and
methodology applied in the two case-studies in Ethiopia
and Rwanda respectively with the rationales for participation
(substantive, instrumental, and normative; Fiorino, 1990), and
are thus able to confirm the relevance of all three in our proposed
approach to scenario building in nexus studies. Furthermore, we
provide a few concrete examples from each case-study as a way
to illustrate how the water-energy-food nexus may play out in
resources constrained, low-income countries in the tropics, with
specific focus on charcoal.

Local Knowledge
The substantive argument for participatory nexus scenario
planning emphasizes the importance of local knowledge
and perceptions in fully understanding the water-energy-food
security nexus in a particular context. During the initial
interactions with the stakeholders a number of nexus issues
that were of importance in the specific local setting were
identified. In Ethiopia, our initial discussion revolved around
water use for irrigation, hydropower generation, andmaintaining
environmental flow requirements in rivers and lakes. However, in
subsequent workshops it became increasingly clear that biomass
use for food, fodder, and fuel was just as important. Moreover, the
use of water and biomass for energy and food production were
strongly linked; current over-use of biomass for fodder and fuel
was causing severe land-degradation and could only be partially
offset by higher reliance on alternative energy sources such as
electricity (e.g., hydropower). The analysis showed that if the
management of biomass was to continue unchanged, demand
would exceed supply by a factor of three by 2030 (Karlberg et al.,
2015b), which has potentially severe implications for all sectors
depending on biomass use, such as the charcoal industry and
livestock rearing. Specifically, the demand for fuelwood, partly
consisting of demand for charcoal, is predicted to exceed supply
of woody biomass by a factor of five by 2030, thus highlighting
the urgent need to address the energy supply situation and
specifically the cooking fuel component.

In Rwanda, the current overuse of biomass for charcoal
production, and the governance implications thereof, was one
of the entry points for discussion. Being severely constrained
by productive land area, the country will need to make well-
informed decisions and come to agreement on how to best make
use of this land and the associated biomass. As the charcoal sector

Frontiers in Environmental Science | www.frontiersin.org 8 May 2017 | Volume 5 | Article 2412

http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Science/archive


Johnson and Karlberg Participatory Scenario Building for the Water-Energy-Food Nexus

currently employs a significant proportion of the population,
such decisions need to be followed by a strategy for providing
alternative sources of income for those that currently derive their
livelihoods from this sector, should the decision be to reduce
the dependence of charcoal in the energy sector in future. Such
alternatives are currently being co-explored with the stakeholders
and the research team in the on-going project in Rwanda.

As discussions developed, it became clear that the interactions
between the processes of agricultural transformations and energy
transitions was strong and complex and that there was a need
for quantitative assessments to provide illustrations of different
plausible development trajectories to support the planning of
natural resources management which hitherto had been based
on educated guesses on the developments of the other sectors, at
best. Participatory scenario building can significantly contribute
to a critical review of data on issues pertaining to the water-
energy-food nexus.

Legitimacy
The instrumental rationale for participatory scenario building
revolves around the notion that decisions involving citizens are
likely to be more legitimate. We found that the iterative process
of model development and scenario refinement in Ethiopia and
Rwanda helped tomake the narratives significantly more relevant
and appropriate from the perspective of the stakeholder groups.
Moreover, by co-developing the local model application with a
team of technical experts scrutinizing and contributing to data,
assumptions and results, improved the quality of the application.

Also, past project experience shows that if local stakeholders
can maintain a quantitative model, it has a better chance of
informing decision-making. In this context a note of caution
is warranted. Nexus analysis quickly becomes complex and is
therefore resource consuming. Thus, before embarking on a full-
scale nexus analysis, it is critical to hold an initial workshop and
perform some initial sector specific quantifications of resource
demand and supply to reveal if any nexus issues actually exist.
It is important to remember that not everything is a nexus issue,
and some issues can be managed more easily within a specific
sector.

Trade-Offs and Governance
The normative drive for participation highlights the importance
of stakeholder dialogue to clarify problems, identify unavoidable
trade-offs and negotiate viable solutions to complex and
uncertain environmental and societal problems associated with
the nexus. The process highlights constraining and reinforcing
interlinkages between different sectors and thus stimulates
vital discussion between stakeholder groups who may not
have discussed their separate future pathways with each other
before. The projects brought together stakeholders from the
food, water, energy, and environment sectors to discuss the
implications of different development trajectories and to jointly
develop new strategies that would address outstanding dilemmas.
To support this dialogue, the co-creation of the scenarios
and the joint analysis of the impacts resulted in a better
understanding of the dilemmas facing each sector and hence a
more common ownership of the development of the region by

all stakeholders. Moreover, since the analysis was based on the
data and assumptions made by the local experts, and provided a
quantitative illustration of different development trajectories, the
focus on the discussions was on impacts and options for resolving
dilemmas, rather than arguing and guessing over resources
availabilities. Even though there was often disagreement amongst
the stakeholders on what constituted more or less desirable uses
of resources, there was a shared understanding of that whatever
each sector does will impact on the others. As a consequence, in
Ethiopia all stakeholders expressed a need for continued dialogue
to ensure cross-sector coherence. The outcome therefore was the
forming of a cross sector platform for dialogue, and an improved
understanding of joint issues pertaining to resource scarcity (in
this case specifically water and biomass) and the needs of other
sectors. The project also revealed gaps in the current policy
framework that would need to be addressed to ensure a desirable
future for all.

During the workshops in both Ethiopia and Rwanda, a lot of
time was spent discussing which actors and/or institutions that
have the mandate to govern nexus issues. This experience was
also shared in a nexus rapid appraisal conducted in Zambia (Zur
Heide et al., 2015). It appears that water management agencies
have a central role to play, since they commonly have a mandate
to plan water resources allocation amongst several stakeholders.
Yet, they lack the land-use aspects and can also be said to have
vested interests. On the other hand, most stakeholders did not
suggest a new institution to take on the role of overseeing nexus
issues. In this context, the issue of level is also important, i.e.,
should the nexus be managed a local, national or regional levels.
It appears that most actors are present at the national level which
is also where policies are being developed, so the national level
will be, if not possibly the only level for nexus governance, so at
least a critical one. In summary, we note that the ownership of the
process is a challenge which has to be addressed in each specific
local context.

Challenges
A number of outstanding challenges were also identified in
both projects. Firstly, we note that actors sit at different levels
at different sectors. For instance, in Ethiopia we conducted
social network analyses on the agriculture, energy, water, and
environment sectors (Stein, 2013). It was found that whilst
agriculture, water and environment consisted of large actor
networks ranging from the local to the national level, the energy
network was smaller and most actors were concentrated at the
national level. As a consequence, it was sometimes difficult to get
participation by energy actors in workshops held at the local level.
Moreover, despite the energy sector in Rwanda and Ethiopia
being more than 80% biomass based (World Bank, 2009) the
energy sector actors were predominantly focused on electricity.
Since biomass scarcity is a major challenge and impacts greatly
on land management, the lack of focus on bioenergy becomes
problematic from a nexus perspective.

On a related note, it became clear during the stakeholder
workshops that different stakeholders had different abilities to
impact the decision on the ultimate use of resources. In Ethiopia
for instance, stakeholders expressed that hydropower generation,
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followed by irrigation, took priority over meeting environmental
flow requirements. We therefore identified a challenge to manage
different power relations amongst actors in a nexus context.

Lastly, we note that implementing a cross-sector process
inevitably takes time. Changing policy and planning processes
normally takes longer than the duration of a research project.
On the other hand, the uptake of quantitative tools to support
the planning and decision-making process is faster. Overall, we
conclude that the impacts of a nexus project are most likely
experienced beyond the closing of the project, and therefore a
strong local partner with a clear mandate to continue to support
the process is critical to achieve long-term impacts.

CONCLUSIONS

The water-energy-food nexus concept takes an integrated
approach to understanding ways in which human development
can be pursued without adversely affecting natural resources and
ecosystems. In this regard, the nexus approach has significant
potential for exploring the barriers to and opportunities for
sustainable production, trade and consumption of charcoal—an
important and growing source of energy and income in sub-
Saharan Africa. However, the complexities of the nexus require
careful engagement with stakeholders to manage conflict and
tensions around potential winners and losers of any future
change or intervention.

In this conceptually-oriented paper, we proposed a
participatory scenario-building process that facilitated
engagement beyond technical aspects to include social,
economic, and political concerns. Applying this participatory
scenario-building process in empirical studies of the water-
energy-food nexus in Ethiopia and Rwanda, we found that
such a process provides a valuable space for dialogues around
development pathways that are sustainable both biophysically
and socio-economically. Co-production and co-exploration
of quantitative scenarios stimulates vital discussion between

stakeholder groups who may not have discussed their separate
future pathways with each other before, and contributes to
a shared understanding of how the sectors depend on each
other, and therefore illustrates the need for joint solutions
to outstanding dilemmas. We found that even though there
was often disagreement amongst the stakeholders on what
constituted more or less desirable development outcomes,
there was a shared understanding of the interlinkages between
the sectors and how those could be addressed. Our proposed
methodology to participatory scenario building addressing
the water-energy-food nexus highlights the relevance of
substantive, instrumental, and normative rationales for
stakeholder involvement.

Furthermore, we found that equipped with technical expertise
and knowledge of how their sector fits into the broader
socio-ecological landscape and system, stakeholders may be
able to achieve more sustainable and equitable options to
address resources allocation in the water-energy-food nexus. An
outstanding challenge relates to the ownership of the processes
and water-energy-food nexus related issues, which needs to
adapt to local institutional structures and existing platforms
for collaboration. Managing different power relations amongst
stakeholders in yet another challenges which special relevance
to the nexus, since by definition this topic involves an array of
various actors.
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The Marginalization of Sustainable
Charcoal Production in the Policies
of a Modernizing African Nation
Nike Doggart * and Charles Meshack

Tanzania Forest Conservation Group, Dar es Salaam, Tanzania

Charcoal is the main cooking fuel for urban populations in many African countries.

Urbanization and population growth are driving an increase in demand for charcoal,

whilst deforestation reduces biomass stocks. Given increasing demand for charcoal, and

decreasing availability of biomass, policies are urgently needed that ensure secure energy

supplies for urban households and reduce deforestation. There is potential for charcoal

to be produced sustainably in natural woodlands, but this requires supportive policies.

Previous research has identified policy issues that have contributed to the charcoal

sector remaining informal and environmentally destructive. In this paper, we describe

how national policies in Tanzania on energy, forests, agriculture, land, and water, consider

charcoal, and the degree to which they do, and do not, support sustainable charcoal

production. The paper identifies policy gaps and a cross-sector tendency to marginalize

natural forest management. By adopting a nexus approach, the paper highlights the

inter-connections between sustainable charcoal production, ecosystem services, and

trade-offs in the allocation of land, labor, and net primary production. In conclusion,

sustainable charcoal production has been marginalized in multiple national policies. As a

result, potential benefits of sustainable charcoal production are lost to multiple sectors.

Keywords: charcoal, sustainable forest management, policy analysis, nexus, Tanzania

INTRODUCTION

Global wood charcoal production has trebled over the last 50 years from 17.3 million tons in 1964
to 53.1 million tons in 2014 (FAO, 2016). Sixty-one percent of current global production occurs
in Africa (FAO, 2016), primarily to satisfy demand for cooking fuel from urban and peri-urban
households (Mwampamba et al., 2013; d’Agostino et al., 2015). With Africa’s population projected
to double between 2015 and 2050 (UN, 2015), and with increased rural-urban migration in key
producing countries, including Tanzania, Ethiopia, and Nigeria (FAO, 2016), demand for charcoal
is projected to increase. Whilst demand for charcoal is projected to increase in Africa (IEA, 2014),
the availability of woody biomass is declining due to widespread net deforestation (Hansen et al.,
2013).

Charcoal can be produced without permanently deforesting or degrading a forested area, by
protecting harvested areas from cultivation, intensive grazing, and fire, thus enabling natural
regeneration. We use the term “to deforest,” to mean the long-term or permanent removal of forest
cover and conversion to a non-forested land use (Watson et al., 2000), whilst we follow the FAO
(2003) definition that forest degradation means the long-term reduction of the overall potential
supply of benefits from a forest, which includes carbon, wood, biodiversity, and other goods and
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services. As Chidumayo and Gumbo (2013) have stated,
woodlands in many tropical countries, including Tanzania, will
regenerate within 8–30 years of trees being cut for charcoal.
Similarly, Woollen et al. (2016) found that areas of Mopane
woodland inMozambique, under long term charcoal production,
continued to provide most ecosystem services, so long as the
woodland species continued to dominate the area.

Sustainable charcoal production requires owners of natural
woodland to maintain forest cover over time, rather than
converting it to other land uses, such as agriculture. In
this paper, we assume that charcoal production is more
likely to be sustainable if charcoal-dependent countries adopt,
and implement, policies that explicitly support sustainable
production and incentivize forest owners to maintain natural
woodland for sustainable charcoal production. We assume that
sustainable production is more likely to be achieved in woodlands
with secure tenure, formalized management, and harvesting
plans designed to maintain the broad ecosystem functions of the
forest or woodland. This assumption is supported by evidence
from Niger and Senegal, where the adoption of formalized,
community-based woodfuel production has resulted in an
increase in the forest stock (de Miranda et al., 2010). In contrast,
in Tanzania and in many of the other top charcoal-producing
countries in Africa, charcoal value chains are largely informal
with production proceeding in the absence of sustainable
harvesting plans (Sander et al., 2013; Schure et al., 2013). The
informality of production, particularly the absence of formalized
and sustainable harvesting, has contributed to widespread forest
degradation and, to a lesser extent, deforestation, particularly
in the vicinity of concentrated markets, such as large urban
areas (Chidumayo and Gumbo, 2013). The role of national
policy, in this context, is to document a nation’s intention
to manage natural forests for sustainable charcoal production,
with lower level policy tools setting out the details of how
the policy should be implemented. National policy therefore
provides a foundation for the formalization of sustainable
charcoal production, and for the allocation of forest lands for
that purpose. If these assumptions are correct, then we can
infer that embedding sustainable charcoal production in national
policy will help to safeguard forests, and the ecosystem services
that they provide. However, we also recognize that formalization
does not guarantee sustainability (Schure et al., 2013), and that
there are examples of government attempts to control supply
which have, instead, disrupted supply (Ribot, 1999), and of
informal production in which forest ecosystem services are
sustained (Ribot, 1999; Woollen et al., 2016). We also recognize
that there are currently few examples of formalized, sustainable
charcoal production in practice (de Miranda et al., 2010; Zulu
and Richardson, 2013). The relevance of including sustainable
charcoal production in national policy and the risks of omitting
it are explored throughout the paper. Despite the potential
benefits of sustainable charcoal production, national policies

Abbreviations: CBFM, Community Based Forest Management; MNRT, Ministry
of Natural Resources and Tourism; TFCG, Tanzania Forest Conservation Group;
TFS, Tanzania Forest Services Agency; TZS, Tanzanian Shilling; VLFR, Village
Land Forest Reserve.

in many African countries have not embraced the practice
even in countries with development programmes, and research,
promoting sustainable production [World Bank, 2009; Owen
et al., 2013; Sander et al., 2013; CamCo Clean Energy (Tanzania)
Limited, 2014].

There are various reasons why sustainable charcoal
production has been marginalized in national policies.
Mwampamba et al. (2013) identified five misconceptions about
charcoal that are held by policy-makers and other stakeholders,
despite evidence that runs counter to those perceptions. These
include beliefs that: charcoal is an energy source primarily for the
poor; that charcoal use for cooking will decrease automatically,
as a country becomes more developed; that charcoal production
causes deforestation; that the charcoal sector is economically
irrelevant; and that improved charcoal cook stoves mitigate
deforestation. The authors highlight that a paucity of data
on the charcoal trade has confounded attempts to nurture
a more nuanced understanding of the trade amongst some
policy-makers, and that, as a result, these beliefs have resulted
in mis-guided policies. The question of why policy-makers have
marginalized sustainable charcoal production in national policy
is also explored in this paper.

Various authors, including Mwampamba et al. (2013) and
Sander et al. (2013), have highlighted policy-related barriers to
improving the sustainability of charcoal production in Tanzania.
In this study, we retain their focus on Tanzania whilst defining
more precisely those policy-related barriers. We describe how
charcoal is currently addressed in energy, forest, agriculture,
water, and land policies in Tanzania. We also update previous
analyses by bringing in the National Energy Policy, 2015 (URT,
2015b), and the draft National Forest Policy, 2014 (URT, 2014),
and broadening the scope of the analysis also to consider the land,
agriculture, and water policies. We assess the degree to which
different sectoral policies consider sustainable management of
natural woodlands for charcoal production. In addition to
looking at policy content, we also look briefly at the broader
policy cycle in order to identify other factors that have influenced
the treatment of charcoal in national policy. By applying nexus
thinking, we explore the inter-sectoral implications of current
policies. We highlight the inter-connections between sustainable
charcoal production, natural woodland management, ecosystem
services, and the energy, forest, agriculture, water, and land
sectors, particularly when viewed through the lens of climate
change.

The paper is focused on policies in Tanzania, the fifth
largest charcoal producer in Africa (FAO, 2016). Tanzania stands
out in terms of the extent to which charcoal has contributed
to deforestation in the country. For example, in a study of
17 countries with the highest deforestation rates globally, the
average proportion of deforestation attributable to charcoal
was 6.9 ± 2.3%, with the highest proportion occurring in
Tanzania at 33.16% (Chidumayo and Gumbo, 2013). However,
the assumptions underpinning this estimate are only weakly
validated, in terms of the interplay between charcoal and crop
production, particularly in areas where charcoal production
occurs during a land use transition from forest to cropland. Bailis
et al. (2015) estimated that woodfuel harvesting contributed no
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more than 20% of non-renewable biomass harvested in Tanzania.
In the paper, we unpick some of the policy-related drivers of
deforestation and forest degradation. We also challenge policy
makers, in countries such as Tanzania that are undergoing rapid
economic and land use change, to re-evaluate the land use
trade-offs that are being made between agriculture and natural
forests, and to embrace policies that promote sustainable charcoal
production and natural woodland management.

Charcoal and the Energy Sector
The nexus between charcoal and the energy sector in
many African countries, including Tanzania, centers on its
predominance in the national energy supply. Woodfuels
including charcoal and fuel wood provide 85–90% of Tanzania’s
energy supply (World Bank, 2009; URT, 2015b). In urban
areas, 71% of households depend on charcoal, whilst fuelwood
is predominantly used in rural areas [CamCo Clean Energy
(Tanzania) Limited, 2014]. Tanzania’s urban population has
increased from <1 to 12 million over the last 50 years (FAO,
2016). This growth trend is projected to continue, with a
concomitant increase in the proportion of the population using
charcoal (Sander et al., 2013).

Charcoal and the Forestry Sector
Perceptions of the charcoal–forest nexus have focused on forests
as an input to charcoal production, and the impact, thereof,
in terms of deforestation and forest degradation (Msuya et al.,
2011; Mwampamba et al., 2013; Owen et al., 2013). Less
attention has been paid to the potential for charcoal to generate
revenues for sustainable natural woodland management, thereby
contributing to the retention of forest cover. This can be
attributed to the low level of effort that has been made
in managing woodlands sustainably for charcoal production.
This has created a “vicious cycle,” where the status quo of
unplanned production is perceived to be the only production
model. This leads policy-makers to marginalize, and occasionally
attempt to ban charcoal (Mwampamba et al., 2013), thereby
missing the opportunity to generate revenues for investment in
sustainable management, including in the context of community-
based forest management. The lack of investment in forest
management perpetuates the unplanned production model, and
so reinforces its negative impact on the forest resource base. From
a climate change perspective, the absence of sustainable forest
management results in the emission of greenhouse gases from the
resultant deforestation and forest degradation (Bailis et al., 2015).

Charcoal and the Agriculture Sector
The nexus between charcoal and the agriculture sector centers
on the allocation of land, labor, and net primary production.
The outcome of the nexus between agriculture and charcoal
has important implications for forests, given that agriculture
generally results in the conversion of forests to cropland i.e.,
deforestation, whilst charcoal production is more frequently
a driver of forest degradation (Ribot, 1999; Chidumayo and
Gumbo, 2013; Woollen et al., 2016). At one level, agriculture
and charcoal production compete with each other for land,
labor, and net primary production, albeit for the common

purpose of feeding people. However, whilst sustainable charcoal
production requires post-harvesting regeneration of woodland,
crop production results in deforestation. Sustainable charcoal
production from natural woodlands is existentially dependent on
the continued availability of those woodlands, and, by default, the
ecosystem services generated by those woodlands (Figure 1).

Although data on the proportion of deforestation attributable
to specific drivers is not readily available in many countries
(Hosonuma et al., 2012), there is considerable evidence to
demonstrate that agriculture is the main driver of deforestation
in Africa, even in countries, such as Tanzania, where charcoal
has also been identified as a significant deforestation driver
(Gibbs et al., 2010; Chidumayo and Gumbo, 2013; Krausmann
et al., 2013; Willcock et al., 2016). The question of whether, and
how much, deforestation is caused by charcoal production, has
been raised by several authors (Ribot, 1999; Mwampamba et al.,
2013) and raises complex semantic issues (Lund, 2015), as well
as unpicking the spatially heterogeneous inter-play of drivers
of land use change. The availability of higher resolution and
more frequent remote sensing images is helping to generate a
more robust, and finer scale understanding of land use change,
including deforestation (Hansen et al., 2013).

Whilst crop production is a major driver of deforestation, it
is also dependent on the ecosystem services that forests provide,
such as regulation of water quality and flow, protection of
soils from erosion, and provision of habitats for pollinators and
predators of crop pests (Foley et al., 2005; Ninan and Inoue,
2013). As such, forests play a binding role in the nexus between
charcoal and agriculture, particularly when we consider the
hydrology of agricultural areas. The linkages between forest cover
and the hydrology of an area are complex and vary between
catchments (Brown et al., 2005; Price, 2011). Maintaining
forest cover reduces the risk and severity of flooding in many
catchments (Bradshaw et al., 2007), and sustains base flows
in some catchments, particularly those prone to soil hardpan
formation and soil compaction, when deforested (Bruijnzeel,
1988; Price, 2011). Deforestation therefore has implications
for downstream agricultural production, particularly for areas
under irrigation. With climate change, the risks to agricultural
production due to fluctuating dry season flows are likely
to increase with the longer, drier dry season predicted for
parts of Africa, including parts of Tanzania, by some climate
models (de Wit and Stankiewicz, 2006; Watkiss et al., 2011).
Therefore, policies that promote incentives to maintain forest
cover, including sustainable charcoal, may also contribute to
safe-guarding dry-season irrigation in downstream agricultural
areas.

The nexus between charcoal and crop production is bound
further by their common labor force. CamCo Clean Energy
(Tanzania) Limited (2014) estimate that 300,000 households are
involved in charcoal production in Tanzania.

Most charcoal producers are also farmers who practice
charcoal production in the dry season (Zulu and Richardson,
2013). Charcoal production also provides an economic safety
net for farmers in case of crop failure or others shocks to a
household’s livelihood (ibid; Jones et al., 2016). This points to
the potential for sustainable charcoal production to enhance
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FIGURE 1 | A nexus map for the energy, agriculture and forest sectors highlighting resource trade-offs and feedback loops.

livelihood resilience in rural households vulnerable to climate
change-related shocks.

The trade-off between charcoal production and agriculture is
also influenced by land policy. Sustainable charcoal production
requires national land policies that promote sustainable
woodland management as a land use, and promote secure
forest tenure, over a timescale proportionate to the 8–30-year
woodland regeneration cycle. In this paper, we examine this
nexus between charcoal, energy, forests, agriculture, land, and
water, and the degree to which these connections are reflected in
national policy.

METHODS

We apply an interpretive approach to policy analysis (Yanow,
2007), specifically a close-reading of policy documents. We
selected Tanzania as a case study due to its high dependency
on charcoal amongst urban households, the high potential for
scaling up sustainable charcoal production given extensive areas
of woodland in the country, and the authors’ familiarity with the
charcoal trade in Tanzania through involvement in the ongoing
“Transforming Tanzania’s Charcoal Sector project” financed by
the Government of Switzerland.

We reviewed over-arching national policies including the
constitution (URT, 1977), development vision (URT, 1999), and
national climate change strategy (URT, 2012). We reviewed
the national policies for the energy, forest, agriculture, land,
and water sectors. We reviewed each national policy document
for references to sustainable charcoal production, natural

forest management, charcoal, forest produce, woodfuel, biomass
energy, and/or other terms with a similar meaning. For those
sectoral policies that referred to any of these terms, we reviewed
additional policy instruments including regulations, orders,
guidelines, strategies, and plans. Text referring to those terms
was compared to identify similarities and differences between
policies. We compared the ways in which those terms are, or
are not, presented in the policy background descriptions, issues,
objectives, and statements. In our comparison, we also looked for
statements on inter-sectoral connections related to sustainable
forest management and/or the charcoal trade. The list of policy
documents that we reviewed is provided in Table 1. We focused
on charcoal produced from natural woodlands, rather than
charcoal from plantations or fuel briquettes. We have followed
FAO (2004) in its definitions of charcoal and fuelwood. However,
we use a narrow definition of woodfuel to mean solid, direct
woodfuels, specifically charcoal and firewood.

By looking at policy content, we focused primarily on the
policy formulation and decision-making stage of the policy cycle,
and to a lesser degree, the agenda-setting and implementation
steps. The policy cycle provides a conceptual framework
based on a simplified chronology of the policy process. Jann
and Wegrich (2007) present a 5-step policy cycle model
comprising: agenda-setting, policy formulation and decision-
making, implementation, evaluation, and termination. Agenda-
setting is the process by which issues are selected, or rejected,
for inclusion in a particular policy. Research on agenda-setting
might look at how policy makers select the issues to include in,
or exclude from, national policy, and in which policy to include
those issues. Research on agenda-setting also addresses political
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TABLE 1 | Tanzanian policy documents reviewed.

OVER-ARCHING POLICY DOCUMENTS

The Constitution of the United Republic of Tanzania, 1977, Cap 2

(URT, 1977)

The Tanzania Development Vision 2025 (URT, 1999)

The National 5 Year Development Plan 2016/17–2020/21 (URT,

2016a)

ENERGY

The Rural Energy Act, 2005. Act No. 8 of 2005

The National Energy Policy, 2015 (URT, 2015b)

The National Energy Policy, Draft 2013

The National Energy Policy, 2003 (URT, 2003)

The Biomass Energy Strategy for Tanzania, Draft 2014 [CamCo

Clean Energy (Tanzania) Limited (2014)]

Ministry of Energy and Minerals: Strategic Plan 2011/12–2015/16.

MEM, 2011 (TFS, 2013b)

AGRICULTURE

The National Agriculture Policy, 2013 (URT, 2013a)

The National Livestock Policy, 2006 (URT, 2006)

LAND

The National Land Policy, Draft 2016 (URT, 2016b)

The National Land Policy, 1997 (URT, 1997b)

The Land Act, 1999. Act No. 4 of 1999. Cap 113

The Village Land Act, 1999. Act No. 5 of 1999. Cap 114

WATER

The National Water Policy, 2002

The Water Resources Management Act, 2009. Act No. 11 of 2009

FOREST

Forest Policies

The National Forest Policy, 1998 (URT, 1998)

The National Forest Policy, Draft 2014 (URT, 2014)

Forest Laws and Regulations

The Forest Act, 2002, Act No. 14 of 2002, Cap 323

The Forest (Amendment) Regulations, GN 324 of 2015

The Forest (Amendment) Regulations, GN 433 of 2013

The Forest (Amendment) Regulations, GN 69 of 2006

Forestry Sector Guidelines and Public Notices

Community-Based Forest Management Guidelines. Forestry and

Beekeeping Division, 2007

Joint Forest Management Guidelines. Ministry of Natural

Resources and Tourism, 2013

Guidelines for Harvesting in Village Land Forest Reserves.

Tanzania Forest Services Agency, 2013 (TFS, 2013a)

Public Notice regarding procedures for trade in forest products.

Tanzania Forest Services Agency, 2015

Mwongozo wa uvunaji endelevu na biashara ya mazao ya misitu

yanayovunwa katika misitu ya asili (Guidelines on sustainable

harvesting and trade in forest products from natural forests).

Tanzania Forest Services Agency, 2015

National Woodfuel Action Plan. Forestry and Beekeeping Division,

2009. Draft

Tanzania Forest Services Agency Strategic Plan. July 2014–June

19. Tanzania Forest Services Agency, 2013

Other Forestry Sector Reports

Participatory forest management in Tanzania: facts and figures.

Ministry of Natural Resources and Tourism, 2012

(Continued)

TABLE 1 | Continued

The National forest resources monitoring and assessment of

Tanzania Mainland: main results. Ministry of Natural Resources

and Tourism, 2015

Maelezo kuhusu Wakala wa Huduma za Misitu, Tanzania:

majukumu, mafanikio, changamoto na mikakati (2011–2015)

[Information about the Tanzania Forest Services Agency:

responsibilities, achievements, challenges and strategies

(2011–2015)]. Ministry of Natural Resources and Tourism, 2016

ENVIRONMENT AND CLIMATE CHANGE

The National Environmental Policy, VPO, 1997 (URT, 1997a)

The Environmental Management Act, 2004. Act No. 20 of 2004.

Cap 191

The Draft National Environment Policy 2016 (URT, 2016c)

The National Climate Change Strategy, 2012 (URT, 2012)

questions in terms of whose issues make it onto the policy
agenda, and who defines those issues. This flows into the policy
formulation and decision-making step, which involves making
choices about the purpose of a policy and the broad strategy to
be pursued, in order to achieve those objectives. Once policy has
been defined, the next step is for it to be implemented, including
defining the regulatory, financial, and organizational details and
enacting the strategies and plans. Policy implementation research
includes looking at the way in which a policy is enacted, including
its impact, cost-effectiveness, and inter-play with other policies.
The evaluation and termination steps of the policy cycle cover
the process of reviewing a policy and the subsequent steps of
policy change. In reality, the steps are frequently overlapping,
particularly when looking at an issue such as charcoal which
cuts across multiple sectors each following its own unique policy
cycle. The policy cycle framework has been criticized for being
over-simplistic, top-down, and insensitive to context. It has
also persisted in policy research, as a heuristic device, within
which a plethora of quantitative and qualitative methods may be
applied. Whilst recognizing its shortfalls, we find it to be a useful
framework within which to position our research.

RESULTS

Tanzania’s Development Vision as
Determinant of Sector Policies
National policies are designed to guide a sector to play its
part in achieving a broader national vision. As context for the
paper’s review of individual sectors, it is important to understand
Tanzania’s development vision as a key determinant of policy
content. Tanzania’s Development Vision 2025 aims at achieving
“a high quality livelihood for its people, attain good governance
through the rule of law and develop a strong and competitive
economy” (URT, 1999).

In terms of economic development, it is envisaged that by
2025, “The economy will have been transformed from a low
productivity agricultural economy to a semi-industrialized one...”
In terms of economic targets, the Vision states that by 2025
there will be “a diversified and semi-industrialized economy with a
substantial industrial sector comparable to typical middle-income
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countries.” It is also envisioned that “fast growth will be pursued
while effectively reversing current adverse trends in the loss
and degradation of environmental resources (such as forests,
fisheries, fresh water, climate, soils, biodiversity).” The national
development vision is further elaborated in Tanzania’s current 5
year development plan which includes targets to “reduce charcoal
consumption in urban areas by 30% by 2020/21 and by 60%
by 2025/26,” as well as to “promote... renewable green energy
technologies (biogas, LPG, Solar Energy).” Overall, the vision
equates modernity with a shift away from the status quo where
75% of the work force is employed in an agriculture sector
dominated by subsistence, small-scale crop production (URT,
2013a) and toward industrialization and a higher quality of life.

Woodfuel and Charcoal in National Policies
We found that, at policy level, no current national policies
include objectives, or statements, giving specific directions on
sustainable charcoal production. The word “charcoal” appears
in the National Forest Policy, 1998 (URT, 1998) (N = 2),
and the National Energy Policy, 2015 (URT, 2015b) (N = 5),
seven times. Six of these seven occurrences are in the sector
descriptions and outline the general importance of charcoal
as an energy carrier in Tanzania, or its role in environmental
degradation. One forest policy direction makes specific reference
to restricting the export of charcoal. These statements are
cited in Table 2. The Environmental Policy, 1997, uses the
broader term “woodfuel” rather than charcoal, and provides the
most comprehensive guidance, including policy objectives to
“minimize woodfuel consumption and develop alternative energy
sources and woodfuel energy efficiency and to promote rational
exploitation of forest resources accompanied with reforestation
and afforestation programmes...for domestic consumption and
export...” The terms charcoal and woodfuel do not occur in
the constitution and development vision, nor in the agriculture,

TABLE 2 | National policy statements that include the term “charcoal.”

National Forest Policy, 1998 (URT, 1998)

2.0 Main sectoral problems and opportunities

The main reasons for deforestation are clearing for agriculture, overgrazing,

wildfires, charcoal burning and over-exploitation of wood resources

4.2.5 Trade in forest products

Internal trade and export of certain forest products such as...charcoal..., may

be restricted or remain under licensing until the conditions for sustainable forest

management and utilization are in place

National Energy Policy, 2013

1.2 Energy situation in Tanzania

The national energy balance indicates dominance of biomass use in the form of

charcoal and firewood and its contribution to the total national energy

consumption is about 85 percent

Charcoal consumption mainly in urban areas has nearly doubled over the past

10 years due to urbanization, high prices or scarcity of other alternatives

particularly kerosene, electricity and LPG. It is projected that demand for

charcoal, without supply and demand side interventions will double by 2030,

from approximately 2.3 million tons of charcoal in 2012. The Government has

been promoting substitution of charcoal and firewood by providing tax relief to

stimulate the use of LPG in the country

livestock, land, or water policies. Overall, there is consistency
between the energy, forest, and environmental policies which
present charcoal as an environmental problem to be resolved
primarily through fuel-switching. Table 3 provides an overview
and timeline of the policies and other key regulatory documents
included in this review.

Consideration of cross-cutting issues, including environment,
began to be a standard component of national policies in
Tanzania after 2003 (URT, 2003). Thus, older policies, such as
those for land, forest, and water, do not include sections on cross-
cutting issues, whilst the more recent agricultural, livestock, and
energy policies include policy objectives and statements related
to the environment as a cross-cutting issue.

Sustainable Charcoal Production and the
National Energy Policy
The focus on fuel-switching is exemplified in the mission of
the National Energy Policy, 2015 (URT, 2015b), which is,
“To provide reliable, affordable, safe, efficient and environment
friendly modern energy services to all while ensuring effective
participation of Tanzanians in the sector.” Modern energy is
defined as “energy that is based on petroleum, electricity or any
other energy forms that have commercialized market channels, a
higher heating or energy content value than traditional energy.”
In its policy statements, biomass is only included in relation to
the objective of enhancing the utilization of renewable energy
resources so as to increase its contribution in diversifying
resources for electricity generation (URT, 2015b). A focus
on fuel-switching from biomass to other energy carriers has
remained consistent in Tanzania’s national energy policies over
the last 25 years. However, the 2015 policy differs from the 1992
and 2003 energy policies in excluding any objective related to
sustainable production of woodfuels, except in the context of
electricity generation. For example, the National Energy Policy,
2003 (URT, 2003), included the guiding statement “promote
efficient biomass conversion and end-use technologies in order to
save resources; reduce rate of deforestation and land degradation;
and minimizing threats on climate change.”

Between 2010 and 2014, the Government of Tanzania
developed a biomass energy strategy and action plan, with
financial support from the European Union. The primary goal
of the strategy was, “To make biomass energy sustainable in
Tanzania.” The strategy proposed five activity bundles aimed
at “ensuring that biomass energy is sustainable in Tanzania
along the entire value chain,” including sustainable charcoal
production. However, as of May 2017, the strategy had not
been adopted. Policies were also drafted for petroleum, natural
gas, and renewable energy, of which the natural gas policy was
approved, whilst others remained in draft form. These policies
were then merged into the National Energy Policy, 2015 (URT,
2015b;Muhongo, 2016). Solid biomass energy was excluded from
the National Energy Policy during the final stages of the policy
revision process. A consultative draft of the National Energy
Policy included a policy objective, “To enhance production and
rational use of solid biomass resources,” and a policy statement,
“Encourage sustainable production of solid biomass” (URT,
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TABLE 3 | Timeline of key policy documents summarizing their position on

sustainable charcoal.

1997 The National

Environmental Policy,

1997 (URT, 1997a)

Objectives include, “Minimisation of woodfuel

consumption through development of

alternative energy sources and woodfuel

efficiency,” (Energy); and “Rational exploitation

of forest resources accompanied with

reforestation and afforestation programmes

shall be promoted” (Forestry)

No specific mention of charcoal

The National Land

Policy, 1997 (URT,

1997b)

Land tenure tenet: “Rights and title to land...will

be based mainly on use and occupation,” and,

“Development conditions are imposed on

holders of land”

Community land rights: “Village Councils will

administer village lands”

No specific mention of charcoal

1999 The Land Act, 1999 Categorizes land as general, village, and

reserved land

No specific mention of charcoal

The Village Land Act,

1999.

Grants village councils the “responsibility for

the management of all village land.” Elaborates

the definition of village land

No specific mention of charcoal

2002 The Forest Act, 2002 Includes charcoal in the category “forest

produce.” Sets the legal requirement that forest

management plans be in place prior to

harvesting any forest produce; empowers

communities to manage, and sustainably

harvest from, forests on village land; and grants

exemption from Central Government royalties

for forest products harvested in village land

forest reserves

The National Water

Policy, 2002

Recognizes that “forests have an important

effect on the conservation of water resources.”

Deforestation cited as a cause of soil erosion

and directs that awareness raising campaigns

on good land use practices, be undertaken

No specific mention of charcoal

2003 The National Energy

Policy, 2003 (URT,

2003)

Charcoal classified as a renewable energy with

the objectives, “Promote efficient biomass

conversion and end-use technologies to ...

reduce deforestation (Renewable Energy);”

and, “Promote application of alternative energy

sources other than fuelwood and charcoal, in

order to reduce deforestation... (Rural Energy)”

2004 The Environmental

Management Act, 2004

Provides a general framework for

environmental management and protection

No specific mention of charcoal

2006 The Forest

(Amendment)

Regulations, 2006

Describe the procedures, and responsibilities of

different entities, in relation to permits for the

production, trade, and transportation of

charcoal

2007 Community-Based

Forest Management

Guidelines, 2007

Include specific references to the integration of

charcoal production in the management of

village land forest reserves

(Continued)

TABLE 3 | Continued

2013 The Forest

(Amendment)

Regulations, 2013

Set the royalty for one 90 kg bag of charcoal at

TZS 14,400; and the annual registration fee for

a charcoal dealer at TZS 256,000

Guidelines for

harvesting in VLFRs,

2013

Provide guidance on how village land forests

can be harvested. Primarily focused on timber,

although charcoaling of timber off-cuts is

mentioned

2015 The Forest

(Amendment)

Regulations, 2015

Set the royalty for one 75 kg bag of charcoal at

TZS 16,600; and the annual registration fee for

a charcoal dealer at TZS 256,000

The National Energy

Policy, 2015

Its mission is “to provide...modern energy

services to all,” rather than traditional energy.

Biomass energy is included under the objective

“To enhance utilization of renewable energy

sources...for electricity generation (Renewable

Energy)”

2015a). During the stakeholder consultation process, Tanzanian
Civil Society Organizations asked for the policy to provide even
more guidance on charcoal and submitted specific proposals for
text to be included in the policy (TFCG, 2015a). However, instead
of providing more explicit guidance on charcoal, the objective
on solid biomass resources was subsequently narrowed, solely
to refer to biomass in the context of electricity generation. The
result is a policy that, on the one hand, states that, “The national
energy balance indicates dominance of biomass use in the form of
charcoal and firewood and its contribution to the total national
energy consumption is about 85 percent,” and, on the other hand,
provides no specific guidance on how to manage that energy
carrier.

Sustainable Charcoal Production and the
National Forest Policy
The National Forest Policy, 1998 (URT, 1998), also recognizes
the importance of woodfuels in the national economy whilst
promoting fuel-switching, in its direction that, “The use of
alternative affordable sources of energy will be promoted through
research and extension.” In addition, the forest policy promotes
the “establishment of private woodlots and plantations for
woodfuel production.” Tanzania’s National Forest Policy, 1998
(URT, 1998), has been under review since 2008 when a zero
draft was circulated to stakeholders for comments, with another
draft circulated for comments in 2014, and a committee formed
to finalize the policy in 2017. The lengthy revision process,
in part, reflects the intervening transfer of forest management
responsibilities from the Forestry and Beekeeping Division to
the, more autonomous, Tanzania Forest Services Agency (TFS),
which was established in 2010. In this paper, both the 1998 policy,
and the 2014 draft policy document, are considered. Although
in draft form, the 2014 policy is relevant as an indication of the
policy direction being considered.

The four overall objectives of the 1998 policy include the
objective, “To ensure sustainable supply of forest products
and services by maintaining sufficient forest area under
effective management;” and “To ensure ecosystem stability
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through conservation of forest biodiversity, water catchments
and soil fertility.” The policy includes policy objectives and
statements reflecting a commitment to planned, sustainable
forest management as a means to supply various forest products
and ecosystem services, including charcoal. The goal of the
2014 draft forest policy, which has remained largely unchanged
since 2008, is “enhanced contribution of the forest sector to the
sustainable development of Tanzania and the conservation and
management of her forest resources for the benefit of the present
and future generations.” Of its four objectives, the most relevant
objective of the 2014 draft policy is, “To ensure sustainable
supply of forest products and services by maintaining sufficient
forest under effective management.” As with the 1998 policy, the
draft 2014 forest policy is supportive of community based forest
management including sustainable production of charcoal and
other forest products.

URT (2002) and supporting regulations, guidelines, and
orders provide further policy support for sustainably managed,
productive forest reserves, including village land forest reserves.
For example, the Forest Act, 2002, empowers Village Councils
(through the designated village committee) to establish
productive village land forest reserves and to issue permits for
the extraction of forest produce including charcoal, provided
that sustainable management plans are in place. Since the
1990s, more than 530 Village Land Forest Reserves have
been established (TFS, 2012 plus TFCG data), including 2.4
million ha of woodland and forest, however, until 2012, none
had integrated sustainable charcoal production into their
management plans. In part this can be attributed to a lack of
guidelines on policy implementation, with policy guidelines
on forest product harvesting in village land forest reserves
focusing on timber, rather than on charcoal (TFS, 2013a). Since
2012, a project in Morogoro Region, led by the Tanzania Forest
Conservation Group (TFCG), has been piloting sustainable
charcoal production embedded in community-based forest
management as a demonstration for scaling up to other village
land forests.

In the context of woodfuel, the draft 2014 National Forest
Policy (URT, 2014) states that, “Establishment of private
woodlots and plantations, planting of trees on farm for wood
fuel production, efficient wood energy conversion and use
technologies and alternative sources of energy will be promoted.”
As with other policies, there is a focus on fuel-switching
and tree planting. Under the forestry sector, Tanzania’s 5-year
development plan includes a target of increasing forest area by
130,000 ha by 2020/21 and 160,000 ha by 2025 through tree
planting, for which it indicates a budget of TZS 150 billion
and a target of 280 million trees/year, for implementation by
the Government (URT, 2016a). The commitment to expand
plantations is also reflected in the TFS strategic plan for 2014/19
which includes a target of 50,000 ha of new plantation by 2019
(TFS, 2013b). The 5-year Development Plan indicates that all
other forestry sector activities including capacity building and
nature reserve management should be paid for by Development
Partners (URT, 2016a). Although the policy promotes planting
of trees for wood fuel, in reality, most plantations are targeting
the timber market, given a higher price per cubic meter for wood
when sold as timber than as charcoal. As such, replacing charcoal

from natural woodlands with charcoal from plantations, is only
likely to succeed at the point where charcoal becomes a more
profitable end product than timber for plantation owners. The
profitability of charcoal from plantations and woodlots relative to
the profitability of timber and other forest products, is often over-
looked by those proposing that planted trees be used in charcoal
production.

Sustainable Charcoal Production and the
National Agriculture Policy
The 2013 Agriculture Policy’s mission is, “to facilitate the
transformation of the agricultural sector into a modern,
commercial and competitive sector in order to ensure food
security and poverty alleviation through increased volumes
of competitive crop products” (URT, 2013a). The focus on
transforming agriculture from traditional, subsistence crop
production to a more intensive, commercialized system is
aligned with the National Development Vision. The National
Agriculture Policy states that, “by definition the agricultural
sector is comprised of the crops, livestock, fisheries, forestry and
hunting sub sectors,” it then goes on to limit its scope to “crop
production.” Charcoal production and forestry are not included
in the scope of the policy. Whilst the policy is not explicit in
promoting the conversion of forests or woodlands to agriculture,
it is implicit in its view that 440,000 km2 of land in Tanzania
“are suitable for agricultural production.” Similarly, the National
Livestock Policy, (URT, 2006), includes 200,000 km2 of “fallow
and forestland” in its estimate of the national rangeland resource.
Evidence that this assumes woodland conversion to agriculture is
also reflected in theNational LandUse Framework Plan for 2013–
2033, which includes areas of woodland in the land categories
designated for the expansion and intensification of agriculture
(URT, 2013b).

As well as implicitly promoting land use change from
woodland to agriculture, the National Agriculture Policy includes
an objective to expand the area of agricultural land under
irrigation from 0.4 to 7.1 million hectares (URT, 2013a).
Expanding irrigation is presented as a strategy to mitigate
climate change-related risks to agriculture. The dependence of
agriculture on forest ecosystem services is recognized under
cross-cutting issues and there is one policy statement, “efficient
use of renewable natural resources shall be strengthened.”

Sustainable Charcoal Production and the
National Land Policy
Tanzania has retained a land tenure structure that deliberately
excludes the concept of “freehold” and is instead based on the
principle that all land is public land where tenure is defined in
terms of “rights of occupancy.” The National Land Policy of 1997
(URT, 1997b) identifies five important characteristics, including
development conditions, that are imposed on landholders. The
objectives of the policy include, “Ensuring that land is put to
its most productive use to promote rapid social and economic
development of the country and protecting land resources from
degradation for sustainable development.” The policy is founded
on a “use it or lose it” principle where rights of occupancy are tied
to development conditions. This is important in the context of
understanding the land policy–charcoal nexus since tenure is tied
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to land use. However, the concept of “use” is not defined either
to include, or exclude, sustainable forest management including
charcoal production. In contrast, other uses are explicitly covered
including agriculture, both for crop cultivation and livestock,
mining, and settlements. There are no examples of rights of
occupancy being given to private land owners for sustainable
charcoal production from natural woodlands.

In 2015, the Tanzanian Government began a revision of
the National Land Policy. The draft National Land Policy of
2016 (URT, 2016b) retains important elements of the 1997
policy, including the concept of rights of occupancy and
the categorization of land as village, general, and reserved
land. The draft policy does not mention sustainable charcoal
production, although it does include an objective for the
“effective protection, conservation and sustainable utilization of
environmentally sensitive areas,” which are defined to include
forests. The policy emphasizes formalization of land tenure
including widespread issuing of granted and customary rights of
occupancy. The promotion of the privatization of land tenure
contrasts with the forest policy’s focus on communally-owned
village land forest reserves.

Sustainable Charcoal Production and the
National Water Policy
The water policy does not mention the term “charcoal,” and
equates the term “energy” with electricity. The National Water
Policy recognizes the forest–water linkages and states that,
“Forests have an important effect on the conservation of water
resources.” The policy goes on to state that with the current
population growth rate, Tanzania will shift from having 2,700
m3/person/year to 1,200 m3/person/year between 2000/1 and
2025. According to UN criteria, this represents a transition
toward water scarcity which is broadly defined as being 1,000
m3/person/year (Falkenmark et al., 2007).

DISCUSSION

The results of our analysis of Tanzanian policies on energy,
forests, agriculture, land, and water, map out the marginalization
of sustainable charcoal production across national policies
despite the potential economic, social, and ecological benefits
of managing natural woodlands sustainably for charcoal
production. Our findings systematically document policy gaps
related to sustainable charcoal production, and provide an in-
depth and updated analysis of the broader policy environment.

The marginalization of charcoal is most starkly apparent in
Tanzania’s energy policy, wherein the National Energy Policy
2015 (URT, 2015b) defines modern energy as the antonym to
woodfuels, as the traditional energy carrier. The policy then
deals exclusively with modern energy. This reflects a deep-
rooted perception that charcoal is part of the traditional way
of life that the national development vision seeks to transform,
and has no place in the model of modernity envisaged for
the country. The omission of a policy objective or statement
on sustainable charcoal production from the National Energy
Policy means that for the duration of this policy cycle, there is

no high-level commitment to produce charcoal and fuelwood
more sustainably, nor to provide strategic oversight regarding
its supply or quality. Given projected increases in demand
for charcoal, and given that the majority of Tanzanians rely
on woodfuel, this policy omission means that the National
Energy Policy fails to provide guidance on Tanzania’s main
energy carrier, a situation that risks perpetuating uncontrolled
production and concomitant negative environmental impacts.
Even if Tanzania’s draft biomass energy strategy were to be
revived, in the absence of a policy-level objective on woodfuel,
the strategy will have no anchor in national policy, thereby
risking continued marginalization. This reinforces findings by
Mwampamba et al. (2013) regarding the extent to which
deeply rooted misconceptions about charcoal have led policy-
makers to select policies that seek to exclude charcoal from the
national energy mix, rather than embrace sustainable production
techniques.

Economic development inevitably leads to trade-offs between
land uses, and requires choices to be made between the
conversion of forests into anthropogenic land uses such as
agriculture, on the one hand, and maintaining natural forests
with their inherent ecosystem services, on the other (Foley
et al., 2005). Our review has shown how Tanzania’s development
vision and sectoral policies have marginalized the sustainable
woodland management land use option for village land. That
agriculture is valued more highly than natural woodland, in
part, reflects systemic challenges in integrating the complex
concepts under-pinning ecosystem service valuation in decisions
over allocation of land and natural resources (Martinez-Harms
et al., 2015). Similarly the economic value of the charcoal trade,
estimated at US$ 650 million, is poorly understood and is
not communicated in national accounts (Sander et al., 2013).
For example, official national figures on government revenues
from natural forest products do not distinguish charcoal from
other products, including timber. Between 2011/12 and 2014/15,
TFS reported TZS 187 billion (∼US$ 86.5 million) in natural
forest product royalties (TFS, 2016), however, the proportion
attributable to charcoal is not stated. Although national figures
do not disaggregate revenues from charcoal, at a lower level of
government, some TFS Zonal offices disaggregate their revenue
by forest product. Zonal government revenue figures indicate
that charcoal comprised between 10 and 71% of natural forest
product revenues in some zones (TFCG, 2015b, Lukumbuzya and
Sianga, 2016). The absence of official figures on the value of the
charcoal trade contributes to it being under-valued as a land use
option, when compared with crops with well-documented trade
data. Thus, whilst charcoal has many similarities with traditional
crops, in terms of its requirements for land, labor, and net
primary production, it is not considered a crop in the agriculture
policy, and it is under-valued when land use tradeoffs are being
made between agriculture and woodland on village land.

Similarly, sustainable charcoal production is not recognized
explicitly as a land use in the National Land Policy. Given
that land tenure is tied to land use in the Tanzanian land
policy, the absence of explicit recognition for sustainable charcoal
production as a land use category, risks the marginalization of
sustainable woodland management in favor of agriculture and
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other cited land uses, particularly given the current trend to
privatize village land.

Optimizing water allocation between sectors is another
relevant area for policy makers to consider, in the context of
selecting an optimal mix of energy carriers, particularly given
projected population increases. Beyond charcoal’s dependence
on forests and forests’ absorption of water, traditional charcoal
production places minimal demand on water supplies. In
contrast, electricity generation from fossil fuels, as promoted
in the National Energy Policy, 2015 (URT, 2015b), consumes
water at all stages of the energy production life cycle (Mielke
et al., 2010). As such, charcoal production using earth kilns is
a more water-efficient energy source than electricity, a relevant
consideration in the context of growing water scarcity. The
relative water requirements of different energy carriers are not
considered by either the national water policy, nor by the
National Energy Policy.

Given the 2013 National Agriculture Policy’s objective to
increase land under irrigation, so the protection of the base flows
essential for dry-season irrigation becomes critical for policy
implementation. Sustainable woodlandmanagement for charcoal
production may, therefore, be a useful policy tool for protecting
base flows, when compared with conversion of woodland to
agriculture in catchment areas. Policies that favor sustainable
forest management and provide incentives to communities to
safeguard the forest resources on their land, may therefore
contribute to securing base flows vital to downstreamwater users,
as well as reducing flooding risks.

Few attempts have been made to look strategically at the
potential volume of charcoal production from current natural
forests in Tanzania. CamCo Clean Energy (Tanzania) Limited
(2014) calculated that 2.3million tons of charcoal were consumed
in Tanzania in 2012. They estimated that this required 350,000
ha of woodland, assuming a mean biomass of 50 m3/ha and
a conversion efficiency of 19%. If we extrapolate this further
and assume a 24 year rotation cycle for a sustainable system,
it would require 8.4 million ha (24 × 350,000 ha) to be under
management for sustainable charcoal production, in order to
meet 2012 supply levels over the next 20 years or so. According to
MNRT (2015) there are 21.6 million ha of forest on village land of
which approximately 10%, or 2.3 million ha, are already included
in areas under community-based forest management (CBFM).
Of the existing areas under CBFM, a significant proportion
is too ecologically sensitive to be appropriate for charcoal
production, particularly given a tendency for CBFM projects to
prioritize high biodiversity areas. Nonetheless, it shows that a
significant proportion of charcoal demand could be met through
sustainable production from the 21.6 million ha of woodland
remaining on village land, including a portion of the area already
under CBFM. Even meeting Tanzania’s 5-year development plan
target of reducing demand by 30%, would still require most of
the remaining woodland on village land to be brought under
sustainable production.

Given Tanzania’s increasing, and increasingly urban,
population, it is clear that sustainable charcoal production
alone cannot meet projected urban energy needs. Undoubtedly
fuel-switching is also needed. Including sustainable charcoal
production in national policies would help to generate the

broad political support and stakeholder buy-in that is needed to
transform the trade in favor of sustainable production.

The exclusion from national policies of sustainable charcoal
production reflects three factors that affect each step in the
policy cycle. These are the absence of detailed, accurate data
on the charcoal trade; deeply-rooted negative perceptions of
the trade; and the weak organizing and advocacy capacity of
producers, traders, and consumers. The lack of reliable, current
data about many important attributes of the charcoal value
chain, as well as deeply held negative perceptions of charcoal
amongst policy makers, have been highlighted by various authors
(Mwampamba et al., 2013; Owen et al., 2013; Sander et al., 2013).
Statements by some Ministers and other policy-makers in the
current Government, as reported in the Tanzanian media and/or
observed by the authors, generally reinforce the findings of
Mwampamba et al. (2013). For example, the belief that charcoal
is responsible for much of Tanzania’s deforestation, is commonly
cited by Ministers as the primary reason for excluding charcoal
from Tanzania’s energy mix1,2. We propose three other reasons
as to why policy makers choose to marginalize sustainable
production. Firstly, few policy makers understand, or believe,
that charcoal can be produced in a sustainable way. This reflects
how few practical examples there are of charcoal being produced
sustainably. Relatedly, technical expertise in managing natural
woodlands for sustainable charcoal production is limited in
Tanzania, where higher learning institutions have not embraced
it into their curricula. Secondly, we contend that the role of
agriculture as the main deforestation driver in Tanzania is poorly
known amongst many policy-makers, in part, due to there being
inadequate, and inadequately publicized, empirical research on
deforestation drivers at a national scale. Given agriculture’s
primacy in Tanzania’s economic development plans, we also
speculate that it is politically convenient to apportion blame for
deforestation on charcoal, instead of on agriculture. Thirdly, the
difficulties of inter-sectoral coordination, required to transform
the charcoal market, have hindered change. Undoubtedly, the
political economy of the charcoal trade is complex and more in-
depth research is needed to understand more fully the dynamics
at play during the agenda-setting step of the policy cycle.

Advocacy from actors along the charcoal value chain has
been muted in Tanzania. This reflects the informal nature
of the sector where producers, transporters, and traders are
often poorly educated, poor, and lack coordinating networks
for advocacy. This contrasts with the advocacy capacity of
stakeholders in the natural gas sector where natural gas
prospecting and development companies had the resources,
experience, and networks to lobby the Ministry of Energy and

1‘On March 1, 2017, the Minister for Natural Resources and Tourism, Prof.
Jumanne Magembe, banned transportation of charcoal from one district to
another to combat what he described as deforestation in the country.’ In Kitabu,
G. How charcoal ban could work in the absence of viable alternative? The
Guardian (Tanzania) 21/03/2017 P. 12. http://www.ippmedia.com/en/features/
how-charcoal-ban-could-work-absence-viable-alternative
2Jumanne Maghembe, the minister of Tourism and Natural Resources, said
in December that cutting wood for charcoal needs to stop because it
spurs desertification. In Makoye, K. To save forests, Tanzania considers tax
on charcoal. Reuters 23/01/2017. http://www.reuters.com/article/tanzania-forest-
charcoal-idUSL5N1F945L
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Minerals intensively during the formulation of the Natural
Gas Policy and the National Energy Policy. Although some
civil society organizations, including the Tanzania Forest
Conservation Group, have facilitated meetings to highlight
issues around charcoal production and to promote sustainable
charcoal production, these efforts were insufficient to persuade
the Tanzanian Government on the critical need for the 2015
National Energy Policy to provide direction for sustainable
charcoal production (URT, 2015b). The weak voice of charcoal
stakeholders has contributed to the National Energy Policy’s
exclusive focus on fossil fuels and electricity generation.

The review has identified important priorities for research
including: quantitative assessments of the relative impact
of drivers of deforestation and forest degradation; rigorous
comparative studies of the costs and benefits of alternative energy
carriers and policy options, taking into consideration inter-
sectoral implications; experimentation with different models of
sustainable charcoal production; and a strategic environmental
assessment and cost-benefit analysis of the Government’s tree
planting proposals relative to increased investment in natural
woodland management.

CONCLUSION

Sustainable charcoal production from natural woodlands has
been marginalized as a policy option in all sectors in Tanzania.
The marginalization of sustainable charcoal production in the
energy and forest sectors is exacerbated by the land policy
in providing no explicit recognition of sustainable woodland
management as a recognized land use, and by the agricultural
policy in promoting the expansion of agricultural land. If
woodlands do not generate income for their owners, including
communities, the economic rationale to convert woodland to
agricultural land is strengthened. Assuming that sustainable
charcoal production can incentivize sustainable woodland
management, an opportunity is therefore being missed to embed
a sustainable financing mechanism into participatory woodland
management. Widespread conversion of woodland to agriculture
inevitably undermines the ecosystem services generated by
those woodlands, with corresponding risks to those sectors that
depend on those ecosystem services, particularly agriculture.
The marginalization of sustainable charcoal production from
national policy is, therefore, a missed opportunity given the
potential for it to contribute to more climate-resilient rural
livelihoods, urban energy security, and sustainable management
of woodlands with their inherent ecosystem services including
climate change mitigation.

Based on this review we recommend that policy objectives
and statements supporting sustainable charcoal be included in

the energy and forest sector policies whilst revising policies on
water, agriculture, and land to include objectives and statements
that promote sustainable natural forest management and reduce
agriculture-driven deforestation. We envisage a charcoal market
supplying charcoal from sustainably managed, community- and
privately-owned woodlands to urban households. Tax revenues
would continue to be retained at village and district level in order
to incentivize and finance sustainable management of natural
woodlands. The professionalism and organization of charcoal
producers would increase with concomitant environmental
benefits in terms of compliance with efficiency and sustainability
guidelines, as well as improved livelihoods for producers, and
other rural development gains.

The benefits of sustainable charcoal production become
evident when viewed from the perspectives of multiple sectors.
The nexus approach to policy analysis adopted in this paper
highlights the need for policy makers to consider the inter-
sectoral implications of charcoal production and to develop
more robust mechanisms to value ecosystem services when
making tradeoffs in the allocation of land and natural resources.
The analysis also highlights the need for change throughout
the policy cycle, including generating a stronger knowledge
base, and valuing the needs and interests of more marginalized
stakeholders, including woodland-owning communities and
charcoal producers. The lessons learned from Tanzania have
implications for other countries dependent on charcoal from
natural woodlands including the leading charcoal producers
in Africa, the Democratic Republic of Congo, Ethiopia, and
Nigeria.
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The production of charcoal is an important socio-economic activity in sub-Saharan

Africa (SSA). Charcoal production is one of the leading drivers of rural land-use

changes in SSA, although the intensity of impacts on the multi-functionality of

landscapes varies considerably. Within a given landscape, charcoal production is

closely interconnected to agriculture production both as major livelihoods, while

both critically depend on the same ecosystem services. The interactions between

charcoal and agricultural production systems can lead to positive synergies of impacts,

but will more often result in trade-offs and even vicious cycles. Such sustainability

outcomes vary from one site to another due to the heterogeneity of contexts,

including agricultural production systems that affect the adoption of technologies

and practices. Trade-offs or cases of vicious cycles occur when one-off resource

exploitation of natural trees for charcoal production for short-term economic gains

permanently impairs ecosystem functions. Given the fact that charcoal, as an important

energy source for the growing urban populations and an essential livelihood for the

rural populations, cannot be readily substituted in SSA, there must be policies to

support charcoal production. Policies should encourage sustainable technologies and

practices, either by establishing plantations or by encouraging regeneration, whichever

is more suitable for the local environment. To guide context-specific interventions,

this paper presents a new perspective—the charcoal-agriculture nexus—aimed at

facilitating the understanding of the socio-economic and ecological interactions of

charcoal and agricultural production. The nexus especially highlights two dimensions

of the socio-ecological contexts: charcoal value chains and tenure systems.

Combinations of the two are assumed to underlie varied socio-economic and ecological

sustainability outcomes by conditioning incentive mechanisms to affect the adoption

of technologies and practices in charcoal and agriculture productions. Contrasting
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sustainability outcomes from East Africa are presented and discussed through the

lens of the charcoal-agriculture nexus. The paper then concludes by emphasizing the

importance of taking into account the two-dimensional socio-ecological contexts into

effective policy interventions to turn charcoal-agriculture interactions into synergies.

Keywords: the charcoal-agriculture nexus, socio-ecological contexts, value chain, tenure systems, sustainability

outcomes, landscapes, Africa

INTRODUCTION

The production of charcoal is an important socio-economic
activity in sub-Saharan Africa (SSA) (Mwampamba et al., 2013;
Schure et al., 2014). Charcoal is one of the most important
cooking energy sources in SSA, used by the majority of the urban
population. It is also one of the most commercialized resources
(World Bank, 2011; FAO, 2014).

At the same time, charcoal production is one of the
leading drivers of rural land-use changes in SSA (Bailis et al.,
2005; Iiyama et al., 2014b). The intensity of impacts on
multiple ecosystem goods and services varies considerably
across landscapes (Chidumayo and Gumbo, 2012). Some studies
attempt to assess the impact of charcoal production on the
environment, especially on deforestation. Some of them tend to
attribute observed deforestation solely to charcoal production
and use (Clancy, 2008; Adanu et al., 2009), without discussing
the possibility of other competing activities which might also
drive deforestation in a given landscape (Geist and Lambin,
2001). Others argue that charcoal is most often produced as a by-
product of displacement for agriculture, which appears to be the
most important driver of deforestation (Chidumayo and Gumbo,
2012). Production of charcoal can lead to forest degradation
due to large scale tree cutting at the production site level, even
when not driving overall forest cover loss (Chidumayo and
Gumbo, 2012; Iiyama et al., 2014b, 2015a). Empirical evidence
from dryland rural landscapes suggests that charcoal production
is indeed causing biodiversity loss, due to selective harvest of
indigenous hardwood species (Luoga et al., 2000; Namaalwa et al.,
2007; Naughton-Treves et al., 2007; Ndegwa et al., 2016).

To assess the global impacts of woodfuel demand-supply in
the tropical regions, Bailis et al. (2015) developed a spatially
explicit model that accounted for the impacts of deforestation
caused by agriculture and other factors. Their results, which
indicated large geographic variations in the degree of woodfuel
supply-demand balances, identified East Africa as one of
the critical depletion “hotspots” where most demand was
unsustainable. The model has proved to be useful in identifying
potential areas of woodfuel-driven degradation or deforestation
and in informing policy discussions. Charcoal production is
however not a simple function of woodfuel demand and supply;
it involves a more complicated and dynamic set of processes
(Iiyama et al., 2015a). Its impacts on local ecosystem functions
vary depending on the choices of (un)sustainable production
technologies and practices whose adoption is influenced by site-
specific socio-ecological contexts, and are often closely inter-
linked with agricultural production. Within a given landscape,
charcoal and agricultural productions are closely interconnected

as major sources of livelihoods, and both critically depend on
the same ecosystem services. The interactions of charcoal and
agricultural productions can be more synergistic if there is
sustained investment in maintaining the ecosystem functions to
sustainably facilitate both systems to support livelihoods. On the
other hand, they can result in trade-offs or even vicious cycles
if one-off resource exploitation for short-term economic gains
permanently impairs ecosystem functions (Iiyama et al., 2015a).
Therefore, sustainability outcomes of the charcoal-agricultural
production system need to be assessed, both within socio-
economic and ecological contexts.

Such sustainability outcomes vary from one site to another
due to the heterogeneity of contexts which affect the adoption
of technologies and practices in charcoal as well as in
agriculture productions. While many empirical studies have
attempted to assess the impact of charcoal production on the
local environment and beyond, unfortunately very few have
either examined its interaction with agricultural production or
provided comprehensive contextual information to allow cross-
site comparisons (Cerutti et al., 2015; Sola et al., 2017). One
possible reason behind this knowledge gap is, as the research
topic of this issue argues, “the absence of the nexus approach
that examines the inter-relatedness and interdependencies of
environmental resources and their transitions and fluxes across
spatial scales and between compartments in this research arena.”

This paper therefore poses an overarching research question—
“what are the main causes of heterogeneous, contrasting
sustainability outcomes?” In answering to the question, this paper
attempts to present a new nexus perspective to understand the
contextual mechanisms underlying varied socio-economic and
ecological sustainability outcomes of the charcoal-agriculture
productions within African landscapes. We first review the
conventional “water-energy-food nexus” debates, then introduce
key concepts and propose an alternative analytical perspective
to understand the charcoal-agriculture nexus. Thereafter, the
observations from East African countries, which inspired the
authors to develop the proposed charcoal-agriculture nexus
approach are presented. The contrasting sustainability outcomes
of charcoal production in the cases presented are discussed
through the lens of the charcoal-agriculture nexus. The paper
concludes with derived policy implications.

CONCEPTUAL APPROACH

The Charcoal-Agriculture Production
Nexus
In attempting to provide a new systemic perspective to
understanding sustainability outcomes of the interrelations
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between charcoal and agriculture productions, we first review the
conventional “water-energy-food nexus” debates.

In recent years, the notion of a nexus emphasizing the linkages
between water, energy, and food has been gaining attention in
the scholarly literature due to the increasing interest in policies
to achieve and sustain water, energy and food security (Weitz
et al., 2014; Wichelns, 2017). While there are several variations
by authors, the nexus is mostly presented as a closed cycle in
which energy andwater interact as the twomost important inputs
in producing food as an important output (Bazilian et al., 2011;
IRENA, 2015; Wichelns, 2017).

Wichelns (2017) extensively reviewed the literature published
since 2011 that applied the water-energy-food nexus to
addressing issues involving water and energy use in agriculture.
He argues that the water-energy-food nexus is not an agreed
and tested framework, while it conventionally tends to focus
on narrow material flows between inputs and outputs in a
closed cycle. He further decries the fact that many authors
tend to omit considerations on several critical variables for
agriculture, including inputs such as land, labor, capital, etc.,
as well as issues such as land tenure and externalities, which
greatly affect livelihoods and ecosystem functions. Indeed, FAO
(2000) had earlier proposed the energy-agriculture nexus concept
to address the links between sustainable rural livelihoods and
environmental protection. The nexus focusing on agriculture
therefore needs to be sufficiently flexible to incorporate the
understanding of socio-ecological contexts, including key inputs
and issues that simultaneously affect livelihoods and ecosystem
functions.

In proposing an alternative approach to addressing charcoal
as an entry point, we suggest a specific modification to the
energy-agriculture nexus. FAO (2000) stated that, “woodfuel,
especially charcoal, is already very much a traded commodity,
and farmers can earn extra income from its sale..... (charcoal)
is the potential threat to forests and trees outside forests
if it is used in an indiscriminate and unsustainable way,
which can result in forest degradation or deforestation,
deterioration of watersheds, loss of soil fertility as well
as biodiversity (FAO, 2000, pp. 49–50).” Indeed, rather
than an input as energy to agriculture, the production
of charcoal, one of the most commercialized commodities
supplied from rural landscapes to urban consumers in SSA
(Kambewa et al., 2007; World Bank, 2011; FAO, 2014), is an
important source of livelihood along with agriculture (Schure
et al., 2014; Jones et al., 2016). At the same time, charcoal
and agricultural productions both rely on similar ecosystem
services, thus are closely inter-linked via ecological feedback
processes of the impacts of the adoption of (un) sustainable
technologies/processes by the respective sectors (Iiyama et al.,
2015a). Therefore, the charcoal-agriculture nexus approach
should be able to simultaneously evaluate two dimensions of
the interactions—socio-economic (livelihoods) and ecological
sustainability outcomes.

The proposed charcoal-agriculture nexus approach, as
conceptualized in Figure 1, will facilitate the understanding of
the interactions of charcoal and agriculture productions. Below,
key concepts and how they are inter-connected are elaborated.

Sustainability Outcomes
According to the definition by United Nations Economic
Commission for Africa in its report “Managing Land-Based
Resources for Sustainable Development” (UNECA, 2011), there
are three pillars of sustainable development—economic, social,
and environmental—which are closely interfaced. The economic
sustainability concept is to optimize the use of scarce resources
to maximize the flow of income that could be generated while
at least maintaining a good stock of assets (or capital) which
yield these benefits. The social concept of sustainability seeks to
maintain the stability and equity of social and cultural systems.
The environmental view of sustainable development focuses
on the stability of biological and physical systems to adapt to
change, and prevent natural resource degradation, pollution and
loss of biodiversity from reducing system resilience. Borrowing
from these concepts, we define socio-economic (i.e., income,
equity aspects) and ecological (impacts on natural resources
and biodiversity) dimensions of sustainability outcomes of the
charcoal-agriculture nexus.

Socio-Economic Dimension
In SSA, charcoal is mainly supplied from rural landscapes to
urban centers, while the rural populations are often too poor
to use it (Schure et al., 2014). Charcoal production has pro-
poor features because of its low start-up costs and simple
technology requiring few skills (Schure et al., 2014; Ndegwa
et al., 2016a). It also attracts bigger business because of the high
and consistent demand for the product (Kambewa et al., 2007).
Indeed, contrary to the long-standing assumption that charcoal
production is a “last-resort type of livelihood activity” for
those “without much alternative,” charcoal production has been
increasingly recognized as a part of livelihood diversification
strategies (Jones et al., 2016). Income from charcoal provides a
safety net for the poorest on one hand, while it supplies capital for
large producers to diversify their livelihoods into remunerative
farming and/or off-farm business enterprises (Kambewa et al.,
2007; Ndegwa et al., 2016a; Smith et al., 2017). From the
charcoal-agriculture nexus perspective, charcoal and agricultural
production are closely interconnected within a given landscape
as major livelihoods as shown on the left part of the Figure 1.
Charcoal income contributes to supplementing shortcomings in
agricultural income or to investing in diversifying livelihoods,
including improving agricultural productivity (Kambewa et al.,
2007; Ndegwa et al., 2016) and thus protecting producers
from poverty. The sustainability of such an income flow,
however, indirectly depends on the ecological sustainability of
the natural resource basis (Smith et al., 2017) as discussed
below.

Ecological Dimension
Charcoal could potentially be a renewable energy if produced
with improved kilns and limited to a sustainable supply to
allow the rebuilding of tree biomass stocks through natural
regeneration or plantation (Kambewa et al., 2007; Chidumayo
and Gumbo, 2012; FAO, 2017). In reality, charcoal production
in SSA is generally unsustainable with net loss of biomass
stocks as it relies on wood, harvested from natural rather than
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FIGURE 1 | The charcoal-agriculture production nexus.

planted tree stands, which is then converted to charcoal in
rudimentary earth kilns with low conversion efficiency (Bailis
et al., 2005). While displacement of trees for agriculture still
appears to be the most important driver for deforestation
with charcoal produced as a byproduct, charcoal production
has a significant landscape-level impact on forest degradation
due to widespread tree cutting at production site level even
when not driving overall forest cover loss (Chidumayo and
Gumbo, 2012). With rapid urbanization and population growth
in SSA, the negative impacts of charcoal production on forests
and woodlands, such as reducing natural regeneration, will
increase markedly (Bailis et al., 2005; Iiyama et al., 2014b). The
depletion of wood resources by charcoal production can impair
ecosystem functions, resilience and productivity (Luoga et al.,
2000; Naughton-Treves et al., 2007; Skutsch and Ba, 2010; Iiyama
et al., 2015a). Changes in sensitive ecosystems can, in the long
run, affect land use patterns, including agriculture productivity,
through a complex set of processes and feedback loops (Dale
et al., 2011) as shown on the right hand side of Figure 1.

Context and Scale
Socio-economic and ecological sustainability outcomes can be
more synergistic, or result in trade-offs, and even vicious
cycles, widely varying from one site to another, due to
the heterogeneity in technologies/practices adopted. In this
paper, we assume the heterogeneity in the technology/practice
adoption is influenced by site-specific socio-ecological contexts.
We especially highlight the importance of understanding
two dimensions of the socio-ecological contexts—charcoal
value chain and tenure systems—which underline incentive

mechanisms to affect technology/practice adoption in charcoal
and agriculture productions (Iiyama et al., 2015a).

Charcoal Value Chain
We assume that the price of charcoal determines the income and
economic welfare of charcoal-producing households, which in
turn influences their decisions to invest in charcoal production
technologies and practices, as indicated in the lower part and
blue area of Figure 1. The price of charcoal can also give rise to a
distributional problem across the value chain (Agbugba and Obi,
2013).

The scale of the market and value chain can affect the absolute
and relative levels of margins for charcoal producers. Simpler,
competitive markets can give relatively higher margins, as high
as over 50% of the final retail price, to producers than to
other actors, especially with asymmetric information in favor
of producers (Agbugba and Obi, 2013). In contrast, and more
commonly, complex markets involving many stakeholders and
sectors tend to result in inequitable distribution (Sepp, 2008).
Frequently, incoherent legislation from different government
departments, such as energy, agriculture, environment, natural
resource management and local government, which target the
same or different sections of the value chain, results in an unclear
framework for stakeholders (Sepp, 2008; Schure et al., 2013;
Iiyama et al., 2014a). Transport enforcement officers often take
advantage of such unclear frameworks by demanding bribes to
ignore unsustainable practices (Kambewa et al., 2007; Schure
et al., 2013). Increasing rent-seeking activities tend to result in
squeezing producers’ margins as low as 10–30% of the final
retail price, especially for longer value chains with increasing
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transportation costs (Ribot, 1998; Van Beukering et al., 2007;
Shively et al., 2010).

In reality however, the distribution patterns of the charcoal
value chain are heterogeneous even within a country. For
example, the study on the four largest urban centers which
accounted for roughly 90% of the charcoal used in Malawi
compared the value chains in Lilongwe and Blantyre, the
two largest cities in the country (Kambewa et al., 2007). The
proportion of the producer margin as well as that taken as
taxes/bribes were higher in Lilongwe (33% for producers, 20%
for taxes/bribes) than in Blantyre (21, 12%, respectively), while
the relative shares of transporters and retailers were higher
in Blantyre (25% for transporters, 33% for retailers) than in
Lilongwe (20, 24%, respectively). The study did not report the
difference in charcoal production technologies between the two
cities while referring to the general adoption of low efficiency
kilns across the study sites. As the areas immediately surrounding
the cities had already been depleted, Lilongwe’s charcoal mainly
came from forest reserves, while Blantyre’s charcoal came from
other districts and Mozambique along with the developed
transport infrastructure (Kambewa et al., 2007).

In summary, the distribution patterns of the charcoal value
chain are site-specific, while their implications to affect the
adoption of technologies/practices in charcoal production are
ambiguous depending on their combination with the other socio-
ecological contextual mechanism.

Tenure Systems
While there are many studies which focus on the distributional
impacts of the charcoal value chain as reviewed above, relatively
fewer studies consider the role of local institutions on the
sustainability of the charcoal production (Luoga et al., 2000;
Iiyama et al., 2015a). We assume that tenure systems evolving
along with agricultural intensification are as important as
the value chain in influencing the adoption of technologies
and practices in charcoal production, as indicated in the
center part and orange area of Figure 1. For example,
in densely populated regions where intensive agriculture is
practiced, land is usually already individualized and effectively
privatized even without formal title deeds. Formalization
could ensure improved tenure security, and provide incentives
to invest in longer-term tree planting (Pattanayak et al.,
2003).

In some regions, customary tenure systems still prevail and
remain functional. The overlapping character of family and
collective resource rights to residential, cropping, grazing and
common property resources complicates the creation of exclusive
property rights (Lawry et al., 2014). As a result, farmers, agro-
pastoralists and pastoralists often depend on the same resources
in a seamless continuum from woodland, rangeland to farmland
(Namaalwa et al., 2007). While individual farming plots are
recognized, neighbors are allowed to exploit trees and pastures
during fallows, which provide disincentives for landowners to
invest in natural resource management including tree planting
for charcoal (Luoga et al., 2000; Siri et al., 2006; Iiyama et al.,
2015a).

In relatively more extensive pastoral areas with higher degrees
of subsistence, land is still held communally (Hosier andMilukas,
1992). On the ground, Privatization or individualization of land
rights has been advocated to secure land rights to improve
productivity and to avoid resource overexploitation. Yet, a
recent review of land reforms across developing regions suggests
that strengthening land rights in SSA through formalizing a
bundle of overlapping rights customarily distributed through a
community into private property could lead to the exclusion and
marginalization of large sections of the community, including the
poor (Lawry et al., 2014). When the land is sub-divided, land
sales or clearance of pasture/natural forests for agriculture by
powerful individuals often accelerate with charcoal produced as
a by-product, as landowners look for quick returns rather than
long-term investment (Bedelian, 2012).

In summary, locally-specific tenure systems evolving along
with agricultural intensification can affect the adoption of
technologies/practices in charcoal production through affecting
direct and opportunity costs of procuring resources.

Interpretations of Case Studies
The proposed charcoal-agriculture nexus stresses the
importance of understanding certain socio-ecological contextual
mechanisms, namely charcoal value chain and tenure systems, a
combination of which underlies varied sustainability outcomes of
charcoal production. The following three sections introduce case
studies which inspired the authors to develop and conceptualize
the charcoal–agriculture nexus approach. They were drawn
from the authors’ experiences in Kenya, Ethiopia, and Rwanda
during the implementation of projects primarily aimed at
improving livelihoods by promoting the adoption of natural
resource management technologies, including agroforestry,
since 2013. Given the background, the presentation of the case
studies is more descriptive and qualitative. For each case, the
two dimensions of the socio-ecological contexts, i.e., value chain
and tenure system, are elaborated and socio-economic vis-à-vis
ecological sustainability outcomes are described.

TRANS MARA, KENYA: CHARCOAL AS A
BY-PRODUCT OF DEFORESTATION

Context
Charcoal Value Chain
In Kenya, over 80% of urban households rely on charcoal. A
national survey estimated that charcoal consumption had risen
from 1.6 million t/year in 2004 to 2.3 million t/year in 2013
at a growth rate of 5% per year, higher than the urbanization
rate during the same period. The economic value of the charcoal
sector was estimated to be comparable to that of the tea industry,
the country’s major export commodity. The charcoal sector has
been estimated to create 0.5–0.7 million jobs across the value
chain and to support the livelihoods of 2–2.5 million people
(ESDA, 2005; KFS, 2013).

The policies related to the charcoal sector in Kenya are
spread across several ministries ranging from agriculture, energy,
environment and natural resources and recently created county
governments, with overlapping responsibilities (Sepp, 2008;
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Iiyama et al., 2014a). The Charcoal Rules of 2009 mandated
the Kenya Forest Service (KFS) to grant licenses to groups
organized into associations to legally produce sustainable
charcoal. However, high transaction costs to screen applications
for sustainability have resulted in delayed licensing, thus
discouraging potential sustainable producers. The new rule on
charcoal was expected to operationalize the law where the
national government is charged with formulating a charcoal
policy while devolving the responsibility of conservation (such
as to promote efficient technologies) to county governments.
However, newly established county governments have faced
capacity gaps in operationalizing the regulations (Iiyama et al.,
2015b). These uncertainties in regulations have made the sector
more prone to corruption from the traffic police who capitalize
on the confusion by demanding bribes that are factored into the
retail price (KFS, 2013; Iiyama et al., 2015b). The 2013 survey
revealed that transporters, wholesalers and retailers accounted
for 78% (37, 13, 28% respectively) of the final value of a bag of
charcoal while the rural actors—wood and charcoal producers—
received only 22% (6 and 16% respectively) of the final value
(KFS, 2013).

Tenure System
The Maasai Mara National Reserve, which is globally known
for its concentration of migratory herbivores, lies in south-
western Kenya (Figure 2). The Reserve is one of Kenya’s top
tourist attractions; the direct and indirect contribution of Kenyan
tourism to the national economy amounted to 12+% of GDP and
10+% of employment in 2013 with expected steady growth. In
turn, the Reserve accounts for less than 10% of the whole Mara
Ecosystem, the so-called Trans Mara, most of which is unfenced
and surrounded by a mixture of private and communally-
owned land historically inhabited by semi-nomadic Maasai
communities (Mundia and Murayama, 2009). To the west of the
Reserve lies the Oloololo Escarpment, beyond which the land
rises to over 2,000m covered by a mosaic of Afro-montane,
semi-deciduous and dry-deciduous forest and acacia savannah
woodlands. Nyakweri Forest is the largest remaining forest in
the Trans Mara and forms part of the dispersal area of the
Reserve. This dense indigenous forest is of high ecological and
socio-cultural importance to the Maasai and also an important
feeding and breeding ground for large mammals. The forest is
dominated by huge trees whose dense vegetation provide a safe
haven for elephant mothers to give birth and protect their babies,
while forming a habitat for various game species like buffaloes,
waterbucks, impalas and leopards, among others (AKTF, 2014).
The forest also plays a foundational role in the local climate and
rainfall (Iiyama et al., 2015b).

Traditionally, land was owned communally, which enabled
the Maasai to practice nomadic pastoralism (Bedelian, 2012).
However, because of the government policy aimed at ensuring
security of land tenure to facilitate development, the formerly
communal rangelands were first demarcated into group ranches.
More recently, these group ranches have been internally
subdivided into individual plots of about 60 acres (24 ha) for
which titles have been allocated to registered members, while
a few powerful individuals, such as chiefs, received hundreds
of acres (Iiyama et al., 2015b). The sub-division of land paved

the way for individual landowners to make land use decisions
over cultivation, livestock and wildlife. Previously, individuals
did not know which piece of land belonged to whom, thus less
tree clearance occurred. After sub-division, surer of which piece
of land belongs to them, landowners have started clearing forests
for immediate tangible gains from grazing and farming. The
community members who failed to get sub-divided plots, on the
other hand, have encroached parts of the protected Nyakweri
forest by setting up illegal logging camps (AKTF, 2014).

Socio-Economic Vis-à-Vis Ecological
Outcomes
The argument behind individualization of tenure was that more
secure tenure would result in efficient resource use and improve
productivity. However, for this case of a Maasai community
which has led subsistence pastoralism without alternative
livelihoods, trees on “own” sub-divided land turn out to be “free”
resources to earn quick cash incomes with insufficient incentives
to invest in conservation for long-term returns.Without realizing
the true economic value of tree resources and the social and
environmental costs of their depletion, the landowners allow tree
felling for agricultural expansion in which charcoal is produced
as a by-product (Figure 2).

The charcoal value chain provides low margin to landowners.
For example, a landowner allows a group of charcoal burners
from the neighboring counties to live on his farm, to fell
indigenous trees with chainsaws and to make charcoal even with
stems, thus completely eliminating the potential for regeneration
from re-sprouting. In return, migrant charcoal burners pay US$
1 per sack of charcoal (45–50 kg) to landowners, then sell a sack
to transporters at US$ 4 (Iiyama et al., 2015b). Transporters meet
the transaction costs including bribes to law enforcers and finally
sell the charcoal in Nairobi, the capital, at US$ 18/sack (Iiyama
et al., 2015b). This makes a unit margin to wood producers
merely 5% of the final price.

Deforestation may provide landowners with even minimal,
one-off charcoal income and agricultural land ready for
cultivation. However, it can lead to a vicious cycle of decreasing
long-term agricultural productivity due to permanent damage
to ecological systems and loss of ecosystem services. Assuming
the low efficiency conversion rate of 10–15% of earth mound
kilns used, a sack of charcoal (45–50 kg) requires 300–500 kg
of (indigenous) wood, yet it is valued at merely US$ 1,
which does not reflect the long-term ecosystem services to the
community and the whole Mara Ecosystem. Yet, the tenure
system fails to internalize the environmental externalities, and
hence deforestation continues as long as landowners consider
trees as “free.”

WESTERN RWANDA: CHARCOAL AS AN
INTEGRAL PART OF AGRICULTURAL
INTENSIFICATION

Context
Charcoal Value Chain
Rwanda is one of the poorest andmost densely populated nations
in SSA. While the Government of Rwanda has set the goal
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FIGURE 2 | Kenyan site illustration. Over the escarpment of the Mara Triangle lies Trans Mara Conservation Area encompassing recently sub-divided farms and

Nyakweri Forest. Indigenous forests have provided multiple ecosystem services over and beyond the Mara Ecosystem. However, trees are felled for agriculture with

charcoal produced as a by-product.

of promoting universal access to electricity, the population is
still predominantly dependent on biomass energy for cooking.
During the period 2010/2011, reliance on wood and charcoal
as the primary cooking fuel was still 97% nationwide. Over
the last few years the Government and other institutions have
supported tree plantations and promoted charcoaling techniques
that make more efficient use of the available wood resources and
also improve the quality of the produced charcoal. By doing so,
the Government has tried to streamline regulations to develop
a modern and efficient charcoal value chain in the country by
transforming it from an “informal” to “modern” sector, which
could contribute to economic development by raising tax revenue
(World Bank, 2012).

The charcoal supply regulation in Rwanda today is highly
decentralized, with local districts in charge of issuing cutting
permits for tree plantations over 2.0 ha and collecting revenue
(World Bank, 2012). At the same time, the charcoal business
in Rwanda is highly specialized, and farmers usually hire
specialized labor to process wood for lumber and charcoal
(World Bank, 2012). While it is cumbersome for farmers
to apply for a cutting permit, an agent, or a “charcoal
master” often takes charge; they handle transactions such as
negotiating the price of wood, contacting the local authorities
and applying for the necessary cutting permits, cutting
trees, carbonizing wood, and transporting (World Bank,
2012).
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FIGURE 3 | Rwandese site illustration. Nyungwe Forest is the largest block of montane forest in East and Central Africa, home to over 1,000 species, including rare

primates, such as chimpanzees, the L’Hoests monkey and Angola Colobus. Nyungwe is also an important water catchment for Rwanda. Western Rwanda is one of

the most densely populated regions of the country and at the same time one of the major suppliers of charcoal made from planted Eucalyptus. By ameliorating sloping

landscapes and utilizing marginal plots, charcoal production has become an integral part of sustainable agricultural intensification, while creating an income source for

farmers, as well as employment opportunities for specialized labor.

Tenure System
In Rwanda, smallholders derive their livelihoods from
subsistence agriculture on small farms which are often highly
fragmented. The post-genocide Land Law promotes the creation
of a private land market through registered titles, combined with
a concerted effort to consolidate fragmented plots, hoping to
make a dent in the country’s tradition of subsistence farming
and to unlock its potential for commercial mono-cropping
(Pottier, 2006). Given the increasing population pressures
against the scarce natural resource base, land use has been
quite individualized and intensified. Indeed, the only plausible
pathway is sustainable agricultural intensification, including
the introduction of priority commercial crops, zero-grazing
and agroforestry (Mukuralinda et al., 2016). Rwanda’s hilly
topography gives rise to diverse agro-ecologies within compact
geographical areas and provides environments to the application
of diverse pathways for agricultural intensification with trees,
with the Government’s commitment to expand agroforestry
(Mukuralinda et al., 2016).

Socio-Economic Vis-à-Vis Ecological
Outcomes
In the past, the production of charcoal in Rwanda was one of the
factors that contributed to deforestation, although land clearing
for agriculture, for habitation and for creating tea plantations

were the leading drivers of the destruction of natural resource
bases (World Bank, 2012). In the early 1980s, the region most
affected by charcoal production was the eastern part of the
country with semi-arid climate.

Today, the western part of the country with more favorable
climate is the major charcoal supply region despite extreme
land scarcity and fragmentation due to population pressures
(Figure 3). The area adjacent to the Nyungwe Forest is a charcoal
production hot spot. It is estimated that virtually all charcoal in
Rwanda is now produced from planted trees, increasing around
2.5% per year, primarily from Eucalyptus woodlots on private as
well as community land (World Bank, 2012; Drigo et al., 2013).
At the national level, 36–40% of farmers have adopted Eucalyptus
woodlots (Ndayambaje et al., 2013).

It is argued that farmers have become aware that with
secure land tenure and rising woodfuel prices, it is profitable
to invest in tree planting, especially on marginal plots, to
produce wood for charcoal along with timber and poles for
construction (World Bank, 2012; Mukuralinda et al., 2016;
Figure 3). The demographic pressure on land forces farmers to
exploit marginal areas where it is not profitable to grow crops, but
Eucalyptus plantations generate net positive returns due to the
low production costs and high demand for wood (World Bank,
2012). The price at the production site was reported at US$ 0.14–
0.19/kg, against the retail price of US$ 0.32–0.42/kg in Kigali, the
capital city, resulting in amargin of 33–59% at the production site
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(World Bank, 2012). The comparatively well specialized charcoal
value chain with skilled agents to handle transaction costs for
farmers may also provide the positive environment.

By coping with sloping landscapes and utilizingmarginal plots
through the adoption of Eucalyptus, charcoal production has
become an integral part of sustainable agricultural intensification
in Rwanda, while supported by the secure tenure system
and enabling value chains (Mukuralinda et al., 2016). It is
further argued that woody biomass stock from these woodlots
can reduce the woodfuel supply-demand gap in the country,
thus contributing to reducing pressures on deforestation and
degradation (Ndayambaje et al., 2013, 2014). Indeed, it is claimed
that there are virtually no illegal charcoal production activities
affecting natural forests in Rwanda (World Bank, 2012; Drigo
et al., 2013). This is a stark contrast with the situations in other
cases reported from SSA where charcoal production is a major
driver of degradation of natural woodlands.

CENTRAL ETHIOPIA: CHARCOAL AS A
MAJOR CAUSE OF WOODLAND
DEGRADATION

Context
Charcoal Value Chain
A national study on biomass energy in Ethiopia reported that by
2000 charcoal had only been consumed in significant quantities
in Tigray and Somali regions and hardly in all the other regions
(Geissler et al., 2013). However, the past 15 years have seen a
massive increase in the consumption of charcoal in all regions
from 48,581 tons/year in 2000 to 4,132,873 tons/year in 2013. The
report argued that the reasons for this increase could be related to
a number of very significant changes in the rural socio-economy.
These include, significant increase in rural incomes, proliferation
of rural markets, significant reduction in transport costs due to
improved roads and increased rural accessibility, and land for
tree growing reaching limits around cities or areas with growing
demand (Geissler et al., 2013).

The same report stated that charcoal production and
marketing in Ethiopia has always been almost entirely informally
organized (Geissler et al., 2013). According to the recent
national charcoal value chain assessment (MEFCC, 2016), most
of the charcoal produced in Ethiopia is traded and supplied to
consumers through the following five channels:

Channel 1: Illegal large-scale private producers-private vendors-
metropolitan consumers
Channel 2: Illegal large-scale private producers-foreign
smugglers-foreign market
Channel 3: Licensed and permitted private/group
producers-private vendors-urban consumers
Channel 4: Illegal regular household level producers-local
vendors-local consumers
Channel 5: Illegal irregular/sporadic producers directly to road-
side buyers or local consumers

Of these, Channel 4—the illegal regular household level
charcoal producer to local towns—is the most frequent

charcoal production-supply channel covering much of
the charcoal-producing regions in Ethiopia, mainly with
pastoral/agro-pastoral and mixed farming communities in dry
lowlands (MEFCC, 2016), including the example described
below. According to the same report, distribution of income and
profit sharing in the illegal charcoal production-supply channel
in Ethiopia is highly skewed toward the producers who are
earning about 75% of the total revenue/bag (MEFCC, 2016).

Tenure System
In Oromia region of Central Ethiopia, trees scattered on farm
are prominent features of agro-pastoral livelihoods (Iiyama
et al., 2017; Figure 4). The land remains state-owned but the
constitution affirms the right of access to land for every adult.
The recent effort to improve security of land tenure includes
land certification through decentralized mechanisms, where the
regional government would issue land certificates to individual
farmers (Deininger et al., 2008, 2009). Still, in drier parts
of Oromia region, access to individual plots is usually not
completely exclusive to landowners with neighbors often being
allowed to graze livestock as well as to exploit trees and other
natural resources after harvesting of crops and during fallows.
In such a situation, communal grazing can affect patterns of
tree cover on farm. This is because communal grazing causes
soil degradation and also affects the survival of tree seeds
and seedlings on farm, which could have a negative effect on
incentives to intensify or extensify tree management on farms
(Gebremedhin et al., 2004; Mekuria and Aynekulu, 2013; Iiyama
et al., 2017).

Socio-Economic Vis-à-Vis Ecological
Outcomes
The majority of informal charcoal producers are low to
middle income or poor pastoral/agro-pastoral and mixed
farming households living in the dry lowlands of Ethiopia.
These households produce charcoal regularly as their main or
additional source of income to support their families (MEFCC,
2016).Wood for charcoal is mostly harvested from trees scattered
on farms and landscapes which are available for “free” to
households (Iiyama et al., 2017; Figure 4). Given the reported
high producer unit margin of 75% (MEFCC, 2016) and “free”
input costs on the one hand, and the unreliability of income from
subsistence/semi-subsistence agro-pastoralism which is subject
to climate and other calamities on the other, charcoal production
must be among the most rewarding livelihood opportunities to
dryland households.

The socio-economic benefits from charcoal production
however, have trade-offs. Households in the region are reported
to derive multiple benefits from specific tree species, not only to
procure free materials for charcoal production, but also to derive
ecosystem services, such as shade and climate regulation (Iiyama
et al., 2017). Selective tree harvesting at the extraction rate above
the capacity for natural regeneration could result in depletion of
the wood resources (Iiyama et al., 2017). The degradation and
depletion of wood resources from landscapes could undermine
the resilience of the semi-arid ecosystems which are already
stressed and fragile and of the communities which recurrently
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FIGURE 4 | Ethiopian site illustration. Trees on farms are characteristic of a large part of the Ethiopian agricultural landscape where farmers usually retain trees of

selected species and minimize impact on the companion crops through occasional lopping and pollarding. While cropping plots belong to individual farmers,

neighboring farmers collectively practice harvesting immediately after which communal grazing is practiced.

face food insecurity. Still, farmers have few incentives to plant
and grow trees for charcoal for which slow growing indigenous
species are preferred (Iiyama et al., 2017). Planting trees is an
inherently risky venture where tree survival rates are low, due
to not only harsh climatic conditions, but also damages caused
by multiple users. Promoting planting of trees or even retaining
them on farm through natural regeneration requires reducing
risks through some form of institutional arrangements, such as
“exclosure” where communities collectively agree to set aside
land free from farming and grazing animals for regeneration
(Gebremedhin et al., 2004; Mekuria and Aynekulu, 2013; Iiyama
et al., 2017).

SYNTHESIS

The above case studies present varied sustainability outcomes
due to the heterogeneity in the socio-ecological contexts, as
summarized in Table 1.

The Kenya and Rwanda cases present contrasting
sustainability outcomes while in both cases charcoal has been
produced within landscapes with extremely high biodiversity and
ecological values. What are the main causes of these contrasting
sustainability outcomes?

First, the value chain provides an enabling environment
for the adoption of sustainable technologies and practices
in western Rwanda while it is discouraged in Trans Mara in
Kenya. While there is still room for improvement (World Bank,

2012), the regulations governing the charcoal value chain in
Rwanda are relatively streamlined and well decentralized,
while highly specialized charcoal masters act to reduce
transaction costs for farmers. In contrast, the charcoal
value chain in Kenya is severely affected by complicated
and overlapping legislations, while local governments lack
capacity to control the situation, thus leaving room for corrupt
practices (KFS, 2013). In Kenya, inter-sectoral harmonization
of policies/regulations is urgently required, while county
governments should be empowered to facilitate decentralized
monitoring and evaluation on production/transportation
sites.

While the value chain may affect charcoal prices, the net
profitability of the charcoal production as well as the choice of
technologies and practices also depends on how cheaply farmers
procure inputs/resources. In Western Rwanda, the integration
of planting Eucalyptus in woodlots is not only affordable for
farmers, but also enables them to exploit marginal areas where
it is not profitable to grow any other crop, supported by exclusive
tenure systems (Mukuralinda et al., 2016). In contrast, in the
case of Trans Mara, the sub-division of group ranches failed to
internalize the ecological value of trees to the communities, the
Mara Ecosystem and even beyond. The local communities who
led subsistence pastoral livelihoods for years, have marginally
benefited from the tourism of the Maasai Mara Reserves,
and their decision to deplete trees in Nyakweri Forest has
had a destructive impact on the whole Mara Ecosystem. In
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TABLE 1 | Comparison of socio-ecological contexts, technologies/practices adopted, and sustainability outcomes of the three case studies.

Western Rwanda Oromia/Ethiopia Trans Mara/Kenya

SOCIO-ECOLOGICAL CONTEXTS

Value chain Decentralized regulations, specialized value

chain with agents to handle transaction

costs, relatively high margins at the

production site

Mostly informal markets, high margins to

producers for the value chain channel

targeting local vendors/ consumers

Unclear frameworks with overlapping and

complicated legislations, long value chains

prone to corruption and low producer

margins

Tenure system Fragmented and small land holdings yet with

recognition of security on individualized,

exclusive land rights

Overlapping rights to cropping, grazing and

common property resources under

customary systems

Sub-division of group ranch to individual

plots with skewed distribution in favor of

powerful individuals

TECHNOLOGIES/PRACTICES

Agriculture production Intensive, well integrated crop-livestock

production

(Semi-)subsistence crop-livestock production Conversion of subsistence pastoralism to

agriculture

Charcoal production Planting eucalyptus in woodlots Selective cutting of trees scattered on farm,

or in communal rangelands, forests,

woodlands/state forests

By-product of clearing trees for agriculture

land

SUSTAINABILITY OUTCOMES

Socio-economic Charcoal as a part of agricultural

intensification

Charcoal as a part of livelihood diversification Charcoal as a one-off cash income for a

few individuals

Ecological Rebuilding of biomass stocks on sloped,

marginal land, while reducing pressures of

deforestation-degradation

Gradual degradation and biodiversity loss

which may lead to the loss of resilience

Permanent loss of the indigenous forest

and their ecosystem services

—–Synergy —–Trade-off —–Vicious cycle

such a situation, innovative interventions, such as payment for
environmental services (PES), need to complement institutional
arrangements to internalize externalities.

The case from Ethiopia provides a more typical example
of charcoal as a driver of land degradation, which is widely
observed across agro-pastoral landscapes in semi-arid and arid
SSA (Luoga et al., 2000; Namaalwa et al., 2007; Naughton-Treves
et al., 2007; Iiyama et al., 2008; Kiruki et al., 2017,?; Ndegwa
et al., 2016,a,b). Charcoal turns out to be among the most
important and reliable cash income sources compared to income
from semi-subsistence crop and livestock activities which are
subject to climatic and other calamities. Consequently rural agro-
pastoralists may continue exploiting native vegetation on their
farms and beyond in extensive landscapes as long as wood can
be obtained sufficiently cheaply against prices for charcoal, to
ensure adequate economic returns (Hosier and Milukas, 1992;
Luoga et al., 2000). Lack of an enabling policy environment and
non-exclusive tenure conditions interact to provide incentives for
over-exploitation of natural trees.

In the above and similar cases, charcoal and agriculture
production systems have serious trade-offs, as charcoal allows
livelihoods diversification while the depletion of resources leads
to undermining the resilience of the ecosystems. It seems quite
challenging to turn trade-offs around by controlling production
only. In turn, some studies which reveal stratification among
charcoal producers and their livelihood diversification patterns
give some insights for interventions (Iiyama et al., 2008; Ndegwa
et al., 2016a). For example, Ndegwa et al. (2016a), reporting
from a community in Eastern Kenya, identified the small-
scale producers who seemed “trapped” in perpetual poverty
as predominantly relying on income from charcoal and casual
labor on the one hand, and the large scale, well-off charcoal

producers on the other hand. The latter, produced a large
volume of charcoal regularly, and their income allowed them to
invest in livelihood diversification and agricultural improvement.
Strategically targeting this group to promote the adoption of
sustainable charcoal production technologies/practices could
potentially lead to synergies in which charcoal production is
an integral part of sustainable and resilient crop-livestock-
tree integration. Poorer producers need fundamental capacity
development to improve their livelihoods (Ndegwa et al., 2016a).

POLICY IMPLICATIONS

In SSA, charcoal is an important energy source for the
growing urban populations and an essential source of livelihood
for rural populations, therefore it cannot be substituted for
many years (FAO, 2017). The critical ecological problem
occurs with trade-off or vicious cycle cases where one-off
resource exploitation of natural trees for charcoal for short-
term economic gains permanently impairs the ecosystem
functions. There must be a policy direction to support the
adoption of sustainable charcoal production technologies and
practices, either establishing plantations, managing existing
natural woodlands or encouraging regeneration, whichever is
more suitable within the local context. Given the general
consumer preference for charcoal with high calorific value,
considerations should be given to promoting high biomass
forming native and/or exotic tree species that have high calorific
value.

This paper has proposed the charcoal-agriculture nexus
approach to understand the two dimensions of the socio-
ecological contexts, namely charcoal value chains and
tenure systems, a combination of which underlies varied
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socio-economic and ecological sustainability outcomes. In
reality, policies aimed at addressing the unsustainability of
technologies/practices of charcoal production tend to look
at only one dimension, most often the value chain, either
attempting to control activities on specific stages such as a
ban on production and/or trade, or formalizing regulations.
A “one-dimensional intervention” is bound to fail because it
ignores the complexity of the charcoal chain (Van Beukering
et al., 2007).

For example, formalization is often implemented primarily
assuming that controlling illegal charcoal supply could prevent
deforestation and degradation, while also aiming to improve
tax revenues. Experiences from SSA, however, suggest the
ineffectiveness and the “anti-poor” impacts of formalization.
Studies from Mozambique (Jones et al., 2016) and Malawi
(Smith et al., 2017) argue that the informality of current
production practices (including informal tenure regimes) allows
poor households to use income from charcoal as a flexible income
diversification strategy, thus formalization risks marginalizing
the poorest (Schure et al., 2013). The rationale to promote
formalization is principally one-sided, and ignores the fact that
charcoal is one of the key livelihood activities in rural areas.

In turn, advocating the status quo of the continued adoption
of unsustainable charcoal production because of its “pro-poor”
nature should not be the ultimate solution. In most occasions
the adoption is conditioned by low margins to producers under
the non-enabling value chain on the one hand, and by over-
exploitation of resources due to externalities under the tenure
system on the other. Again, efforts to encourage tree plantations
could fail if there are no considerations on “fundamental features
of the socio-economy involving labor use, land tenure and
usufruct (Dewees, 1989, p. 1959),” as experiences of failed
attempts during the “woodfuel-crisis” era had proven (Dewees,
1989). For policies to be effective, a comprehensive approach
is needed that recognizes the multitude of dimensions (Van
Beukering et al., 2007).

Schure et al. (2013) argue that there is need to tailor
interventions for specific socio-ecological contexts with the

universal principle to get the “policy/institutional environment
right” to provide local communities with incentives to benefit
from sustainable tree management for charcoal as an alternative
livelihood. More specifically, the key insight learned through the
lens of the charcoal-agriculture nexus is to get incentive

mechanisms/enabling environment for the adoption of
sustainable practices/technologies “right,” by streamlining
the value chain to improve producers’ margins as well as by
devising institutional arrangements to internalize externalities
which currently condition resource over-exploitation under
the existing tenure systems. Proper valuation of resources to
reflect economic scarcities combined with right price incentives
could lead to socio-economically and ecologically sustainable
outcomes of the charcoal-agriculture nexus.
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Global demand for charcoal is increasing mainly due to urban population in developing

countries. More than half the global population now lives in cities, and urban-dwellers

are restricted to charcoal use because of easiness of production, access, transport, and

tradition. Increasing demand for charcoal, however, may lead to increasing impacts on

forests, food, and water resources, and may even create additional pressures on the

climate system. Here we assess how different charcoal scenarios based on the Shared

Socio-economic Pathways (SSP) relate to potential biomass supply. For this, we use

the energy model TIMER to project the demand for fuelwood and charcoal for different

socio-economic pathways for urban and rural populations, globally, and for four tropical

regions (Central America, South America, Africa and Indonesia). Second, we assess

whether the biomass demands for each scenario can be met with current and projected

forest biomass estimated with remote sensing and modeled Net Primary Productivity

(NPP) using a Dynamic Global Vegetation Model (LPJ-GUESS). Currently one third of

residential energy use is based on traditional bioenergy, including charcoal. Globally,

biomass needs by urban households by 2100 under the most sustainable scenario,

SSP1, are of 14.4 mi ton biomass for charcoal plus 17.1 mi ton biomass for fuelwood

(31.5 mi ton biomass in total). Under SSP3, the least sustainable scenario, we project

a need of 205 mi tons biomass for charcoal plus 243.8 mi ton biomass for fuelwood

by 2100 (total of 450 mi ton biomass). Africa and South America contribute the most

for this biomass demand, however, all areas are able to meet the demand. We find that

the future of the charcoal sector is not dire. Charcoal represents a small fraction of the

energy requirements, but its biomass demands are disproportionate and in some regions

require a large fraction of forest. This could be because of large growing populations

moving to urban areas, conversion rates, production inefficiencies, and regions that

despite available alternative energy sources still use a substantial amount of charcoal. We

present a framework that combines Integrated Assessment Models and local conditions

to assess whether a sustainable sector can be achieved.

Keywords: traditional bioenergy, charcoal, integrated assessment, supply and demand, biomass, dynamic

vegetation model, remote sensing
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INTRODUCTION

More than half of the global population now lives in cities, leading
to important consequences for energy consumption (Grubler
et al., 2012). Urbanization will influence the type of fuels used
and also the total energy consumption for different functions,
and choice depends on income (Poumanyvong and Kaneko,
2010). Charcoal is the main cooking fuel especially in urban
areas in sub-Saharan Africa, South Asia, Latin America and the
Caribbean (Ghilardi et al., 2013; Mwampamba et al., 2013; Zulu
and Richardson, 2013). Globally, charcoal corresponds to a small
fraction of the total energy mix (Bond et al., 2004). However, with
continued urbanization charcoal will remain an important fuel
locally (Arnold et al., 2006; Ghilardi et al., 2013) and will likely
become an important fuel globally, as Africa and South America
are major producers and exporters (Hillring, 2006).

The reason for the preference for charcoal by part of the
urban dwellers in developing countries is that it has higher
energy content than firewood (32–33 MJ/kg in charcoal vs.
18–19 MJ/kg in fuelwood; Wood and Baldwin, 1985), has a
more accessible and reliable supply, is easier to transport, is
inexpensive, stores more easily, and burns more cleanly, i.e.,
with less smoke (Zulu and Richardson, 2013). Worldwide,
about 1.5 to 2 million deaths per year are caused by indoor
air pollution from burning biomass, with the majority of
the contribution coming from unprocessed wood rather than
charcoal (Torres-Duque et al., 2008). However, depending on
the charcoal production method, 3 to 12 kg of biomass are
required to produce 1 kg of charcoal. Further, charcoal’s non-
CO2 greenhouse gas emissions are 6–13 times higher than
traditional woodfuels, which includes the contribution of the
emissions during charcoal production phase (Torres-Duque
et al., 2008). Charcoal production has many environmental
impacts, namely deforestation and forest degradation, followed
by erosion impacting the catchment hydrology, and emissions
of greenhouse gases. Charcoal production is responsible for 7%
tropical forest loss (Chidumayo and Gumbo, 2013), making
it important to assess whether there is enough forest to
sustain this production at local and global scales, particularly
if demand is to increase with further urbanization. Further,
charcoal production could affect the microclimate, leading to
more extreme temperatures, wind and water erosion even
when the kiln-site is no longer in use as regeneration of the
ecosystems requires a number of years (Gómez-Luna et al., 2009).
Finally, charcoal productionmay compete with the production of
food, reduce water resources, and other services forests provide
(Fisher et al., 2011; Chidumayo and Gumbo, 2013). Besides
these negative effects, charcoal may also be beneficial as its
application to soils contributes to higher organic matter content
and soil fertility (Glaser et al., 2002). If managed properly, some
researchers have indicated that charcoal could be a renewable
energy source with a theoretical net carbon emission close
to zero (Piketty, 2015) even becoming a sustainable sector
given that good governance is put in place (Neufeldt et al.,
2015).

Due to the expected continuation of urbanization trends,
demand for charcoal could increase in the coming decades
(Mwampamba et al., 2013; Zulu and Richardson, 2013),

depending on the competition with other fuels. As such,
increasing demand for charcoal may create additional pressures
on the climate system (Bailis et al., 2015) challenging policy goals
for energy transitions (Zulu and Richardson, 2013), food security
(Mwampamba et al., 2013), and biodiversity (Chidumayo and
Gumbo, 2013). Alternatively, energy transition from charcoal to
renewable fuels such as pellets, bio-ethanol, renewable electricity,
etc. needs to account for land use emissions which could
arise from maintaining forest areas (Peters et al., 2013). It is
therefore important to have a more detailed assessment of the
implications of using charcoal as a bioenergy source, i.e., the
dynamics of demand and supply of charcoal and its impacts.
The nexus approach for charcoal aims to take an integrated
consideration of the environmental, societal and economic
issues related to charcoal supply and demand. It also aims at
understanding how the effects of demand and supply in one
sector percolate across other sectors. One way to operationalize
the nexus approach is through the use of Integrated Assessment
Models (IAM).

Here, we use IAM to project future global and regional
demands for energy and estimate the share of charcoal in such
projections. We use the energy model TIMER (a part of the
IAM IMAGE) to project the demand for secondary energy from
fuelwood and charcoal, and the primary biomass “equivalents.”
We do that by estimating biomass “equivalents” that correspond
to a 1:5 conversion for charcoal and 1:1 conversion for other
biomass sources. We then compare the demand with the current
and over time forest biomass, and use this information to discuss
the nexus between charcoal and its coupled sectors, globally and
for four tropical regions with high charcoal demand (Central
America, South America, Africa and Indonesia).

METHODS

Study System
World charcoal production approached 50 million tones in
2010 (FAO, 2016). Recent estimates suggest that 51% of
charcoal production comes from Africa and 35% from South
America, but not all the charcoal stays where it is produced
and major exports of charcoal occur in Indonesia, Malaysia
and China, while major imports occur in Europe, Korea and
Japan (Hillring, 2006; http://www.trademap.org). Most of this
production is to meet demands for charcoal for cooking and
heating. Charcoal production is arguably one of the most ancient
human engineering processes, dating from 38,000 year ago.
Charcoal is produced by slow pyrolysis, i.e., heating of wood in
the absence of oxygen (Antal and Gronli, 2003). This is achieved
in its most traditional production way, by stacking wood in a pile,
sealing it with a layer of grass and soil, and igniting the wood at
the kiln entrance, i.e., the structure produced by the wood stack
and soil layer (Figure 1).

We used the Integrated Assessment Model IMAGE (Stehfest
et al., 2014) to project the demand for residential energy for
a number of energy carriers (solids, liquids, gaseous, modern
bioenergy, traditional fuels including charcoal, hydrogen,
secondary heat, and electricity). To determine the fraction of
charcoal in traditional fuels, we assume the proportions of
different traditional fuels in Bond et al. (2004) and Fernandes
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FIGURE 1 | Charcoal production system in Mexico: (A) deforestation for biomass, (B) post deforestation, (C) biomass for charcoal, (D) kiln, (E) kiln site

post-production, and (F) kiln site 5 years post-production.

et al. (2007), which varies between 2 and 30%. We then
determine biomass needed to meet charcoal and fuelwood
demand by estimating “biomass equivalents,” with a 1:5
conversion for charcoal and 1:1 conversion for fuelwood
(http://www.fao.org/docrep/x5328e/x5328e02.htm). This
demand is determined for three different potential futures as
projected in the Shared Socio-economic Pathway scenarios
(Riahi et al., 2017; van Vuuren et al., 2017). Second, we
compare projected demands with existing above ground biomass
estimated using remote sensing (Saatchi et al., 2011; Baccini
et al., 2012). Further, with modeled estimates of Net Primary
Productivity (NPP) from the Dynamic Global Vegetation
Model - LPJ-GUESS we have an estimate if the forest provides
enough increase in biomass to fulfill the charcoal demands while
other services remain. We do this globally and again for four
tropical regions (Central America, South America, Africa, and
Indonesia) to assess whether there are differences at global and
local scales, and whether there are differences for urban and rural
populations.

Projections of Future Energy Demand
The Integrated Model to Assess the Global Environment
(IMAGE) has been developed in order investigate the

interactions between human and natural systems with the
aim of assessing global change. A detailed description of the
model can be found in Stehfest et al. (2014). Among other
things, IMAGE provides long term (2100) global projections of
energy supply and demand, land use and land use change, and
consequent effects on the climate system.

In this analysis we primarily use projections of energy
demand for the residential sector as represented in IMAGE
(Daioglou et al., 2012). Residential energy demand is determined
for different end-use functions (cooking, water heating, space
heating, lighting and appliances), and different potential energy
carriers (traditional fuels, coal, oil, gas, electricity, etc.) that
compete with each other based on their relative costs. The model
is particularly appropriate as it explicitly takes into account
differences in urban and rural energy use, as well as five income
quintiles within each of these groups. Furthermore, it explicitly
takes into account the access of poor households to modern
energy carriers through endogenously modeled electrification
rates, consumer discount rates and other price effects. Following,
themodel was used in order to determine possible future demand
levels of traditional fuels and charcoal.

The demand for traditional fuels depends on the household
income, and the prices of different energy carriers. Traditional
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fuels are assumed to have no monetary cost and are thus used by
households which cannot afford modern energy carriers either
because they are too expensive, or the do not have access to
them (i.e., they are not electrified). The model is calibrated in
order to reproduce International Energy Agency data (1971–
2010; https://www.iea.org/) which provides historic traditional
fuel use, as well as modern energy carriers. The demand of
traditional fuels is disaggregated among fuelwood, crop residues,
dung and charcoal, with the volume of each calibrated to historic
data and it is assumed that historic and future charcoal use is
limited to urban households (Fernandes et al., 2007). Though the
model includes the trade of modern energy carriers, this is not
the case for traditional fuels, including charcoal.

Scenario Projections: Shared
Socio-Economic Pathways
The IMAGE model has recently been used in order to
assess energy and land use pathways for various baseline and
climate mitigation pathways based on the Shared Socioeconomic
Pathways (Kriegler et al., 2012; Riahi et al., 2017; van Vuuren
et al., 2017). The SSPs define distinctly different pathways
about future socio-economic developments and are designed to
span a wide range of combinations of challenges to mitigation
and adaptation to climate change. For this study we use
IMAGE results for charcoal demand for the SSP1, SSP2,
and SSP3 baselines (van Vuuren et al., 2017). SSP1, also
named as Sustainability, represents a world with low challenges
for climate adaptation and mitigation, with educational and
health investments accelerating the demographic transitions,
increases in economic welfare and low resource and energy
intensity. SSP2, named Middle of the Road, represents a world
with medium challenges to both mitigation and adaptation,
environmental systems continuing to experience degradation,
and some improvements and overall the intensity of resource
and energy use declines. Global population growth plateaus
in the second half of the century and economic inequality
improves only slowly. Finally, SSP3, named Regional Rivalry
represents a world with large challenges to both adaptation
and mitigation, with slow economic development, worsening
inequality, high population growth and a low priority for
addressing environmental concerns. In the context of this study,
the SSPs provide divergent storylines for urbanization, economic
development, inequality among urban and rural households, and
actions toward access and use of improved energy sources. For
instance, the lower economic growth, higher economic inequality
and population growth in SSP3 tend to increase the demand for
lower quality fuels while the opposite effects are observed in SSP1.

Global and Regional Demands for Energy
and Biomass under SSPs
We produced outputs at the global scale but also for the four
selected regions, Central America, South America, Africa and
Indonesia. We focus on these four regions because charcoal is
still very important as either the main source of energy (Africa),
co-use charcoal along other fuels (Indonesia), continue to use
charcoal for cultural reasons despite the dominant use of other

fuel sources (Central America), or provide charcoal to other
regions of the world (South America; Hillring, 2006; Ghilardi
et al., 2013; Mwampamba et al., 2013). We projected global
and regional demands for the required biomass across the three
SSP scenarios. The demand is measured in biomass, which for
comparative purposes is converted by a factor of ½ to Carbon.

Supply of Biomass: Current Biomass
We used the outputs from the GEOCARBON global
aboveground biomass at 1 km resolution to estimate the
supply of biomass to each of the four regions of the study
(https://www.bgc-jena.mpg.de/geodb/projects/Home.php;
Saatchi et al., 2011; Baccini et al., 2012). We used this data
because it is one of the most recent and finer scale global datasets
where biomass is consistently estimated across regions. Given
the coarse scale of our analysis we believe that this data product
provides sufficient resolution and an accurate figure of standing
biomass. There is a more recent pan-tropical map of above
ground biomass (Avitabile et al., 2016), that is incorporated
into the GEOCARBON map. We chose not to use directly the
product of Avitabile et al. (2016) because it does not include
Central America and Africa in its full extent. The map combines
the biomass estimates of Avitabile et al. (2016) and Santoro
et al. (2015) in ton C.ha−1. The map only covers forest areas,
i.e., areas with a dominance of tree cover as in the Global Land
Cover map of 2000 (Bartholomé and Belward, 2005). On top
of these biomass measurements, we excluded IUCN protected
areas which cover about 15% of the global terrestrial surface.
The spatial extent of global protected areas in 2016 was obtained
fromWorld Database on Protected Areas (https://www.iucn.org/
theme/protected-areas/our-work/world-database-protected-
areas). The biomass values were converted to kg C.m−2 to
compare with the modeled Net Primary Productivity (see
below).

Net above Ground Biomass Accumulation

To calculate the net increase of biomass, we used the LPJ-GUESS
model (Lund-Potsdam-Jena General Ecosystem Simulator; Smith
et al., 2001), which simulates global vegetation dynamics and
biogeochemical cycling for terrestrial ecosystems. Themodel uses
11 plant functional types (PFTs) to represent the most important
vegetation types for temperate, tropical, boreal and grassland
biomes. Our simulations focus on natural vegetation only, i.e., all
croplands and pastures are not included. Each PFT and biome
has its own specific parameterization for plant physiological
and biogeochemical processes of carbon and nitrogen (Smith
et al., 2001). The occurrence of the PFTs is predicted based on
bioclimatic limits and competition for light and soil resources.
For tree PFTs the model uses an individual based approach,
representing multiple age cohorts that can co-occur in a single
stand. Several processes, including mortality and establishment
of trees, as well as disturbances are modeled stochastically. Grid
cell mean dynamics are based on simulation for 20 replicate sub-
grid units (“patches”). The model was run on a global grid of
0.5◦ × 0.5◦ degrees (approximately 50 × 50 km at the equator)
based on climate data from the CRU TS 3.0 data set (Mitchell and
Jones, 2005). To initialize the model, we used a spin-up of 500
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years to bring vegetation and soil carbon pools approximately at
equilibrium, during which a repeated cycle of climate forcing was
used, based on the first 10 years of the input dataset.

For our analysis, we were interested in the annual increase
of wood in forests. From the simulated average annual
carbon fluxes, we used Net Primary Productivity (NPP
[kgC.m−2.year−1]), which is the net effect of Gross Primary
Productivity minus respiration losses. NPP reflects above and
below ground biomass, both for all or for selected PFTs. We
report total NPP, as well as the values of above ground biomass
for NPP total and for the tree PFT (NPPtree). NPP is the sum
of NPPwood, NPPcanopy, and NPPfine roots; Malhi et al. (2011)
estimated an average of 30% biomass allocated to NPPwood,
although the allocation of wood to fine roots is highly variable.
Thus we report onNPP by a factor of 0.3 as a representation of the
aboveground fraction of NPP. To calculate total available annual
NPPwood and NPPtree from forests under future projections, we
estimated the change in forest area. We used the global forest
projections under the different SSP scenarios for the time slices
2010, 2015, 2030, 2050, and 2100 (van Vuuren et al., 2017)
also on 0.5 × 0.5 degree resolution. The extent of land use
change and deforestation are taken into account as the different
scenarios predict different population growths and therefore
different demands for food production and land use.

RESULTS

Projected Energy Demand for Residential
Uses
Currently, about one third of residential energy use is based
on traditional bioenergy, including charcoal (see Figures 2D–F,
about 30 EJ from the 90 EJ for traditional bioenergy in 2015). The
share of traditional bioenergy in the residential sector reduces
rapidly in SSP1 (about 55% of the 2015 values of traditional
biofuels by 2020, 18% by 2030, 7% by 2050, and 2.5% by 2100;
Figure 2A), as urban populations become wealthier and policies
are introduced to provide access to modern energy consistent
with the Energy for All objectives (Table S1). In contrast, SSP3
projects a traditional energy demand relatively constant (between
78 and 100% of the 2015 values, Figure 2C), given the relatively
high population projections. The SSP2 projections are in between
these two extremes. Most of the projected energy demand from
all SSPs is to be used for cooking and only a minor fraction is
dedicated to space and water heating (Figure 2B).

Biomass Needed to Meet Projected Energy
Needs
Globally, under the most sustainable scenario, SSP1, and because
it is assumed that as urban populations become wealthier they
replace charcoal use by other fuelwood, 14.4 mi ton biomass will
be needed for charcoal plus 17.1 mi ton biomass for fuelwood
by 2100. In the worst case scenario, SSP3, we project a greater
than 10-fold demand compared to SSP1. By 2100, 205 mi tons of
biomass for charcoal plus 244mi ton of biomass for fuelwood will
be needed (Figure 3).

Currently, two regions contribute the most to the
global biomass demand, 1/3 Africa and 1/4 South America
(Figures 3C,D). In the most sustainable scenario (SSP1), African
urban populations are projected to require 5.5 mi ton biomass
for charcoal plus 1.7 mi ton for fuelwood. In the SSP1 scenario,
South America is projected to require 1.7 mi ton biomass for
charcoal plus 0.6 mi ton biomass for fuelwood. In the least
sustainable scenario, a total of 189.1 mi ton of biomass would be
required for African urban populations (145.3 mi ton of biomass
for charcoal, 43.8 mi ton of biomass for fuelwood in urban
areas) and a total of 60.6 mi ton of biomass for South America
(45.1 mi ton mi ton of biomass for charcoal plus 15.5 mi ton
mi ton of biomass for fuelwood). This is because urbanization
and population growth are projected to be the highest for Africa
(see Table S1), and South America supplies charcoal elsewhere.
Indonesia and Central America have the lowest demands (SSP1:
a total of 1.3 mi ton biomass for Central America and 3.1 mi ton
biomass for Indonesia; SSP3: 31.2 mi ton biomass for Central
America, 12.6 mi ton biomass for Indonesia; Figures 3B,C). In
general, the demand for biomass decreases over time, except for
SSP3, and in Africa and Central America. Indonesia shows the
relative sharpest decrease in biomass demand, becoming very
close to the needs from Central America (Figure 3).

Current Forest Aboveground Biomass and
Net Primary Productivity
Global estimates of forest aboveground biomass in 2015 were of
43,855.9 mi ton C, of which 25% (11,259.5 mi ton C biomass)
was in protected areas (Table 1). In 2015, each of the regions
we analyzed had aboveground biomass values that varied from
404.4 mi ton C in Central America to 13,653 mi ton C in South
America. Demands for biomass for charcoal by 2015 converted
to mi ton C show that demand values are relatively small. Most of
this demand is from Central America (3% aboveground biomass
needed not in protected areas per year) but in all the other
regions biomass equivalents for charcoal are around 0.5% per
year. The results for 2015 are problematic as these rates already
suggest a non-sustainable production system, and it is important
to acknowledge that estimated needs for biomass are modeled
rather than empirical due to the absence of systematic data
collected at the global scale.

We next looked into whether forest growth rates (via NPP)
could withstand future demands for biomass “equivalents”
(for charcoal and fuelwood). Globally, total NPP is 728.24
mi ton C.year−1, and is much higher for South America
and Africa, while it is almost one order of magnitude
lower for Central America and Indonesia (Table 2). However,
NPP available for charcoal production (wood or tree PFT)
show values about 1/3 smaller than total NPP globally.
A comparison of the remote sensing estimates for forest
above ground biomass and modeled total NPP are shown in
Table S2.

Future NPP under Land Use Change
Depending on the SSP scenario, forests are replaced by other
land uses at different rates (Figure S1) and the resulting future
NPP is mapped in Figure 4 for 6 different time slices. Figures
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FIGURE 2 | Projections of residential energy demand and the use of traditional energy: (A–C) end-uses supplied by traditional bioenergy, and (D–F) share by energy

carrier in total residential energy use (green is traditional bioenergy).

S2–S5 in the Supplementary material shows the detailed NPP
per region for the projected futures. SSP3 projects higher land
use change, in which even large parts of the Congo Basin are
changed. Under this scenario, the Central Amazon Basin remains
as forest, as this area is mostly protected (Figure 4). The detailed
maps for each region, also follow the same pattern, with greater
land use change in SSP3 and therefore 2/3 forest loss for Central
America (Figure S2), 1/5 for South America (Figure S3), 1/2 loss
in Africa (Figure S4), and 1/6 loss in Indonesia (Figure S5). 45%
of forest aboveground biomass is protected in South America,
while 34% for Central America, 21% in Indonesia, and 17.5% in
Africa.

Demand and Supply Projections
With increasing demand, forest land uses decrease resulting in
a lower supply of NPP. In Figure 5 we plotted the trends of
global demand and supply from 2020 to 2100 for the three SSP
scenarios. Globally the supply by NPP is always higher than the
demand, suggesting that charcoal production is potentially not a
large stressor on the system. However, this means that the NPP
the forest provides must be harvested in a sustainable way, that
ecosystem functioning is not hindered. At a global scale even with
the worst case scenario (SSP3) there is two times higher supply
than demand (Figure 5A; Table S3). The four regions follow the
same global trend, with supply being at least a factor 10 greater
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FIGURE 3 | Biomass needs for urban fuelwood and charcoal demands under three SSP scenarios: (A) globally, (B) Central America, (C) South America, (D) Africa,

and (E) Indonesia. Estimates are in million ton of biomass. Charcoal means biomass “equivalents” that equal a 1:5 conversion. SSP1: green (line - fuelwood, dash -

charcoal), SSP2: blue (line - fuelwood, dash - charcoal), and SSP3: red (line - fuelwood, dash - charcoal).

than the demand. However, under SSP3 both Central America
and Africa supply and demand become closer at the end of the
century (not the log scale on the graph).

DISCUSSION

We set to assess whether there is enough forest to sustain charcoal
production at local and global scales, using a combination
of modeling and observation data. The projected population
growth and increasing number of urban dwellers will increase

the demand for charcoal, but given that this demand is a small
fraction of the total traditional fuels, current global biomass and
NPP will be able to meet this demand even under the least
sustainable scenarios both globally and for each of the focal
regions. Our results, assuming only urban uses for charcoal
show that under more sustainable scenarios (SSP1 and SSP2) the
demand for charcoal will peak around 2020, and then decrease
as other energy sources become available. In the four regions
we studied, up to 3% of forested area is needed per year to
account for the charcoal demand. In an unsustainable forest
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TABLE 1 | Demand and supply of biomass for charcoal in 2015 (mi ton C).

SSP12015 SSP22015 SSP32015 Forest

aboveground

biomass2015

Forest

aboveground

biomass2015 not

in protected areas

C. America 6.95 9.25 9.1 404.4 266.3

S. America 23.85 32.75 33.1 13,652.9 7,567.2

Africa 33.6 41.75 40.4 6,627.9 5,459.5

Indonesia 13.85 18.3 17.15 41,42.9 3,274.7

Global 84.55 109.95 106.9 43,855.9 32,596.4

Demand is for urban areas under three SSP scenarios, and supply in forest aboveground

biomass. We chose to display scenario results rather than data because there is no

systematic data collected over these regions and globally, and because we can then

compare current time with future scenario data.

harvesting regime, this means that all forest are cleared within
30 years. On the contrary at these relative low rates, NPP from
10 to 20% of each of the analyzed regions is able to produce
enough biomass, even when accounting for the projected forest
losses. We conclude that a sustainable harvesting of the forest
for charcoal production is possible as the forest produces enough
biomass to meet the demands, but it is dependent on incentives
and governance to implement such sustainable regime. The
picture, however, is varied for different tropical regions that
represent different uses of charcoal.

In Africa, charcoal is still very important as the main source
of energy (Mwampamba et al., 2013), and for this continent
our results show the lowest ability to meet urban charcoal
demands. This is likely because despite a high NPP, the rates
of deforestation in Africa are five times higher than the global
average (Bowker et al., 2017), and are mostly due to fuel wood
consumption (Bailis et al., 2015; Sulaiman et al., 2017). Further,
given the very high need for land for food production (Bowers
et al., 2017) and the external land grabbing processes that are
currently ongoing in the African continent (Johanson et al., 2016;
Zoomers et al., 2017), our results may even be underestimates.
We estimate that around 0.7% forested land is needed for
charcoal production per year. Further it is also clear that the share
of protected forested area is in Africa the smallest of the four
regions. Finally, this is the continent where projected population
growth achieves the highest values. Our results suggest that
charcoal supply to urban dwellers will be possible during the
twenty-first century, and demand and supply gap will become
smaller by the end of the century.

In Central America, charcoal use is mainly for cultural reasons
despite the dominant availability and use of other fuel sources
(Ghilardi et al., 2013). Alongside with Africa, we found that this
region will also face a closing gap between supply and demand by
the end of the century, under the least sustainable scenario. Very
worrying is that around 3% of forested land is needed for charcoal
production per year. Central America is particularly important
as charcoal use in this region is by cultural choice as there are
other energy carriers in the region that supply for energy needs.
Thus reduction of biomass pressure on low NPP forests could be
achieved through more efficient charcoal production systems or
reduced use.

South America highly productive forests may explain why
this region is the one the greatest gap between supply and
demand, even in the least sustainable scenario. For current
charcoal demand, around 0.4% of forested unprotected area is
needed. However, South America is one of the major exporters
of charcoal, and internal consumption is still relatively low in
contrast to its neighboring Central America (Hillring, 2006).

In Indonesia, like Central America, charcoal is used along
with other fuels in an even smaller fraction. This explains
why Indonesia supply is able to meet the local demand of
biomass. In contrast with the other regions, all our scenarios
project a decrease in demand for Indonesia until the end of
the century. This is likely why the gap in supply and demand
is not comparable to Central America, as Indonesia forests also
have among the lowest NPP in comparison to all other regions.
Around 0.5% of forested not protected area is needed per year.
However, Indonesia is also a large exporter of charcoal (Hillring,
2006; http://www.trademap.org), so these numbers are probably
higher. As projected land use change for oil palm and rubber
plantations are enormous, it is highly questionable if Indonesia
can have a sustainable charcoal production.

Our results suggest that the charcoal sector does not face
major supply constraints, as both globally and regionally biomass
productivity is able to meet the biomass demands even under the
least sustainable scenarios. However, there are a few caveats for
this relatively simplistic suggestion. First, our analysis focused
on the dynamics of supply-demand assuming that all supply
comes from the region where it is produced, and we know that
there is charcoal trade, and charcoal exports globally are growing
(http://www.trademap.org). Recent estimates suggest that 51%
of charcoal production comes from Africa and 35% from South
America, but not all the charcoal stays where it is produced
and major exports of charcoal occur in Indonesia, Malaysia
and China, while major imports occur in Europe, Korea and
Japan (Hillring, 2006). Including the dynamics of trade would
improve our analysis as it would allow estimating the demand
for internal and external needs, and whether trade could meet
demands from scarce regions. It would also be important to assess
whether trade could be managed to maximize forest protection,
and what are the opportunity costs of such approach. Second, we
assume an optimal regional use of forest NPP, which might be an
unrealistic assumption but a necessary assumption to assess how
NPP could provide biomass in the absence of local knowledge
on forest NPP use. To contain this assumption we estimated
a lower boundary of NPP values by applying a 1/3 multiplier
to total NPP, and an upper boundary estimate obtained from
tree PFT. We find this is a first order estimate to look into
the local capacity to provide biomass for urban dwellers in the
studied regions. Future studies can build upon our results to
test for differences in regional uses of NPP, and assess optimal
allocation strategies. A sustainable harvesting methodmeans that
biomass can only be used as long as it meets the aboveground-
NPP. This selective thinning should also be optimally placed
in space, meaning that the producing industry should have
a full rotating scheme around the whole continent, Thirdly,
we assume a conversion rate of 1:5 from wood to charcoal;
however, we know this factor varies with charcoal production
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TABLE 2 | Tree and wood NPP, and average NPP over the last century (1900–2006).

NPP (mi ton

C.year−1)

NPP in protected

areas (mi ton

C.year−1)

Average NPP1900−2006

(kg C.m−2.year−1)

NPPWood (mi ton

C.year−1)

NPPwood in

protected areas

(mi ton C.year−1)

NPPtree (mi ton

C.year−1)

NPPtree in

protected areas (mi

ton C.year−1)

C. America 1,667 314 0.58 556 94 302.1 218

S. America 15,527 406 0.73 5,176 1,218 3,182.4 2,954

Africa 15,451 2,257 0.45 5,150 681 2,651.1 1,243

Indonesia 3,639 578 1.12 1,210 173 828.3 441

Global 72,824 11,336 0.45 24,275 3,401 12,573 7,079

FIGURE 4 | Global future mean Net Primary Productivity under the three SSP scenarios for 2020, 2030, 2050, 2075, and 2100: (A–E) SSP1, (F–J) SSP2, and (K–O)

SSP3. See Figures S3–S6 for regional maps for Central America, South America, Africa, and Indonesia. Values displayed are NPP.

technique. A range of 3 to 12 kg of biomass is required to
produce 1 kg of charcoal. This suggests that changing production
techniques both globally and regionally could be a way forward
to make the charcoal sector even more attractive to meet urban
residential energy needs. Finally, charcoal is a relatively small

fraction of the global and regional energy needs. At least an
equal amount of biomass is needed for traditional fuels like
fuelwood. Further, other energy carriers may require biomass as
primary material or secondary to produce heat to operate the
energy production facilities. This means that additional stressors
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FIGURE 5 | Projected demand and supply of biomass for charcoal (mi ton C) under SSP scenarios for 2020, 2030, 2050, 2075, and 2100. Gray lines are demand

and black lines are supply. Full line for SSP3, dashed line for SSP2 and dotted line for SSP1. Globally the supply is always higher than the demand, suggesting that

charcoal production is not a large stressor on the system. However, regionally it can be observed that the demand approximates the supply in the case of Central

America and Africa under the most unsustainable scenario. (A) Globally, (B) Central America, (C) South America, (D) Africa, and (E) Indonesia.

on local biomass are present and not accounted for in our
analysis.

The future of the charcoal sector is not dire. Wood and
Baldwin (1985) estimated that for developing countries about
1 kg of biomass per day gets consumed for every man, woman
and child, and this fuel correspond to as much as 95% of
the domestic energy. This biomass can be used for either
traditional biofuel or charcoal, and the choice of charcoal
over fuelwood is a function of supply, transportation, storage,
price and convenience (Zulu and Richardson, 2013). Charcoal

represents a small fraction of the energy needs, but its
biomass demands are disproportionate and in some regions
the gap between supply and demand is closing under the
least sustainable scenario. We use a novel combination of
empirical data, modeling and scenarios to suggest that charcoal
for urban dwellers projected demand is not expected to add
significant extra pressures on forests, as long as other energy
carriers are made more renewable and sustainable, as our
models assume a movement away from charcoal due to gross
domestic product growth and improved access to modern
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energy. However, charcoal production can also be made more
sustainable. Here we analyzed whether there was sufficient
standing biomass and sufficient biomass growth in terms of
NPP, but further research is suggested on how meeting charcoal
supply might affect other sectors like water, food and biodiversity
(Johanson et al., 2016). Our results already suggest a need
to cut down massive amounts of forest, under an optimized
use of forest NPP. However, it is possible to implement a
wood extraction strategy that only requires extracting larger
trees, or at larger time intervals (as depicted in Figure 1).
Burning of charcoal and associated deforestation amounts to 71.2
mi tCO2 and 1.3 mi tCH4 being released to the atmosphere
(Chidumayo and Gumbo, 2013). Air pollution by atmospheric
particulate matter production from wood is two times larger
than that from charcoal, and both are still much higher
than electricity (PM10,wood = 1,200 µg/m3; PM10,charcoal =

540µg/m3; PM10,electricity = 200–380µg/m3; Torres-Duque et al.,
2008). Wood combustion also releases twice as many polycyclic
aromatic hydrocarbons as charcoal, highly toxic environmental
compounds and carcinogenic molecules (Oanh et al., 1999).
However, with cleaner production systems and changing
production methods, higher efficiency might be achievable with
reduced emissions and improved air quality. Deforestation rates
are responsible for major biodiversity losses (Ahrends et al.,
2012). It would be important, however, to determine which
woody species are most suited for charcoal production, and

target extraction toward those or complement biomass needs
with directed intensive plantations. The identified research needs
can provide important information to better integrate between
global models and local conditions to fully understand whether
local sustainable optimal pathways in the charcoal nexus can be
achieved.
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The nexus approach helps in recognizing the link between water, energy, and food

production systems, emphasizing the need to manage them in a more integrated way.

The socio-ecosystem (SES) approach, however, goes beyond that, by incorporating

the regulation and supporting services in the management equation. Changes in

ecosystem integrity affect the delivery of ecosystem services to society, which affects

local people’s well-being, creating a feedback mechanism regarding management

strategies. The SES approach makes explicit the “human-bio-physical” nature of

our interaction with ecosystems, highlighting the need for a more integrated and

interconnected social-ecological research perspective. In addition, the SES approach

makes more explicit the multi-scale character of the ecological processes that structure

and maintain social-ecological systems. Water dynamics have an important role in

shaping ecosystem’s structure and functioning, as well as determining the systems

capacity for delivering provisioning services. The tropical dry-deciduous forest (TDF),

is particularly useful in studying water-food-energy trade-off interactions. Recently, a

category 5 hurricane landed in the study area (Mexico’s Pacific coast), triggering

various social and ecological problems. This event is challenging the current forest

management strategies in the region. The extreme hydrometeorological event created

an excellent opportunity to test and promote the SES approach for more integrated

food-water-energy research. By using the SES approach within our long-term socio-

ecological research project, it was easier to identify opportunities for tackling trade-offs

betweenmaintaining the transformation of the system and amore sustainable alternative:

promoting the maintenance of the ecosystem’s integrity and its capacity to deliver

provisioning and regulating services.

Keywords: nexus, social-ecological systems, transdisciplinary research, trade-offs, LTER, LTSER, Chamela

INTRODUCTION

An international group have been studying the ecosystem implication of biomass extraction for
charcoal production in tropical Africa and Latin America (Ghilardi et al., 2013; Mwampamba
et al., 2013; Santos et al., 2017). Their main concern is that this extended practice has been a
slow, but persistent, pressure on the forest biomass resources. The group has recently adopted the
“nexus approach” (sensu lato Hanlon et al., 2013), which seeks a stronger understanding of the
interdependencies among food, water, and energy production systems to secure a more sustainable
production process. By using simulationmodels, they have projected the demand for fuel-wood and
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charcoal for different socio-economic pathways, showing the
disproportionate biomass demands that in some regions will
require using a large fraction of forest (Santos et al., 2017).
By adopting a nexus approach, the group is facilitating
the understanding of the socio-economic and ecological
interactions of charcoal and agricultural production, especially
by highlighting two dimensions of the socio-ecological contexts:
charcoal value chains and tenure systems (Iiyama et al.,
2017). In addition, the interconnections between sustainable
charcoal production in Tanzania, ecosystem services, and
trade-offs in the allocation of land, labor, and net primary
production have been documented (Doggart and Meshack,
2017).

The aim of this perspective article is to discuss the
socio-ecosystem (SES) approach as a conceptual tool for
guiding integral food-water-energy research.With the experience
gained at the Chamela Mex-LTER Group, which belongs
to the International Long-Term Ecological Research (ILTER)
network, I will describe ecosystem’s water dynamics as an
entry point for showing the interconnected nature of the
ecological processes. I will then describe the possible effect of
management activities on these ecosystems’ water dynamics.
This analysis helps in recognizing trade-offs between obtaining
provisioning ecosystem services (e.g., water, crops, and charcoal)
and the conservation of the supporting and regulating ecosystem
services. This is also important since the maintenance of
an ecosystem’s integrity is required to sustain the delivery
of such products. Finally, I discuss how the effects an
extreme hydrometeorological events is inducing us to define
new research questions and hypotheses following a SES
approach.

THE SOCIO-ECOSYSTEM (SES)
APPROACH

System thinking has been essential for recognizing the existence
of biotic and abiotic components interacting and conforming
ecosystems at different and multiple hierarchical scales (systems
within systems; Figure 1). Ecosystem ecologists are also helping
in identifying the natural processes behind the delivery of
provisioning and regulating ecosystem services that sustain
human social-economic development. The millennium
ecosystem assessment (MA) was successful in documenting
the importance of these services and the urgency of conserving
and restoring the natural ecosystem behind them. This
international initiative (Millennium Ecosystem Assessment,
2005) not only documented the fragility of Earth’s life support
system, but also the severity of knowledge fragmentation
and the difficulties of the scientific system in conducting
interdisciplinary research (Norgaard, 2008). System thinking
has changed the way we appreciate and understand our world
(Ackoff, 1999; Capra and Luisi, 2014), now conceptualizing
it as social-ecological systems resulting from humans and
ecosystems interacting in time and space at different hierarchical
scales (Berkes and Folke, 1998). This SES view is also an
attempt to recognize our “human-bio-physical” nature in a

completely integrated and interconnected way (Figure 1A;
Maass, 2012).

Socio-ecosystem research requires a shift from viewing
humans as external drivers of natural systems to that of agents
acting within socio-ecological systems (Grimm et al., 2000;
Redman et al., 2004; Haberl et al., 2006). Dealing with SES
also requires new epistemic approaches, and the long-term,
site-based, bottom-up, and transdisciplinary approach has been
suggested as the key ingredient for conducting SES research for
sustainability (Carpenter et al., 2012; Fischer et al., 2015; Maass
and Equihua, 2015; Balvanera et al., 2017). On these grounds, an
“Integrative Science for Society and the Environment” research
initiative has been proposed to elevate LTER science to a
new level of integration, collaboration, and synthesis necessary
for addressing current and emerging environmental research
challenges (Collins et al., 2011). This approach has also been the
response of some of the ILTER network groups to deal with this
endeavor (Maass et al., 2016).

WATER AS AN INTEGRAL COMPONENT
OF ECOSYSTEM PROCESSES

Water participates in most energy fluxes and mass recycling
ecosystem’s processes (Baird and Wilby, 1999; Chaplin, 2001);
therefore, water dynamics have an important role in shaping the
ecosystem’s structure and functioning, as well as determining
the system’s capacity to deliver provisioning services, such as
drinking water, food crops, and fuel-wood biomass. Water
availability has been identified as one of the major limiting
factors for sustaining terrestrial ecosystem productivity (Chapin
et al., 2002). Therefore, maintaining natural water dynamics is
a key ecosystem management component and a requirement
for reaching sustainable productivity. With this in mind, I will
describe the role of water in many ecological processes as an
entry point to recognizing the trade-offs between obtaining
provisioning ecosystem services and the conservation of the
ecological processes that sustain the delivery of such products
(also conceived as supporting and regulating services).

Depending on its phase water’s presence in the ecosystem
highly affects the ecosystem’s albedo (the surface short-wave solar
reflectivity). For example, while liquid water has an albedo of
<20%, a cloud can reach albedos >90%. In addition, significant
albedo changes (>25%) can occur within hours when a light-
colored soil becomes darker after a rainfall. Albedo is a key
ecosystem process since it affects net solar radiation (Q∗) entering
the ecosystem. Between 80 and 85% of Q∗ is used either to
heat the air through sensible heating fluxes (Qh) or to evaporate
water through latent heating fluxes (Qe). The proportion of each
flux is known as Bowen’s ratio (Qh/Qe). Only a small fraction
of Q∗ (1–3%) is captured through photosynthesis, whereas
water evaporation and transpiration processes (Qe fluxes) usually
consume>50% of Q∗ in most forested ecosystems. Transpiration
acts as “transportation band,” moving dissolved nutrients in the
soil solution to the canopy through a continuous water column
flowing from the roots to the stems and branches (Chapin et al.,
2002). This high energy consumption process is driven by solar
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FIGURE 1 | (A) Nested and hierarchical character of socio-ecosystems (SES), with management that always requires a detailed analysis of (B) the factors “affecting”

and “being affected” by the supra- and sub-SES.

energy, heating the atmosphere, and maintaining the relative
humidity gradient (between the stomata and the air) required
to sustain transpiration. Water’s physical-chemical process (i.e.,
oxidation, dissolution, evaporation, freezing, etc.) are also the
main forces behind rock weathering and nutrient release to the
soil solution. Likewise, water moves large quantities of minerals
off the land through infiltration, leaching, and erosion. This
important “integration character” of water makes its dynamics a
key aspect determining ecosystem functioning, as well as a major
controlling factor determining ecosystem productivity, including
food and biomass production.

Human needs for energy, food, and water have promoted
ecosystems’ transformations. In fact, at least in tropical areas,
regionally distinct modes of agricultural expansion, wood
extraction, and infrastructure extension have been identified
as the prevailing proximate causes of deforestation (Geist and
Lambin, 2002). Deforestation entails nearly total destruction
of forest structure and composition, as well as disruption of
key ecosystem functions, including its water dynamics (Maass,
1995). Changes in forest cover induce a Bowen’s ratio increase
(through Qe reduction) and a change in the ecosystem energy
balance (through albedo modification). In fact, albedo and
Bowen’s ratio modification have been identified as a major
drivers of climate change, along with green-gas emissions which
are also promoted by land use change (Eltahir, 1998). Further
land degradation and water dynamic disruption occurs when
management practices, such as induced fire or tilling, expose bare
soil to direct impact of raindrops. Although small, raindrops are
strong enough to break soil clods into small particles that clog
soil pores, creating a surface crust which significantly reduces
soil infiltration. The soil crusting process has been identified as
a major cause of soil erosion, not only inducing land degradation

through fertility reduction, but also as the main source of water
pollution and siltation in river beds, lakes, and dams (Pimentel,
2006). Infiltration reduction also changes the main route water
takes to reach the valley bottomlands, promoting faster overland
runoff and floods, and reducing underground water recharge
and stream flow during the dry season (Bruijnzeel, 2004). All
these water-related trade-offs emerge when natural ecosystems
are transformed and should be at the core of any ecosystem
management discussion.

Charcoal is an important cooking energy source in rural
areas (Ghilardi et al., 2013; Iiyama et al., 2017). Its production
promotes forest degradation and, in the long run, can produce
a complete deforestation process (Santos et al., 2017) and
its consequences in terms of albedo changes, soil crusting,
water and wind erosion, floods and droughts. Even biodiversity
loss has been detected as a result of the selective harvest of
indigenous hardwood species (Naughton-Treves et al., 2007).
Charcoal, however, can be produced in more sustainable ways
by avoiding deforestation or a permanently degrading process, as
well as by protecting harvested areas from cultivation, intensive
grazing, and fire, thus enabling natural regeneration (Doggart
andMeshack, 2017). This has been the case inMozambique areas
where even under long-term charcoal production they continued
to provide ecosystem services (Woollen et al., 2016).

ECOSYSTEM SERVICES AND
ECOSYSTEM INTEGRITY

Ecosystem transformation to obtain water, energy, and food
production not only generates a trade-off between these
provisioning ecosystem services, but also with cultural, regulating
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and, most importantly, supporting services (the basic ecological
processes behind the maintenance of all services; Daily et al.,
1997). Dealing with these trade-offs, and with the delayed effects
of ecosystem manipulation, is a complicated task. One way to
do it is by recognizing that natural ecosystems are our best
reference of sustainability. Working with nature, understanding
and respecting the natural processes behind the ecosystem
services is becoming a better strategy than transforming nature at
will (Jordan, 1998). Through the maintenance of the “ecosystem
integrity,” we can reduce the possibility of unsuspected and
long-term effects. Therefore, it is important to link food-water-
energy provisioning services with the particular configurations of
supporting ecosystem processes that provide those services, using
natural ecosystems as sustainable references (Garcia-Alaniz et al.,
2017). Equihua et al. (2014) define ecosystem integrity as “the
condition where its structure and functions are not impaired and
auto-organization dynamics alone are driving the system” and can
be measured by how different an actual ecosystem is from some
original and desired condition. Changes in integrity take place
through ecosystem degradation, and one is the mathematical
complement of the other. Since the specific setting of abiotic
environment in a given area establishes the context for the
compositional, structural, and functional ecosystem attributes,
these settings can be measured to infer “ecosystem integrity”
status (Garcia-Alaniz et al., 2017). At ILTER, we suggest doing
this by using ecosystem integrity and human well-being as key
response variables in the analyses of how these variables change
under different ecosystem management regimes and in diverse
socio-ecological settings (Maass et al., 2016).

CLIMATE CHANGE, LTER, AND RESEARCH
OPPORTUNITIES

The study of SES responses to intense hydrometeorological
phenomena (e.g., drought, flood, frost, etc.) is becoming
extremely important under the current climate change scenarios,
which are forecasting an increase in their intensity (IPCC’s,
2014; Knutson et al., 2015). Extreme hydrometeorological events
generate complex management issues such as insect pests, plant
mortality, fuel load and fire increase, and CO2 emissions (Shaver
et al., 2000; Held and Soden, 2006; Álvarez-Yépiz and Martínez-
Yrízar, 2015). In turn, these problems also generate indirect
social-economic effects (e.g., tree mortality reduces wood supply)
(Walker et al., 1999). Species of TDF have evolved under
these highly variable conditions and are adapted to extreme
droughts (Holbrook et al., 1995). Land use change, however,
increases SES vulnerability and lowers the resilience capacity to
these extreme hydrometeorological events (Gavito et al., 2014).
Under perturbed conditions, exotic, and invader species resistant
to drought and fire (like buffelgrass) also increase (Búrquez-
Montijo et al., 2002).

LTER is helping to evaluate the effect of hydrometeorological
events by analyzing the risk with more precision (Gavito
et al., 2014). LTER also brings information useful to better
designing management policies under climate change scenarios.
As Collins et al. (2011) have pointed out, pulses and pressures

(natural and human-induced) drive ecosystem dynamics, which
affects the structure and functioning of natural ecosystems. In
turn, the delivery of ecosystem services decreases depending
on how much ecosystem integrity has changed. Variation in
ecosystem service delivery has an impact on local peoples’
well-being, creating a feedback mechanism on management
strategies, resulting into pulses or pressure on the ecosystem.
In other words, to properly manage this adaptive management
cycle, identifying, and understand trade-off among different
management alternatives is crucial. Those alternatives that better
maintain an ecosystem’s integrity will produce higher ecosystem
services.

THE CHAMELA MEX-LTER RESEARCH
SITE

At Chamela’s Mex-LTER site, in the Mexican Pacific Coast
(105◦W, 20◦N), we have been studying the structure and
functioning of the tropical dry-deciduous forest (TDF) within the
Chamela-Cuixmala Biosphere Reserve (Maass et al., 2002). The
ecosystem’s water dynamics, energy fluxes and nutrient cycling
have been studied for decades (>35 years). TDF has a strong
seasonal character in which 65% of the yearly rain falls in 3
months, creating a strong dry-wet ecosystem dynamic. Inter-
annual rainfall is also highly variable in the study region (from
340 to 1,329mmyear−1). Extended droughts alternate with heavy
rainstorms creating highly unpredictable climate conditions.
Dry periods of 8 consecutive months without any rain are
common in the area. Native species are adapted to these extreme
conditions. Introduced species under a highly transformed
ecosystem, however, become highly vulnerable to these extreme
hydrometeorological events. Subsistence agriculture and cattle
ranching are the main productive activities in the area. Most
stakeholders are not native farmers; they recently colonized
the region (in 1960s), arriving from areas other than TDF
(Castillo et al., 2005). “Traditional” land management consists
of clear-cutting the forest, growing corn for 1–2 years and
then converting the agricultural land into induced pasture
fields (De Ita, 1983). Soil erosion, compaction, and infiltration
reduction are the result of poor management practices, creating
a vulnerable environment for the local settlers who suffer
from recurrent crop failures because of the lack of sufficient
rain during critical moments in the production cycle (Maass,
1995).

In addition, excess rainfall for short periods creates occasional
floods with harmful consequences for the settlers at the lower
section of the basin. During the last 15 years, a more socio-
ecological approach has been conducted (Castillo et al., 2005,
2007; Maass et al., 2005), and currently, a transdisciplinary
approach (Spangenberg, 2011) is in the process of being
established, promoting appropriate conditions for different
stakeholders’ participation, not only in our research activities but,
most importantly, in the definition of our research program.

In October 2011, Hurricane Jova hit the region and, recently
(October 2015), Hurricane Patricia (category 4–5) crossed
the Chamela-Cuixmala Reserve, seriously disrupting its forest
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TABLE 1 | Processes, impacts, and management opportunities as a result of Hurricane Patricia affecting the tropical dry-deciduous forest at the Chamela-Cuixmala

Biosphere Reserve.

Process (to study & monitor) Impact (to prevent, mitigate) Opportunity (of management)

Increase in fuel load (dead trees and branches) Fire risk increase Harvest wood for multiple use, including charcoal

production

Fence destruction Tree cutting to repair fences Identify better tree species to use as “living fences”

Reduction in Evapotranspiration (Et) and Runoff (Q)

increase

Soil erosion and floods Increase water availability and ground water recharge

Increase of organic matter inputs to the soil (leaf litter and

branch decomposition)

Nitrification and N leaching promoting nitrate

inputs to ground water system

Develop a “participatory monitoring system” for water

quality of local sources

Orchard tree mortality Market losses and interest reduction in

orchard industry

Promote management practices for “resistant trees”

(mango and tamarind) and “resilience trees” (papaya and

banana)

Increase in new tissue (sprouts and bud growth) Pest increase in management systems Identify species interactions to develop “biological control”

Reduction in native bird population Increase in insect pests Recognize and promote “ecosystem services” from local

fauna

Reduction of large carnivores (puma and jaguar) crossing

the lowlands

Increase of small fauna and zoonosis sprouts

in the region

Recognize and promote “ecosystem services” from local

fauna

Increased exposure to vectors diseases (insects) as a

result of roof and window destruction

Increase in dengue and chikungunya cases Request higher responses from local and state health

authorities in the area

Problems in accessing woodlands and cost increase of

extracting forest products

New access using bulldozers Review and develop better “access and extraction” of

forest products

Spatial damage heterogeneity Social imbalance Review “land planning” and promote “sense of of

community”

Lack of coordination between local, regional, and federal

governments

Inefficient process, injustice, impunity, and

corruption

Promote local and “polycentric governance”

Official recognition of the disaster Abuse of help permits and concessions Promote monitoring policies (creation of a “citizen

observatory”)

Efficiency of governmental response Apathy and reduction of the alert response

from local settlers

Promote “adaptive management”

Local news covered on mass media Interest reduction in visiting the area (by

tourists) and revenue reduction

Use media attention to talk about the area (beyond the

disaster) and stimulate investment to help local economy.

Destruction of tourism infrastructure Lost interest from foreign invertors Promote the establishment of “risk prevention” and

“mitigation policies” with local business

Roof blown off by the wind in most houses Roof restoration with asbestos sheets Promote the concept of “sustainable building” in the

region

Deterioration of reserve’s “core land” Reduction in ecosystem services requiring

large preserved areas (e.g., regulating

services)

Promote “restoration ecology research” within the

biosphere reserve and trigger restoration efforts outside

the reserve’s core areas

structure and functioning. This has created an opportunity for
triggering a transdisciplinary research under the SES approach.
Workshops with local stakeholders allowed us to identify their
major concerns after the hurricane landfall in their village and
croplands. By consulting with local settlers’ views, concerns
and interests, our research agenda deviated from the traditional
approach, in which the scientific hypotheses are defined strictly
on either ecological or social aspects as a separate issue. The
exercise helped us link social-ecological process with two possible
response scenarios: the “business as usual” response and the
“conservation” alternative. The latter pushes forward a more
sustainable SES approach. Inspired by the stakeholders input,
I identified those social-ecological processes we must evaluate
and monitored them after the disturbance (see column one
in Table 1). In addition, I identified the most likely response
of local settlers to hurricane effects (column two in the same
table). Finally, an effort was undertaken to define the type of

actions we may need to implement for preventing or mitigating
those problematic and likely responses, as a way toward
finding of a more hypothetical socio-ecological alternative (last
column).

By using this SES approach, it was easier to identify
opportunities for tackling trade-offs between continuing to
transform the system and a more preserving alternative, which
imply the protection of the ecosystem’s integrity. For example,
it has been suggested the identification of resilient native species
to be used as living fences (instead of the traditional use of dead
trunks or artificial poles). Likewise, there is a proposal to grant
authorization of the removal of dead boles to produce charcoal
(traditionally forbidden in the protected areas) as a management
strategy to reduce the fire risk that resulted from the the increase
of fuel load after the hurricane. In addition, we identify an
opportunity for launching a community-based water monitoring
system, to promote a better understanding by local people about
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the importance of conserving their forest land to maintain
a good quality of their water sources. See more examples in
Table 1.

FINAL THOUGHTS

The SES approach not only aids in linking energy, nutrient,
and water processes in a natural ecosystem, but it also connects
these supporting services with provisioning services, such as
food, charcoal, and clean water. The SES approach also helps
to recognize the importance of preserving ecosystem integrity
and its link with local people’s well-being. With this connection
in mind, it is easier to identify and deal with the trade-
offs between preserving and transforming natural ecosystems.
Furthermore, the SES approach highlights themulti-scale (nested
and hierarchical) character of the social-ecological processes
that structure and maintain SES (Figure 1A), which permits
recognizing the high uncertainty that large-scale processes
generate in the management practice. To deal with such multi-
scale complexity, the manager should focus on one particular
scale and analyze its link with the immediate upper (supra
system) and lower (sub system) scales; see Figure 1B. This multi-
scale character of SES also shows the importance of focusing
on local processes as a strategy for facilitating the adaptive
management cycle. Finally, the need for promoting long-term
and site-based research (i.e., academic groups anchoring their
research on specific sites for many years) has become evident
for developing not only a better understanding of the local
ecosystem, but also the necessary trust between researchers and
the local community for efficient transdisciplinary research.
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We propose and illustrate a multi-scale integrated analysis of societal and ecosystem

metabolism (MuSIASEM) as a tool to bring nexus thinking into practice. MuSIASEM

studies the relations over the structural and functional components of social-ecological

systems that determine the entanglement of water, energy, and food flows in a complex

metabolic pattern. MuSIASEM simultaneously considers various dimensions andmultiple

scales of analysis and therefore avoids the predicament of quantitative analysis based on

reductionism (one dimension and one scale at the time). The different functional elements

of society (the parts) are characterized using the concept of “processor,” that is, a profile

of expected inputs and outputs associated with the expression of a specific function.

The processors of the functional elements of the social-ecological system can be either

scaled-up to describe the metabolic pattern of the system as a whole, or scaled-down

by considering the characteristics of its lower-level parts—i.e., the different processors

associated with the structural elements required to express the specific function. An

analysis of functional elements provides insight in the socio-economic factors that pose

internal constraints on the development of the system. An analysis of structural elements

makes it possible to study the compatibility of the system with external constraints

(availability of natural resources and ecological services) in spatial terms. The usefulness

of the approach is illustrated in relation to an example of the use of charcoal in a rural

village of Laos.

Keywords: charcoal, metabolic pattern, relational analysis, social-ecological system, MuSIASEM

INTRODUCTION

Multi-scale integrated analysis of societal and ecosystem metabolism (MuSIASEM) is a general
accounting framework for the analysis of the metabolic pattern of social-ecological systems
(Giampietro et al., 2009, 2014). MuSIASEM allows the simultaneous consideration of water, energy,
and food flows over various hierarchical scales of analysis, and therefore is a potentially powerful
tool to bring nexus thinking into practice. Indeed, according to UNU-FLORES (https://flores.unu.
edu/en/research/nexus) a nexus approach “examines the inter-relatedness and interdependencies
of environmental resources and their transitions and fluxes across spatial scales and between
compartments.” The potential use of MuSIASEM to study water-energy-food nexus problems has
been explored earlier (Giampietro et al., 2014), but not in relation to charcoal production in tropical
social-ecological systems. In this work we illustrate a refinement of the MuSIASEM approach as
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recently developed in the EU Horizon2020 project MAGIC. This
particular approach relies on the use of software and the creation
of an ad-hoc database. For reasons of space, these technical
aspects are not presented here. However, detailed technical
descriptions of other pilot case studies, representing various types
of social-ecological systems at different hierarchical scales, are
available in deliverable D4.1 ofMAGIC (http://magic-nexus.eu/).

Charcoal production plays an important role as a source of
energy and cash income for populations of many developing
countries, notably in Africa. However, charcoal production is
increasingly being associated to deforestation and environmental
degradation (Mwampamba et al., 2013) and therefore is now
often included in the list of “dangerous” activities (Zulu, 2010).
In order to seek sustainable solutions, it is important to recognize
that charcoal production forms an integral part of a complex
network of activities that operates at different scales establishing
a bridge between ecosystem services and the supply of key
resources such as food, energy, and water (Chidumayo and
Gumbo, 2013). Moreover in many socio economic circumstances
charcoal production is associated with a rich diversity of
stakeholders across its supply chain (Butz, 2013; Ghilardi et al.,
2013; Zulu and Richardson, 2013). These various aspects make
charcoal production a perfect case study for MuSIASEM.

In this work, we adapt the MuSIASEM approach to study the
water–energy–food nexus in charcoal-producing rural systems.
We use a novel concept, that of “processor” (defined below) that
brings the relations among the system’s elements into sharper
focus. The concept of processor has been specifically developed
by the second author within the context of the project MAGIC
for the application of the MuSIASEM accounting scheme to
the water-energy-food nexus. Using this idea of processor, we
show in this paper how to characterize the metabolic pattern
of water, energy and food of charcoal-producing systems by
establishing a relation—in qualitative and quantitative terms—
among: (1) the various functional components (e.g., subsistence
production, cash crop production, charcoal production, off-farm
work) associated with the survival/reproduction of the village
(guaranteeing food, energy, and water security); and (2) the
related structural elements (e.g., typologies of land-uses, aquifers,
off-farm jobs) used to express the functions.

In the next section, we first provide the basic features of
MuSIASEM. In the following Sections The Idea of Processors,
Relational Analysis Over Functional Elements, and Relational
Analysis Over Structural Elements we go more into the details
of the methodological approach, and in Section Discussion and
Conclusions we discuss the approach in relation to the specific
problematics of charcoal-producing systems using a case study in
Laos as an example.

GENERAL FEATURES OF MULTI-SCALE
INTEGRATED ANALYSIS OF SOCIETAL
AND ECOSYSTEM METABOLISM

The MuSIASEM accounting framework organizes quantitative
information in reference to different dimensions of analysis—
i.e., social, economic, technical, biophysical, ecological—and

different hierarchical scales of analysis referring to both socio-
economic narratives and an ecological narratives (Madrid-López
and Giampietro, 2015). In this way, the information generated
can be used to check three dimensions of sustainability:

1. Feasibility—This dimension sees the system (society) as a
black-box interacting with its context. Feasibility thus refers
to the compatibility of the metabolic system as a whole with
processes beyond human control, that is, external constraints
imposed by the availability of natural resources and ecosystem
services. This dimension involves (i) checking whether the
metabolism of the system (seen as a black box) is compatible
with the boundary conditions, and (ii) checking the level
of openness of the system in terms of trade with other
social-ecological systems (the extent of externalization to or
dependence on other social-ecological systems);

2. Viability—This dimension looks at the workings inside the
black-box to check the interactions among its parts. Viability
thus addresses the compatibility of the system in relation
to processes under human control (e.g., economic viability,
technical viability) by checking whether the interaction of
the parts inside the black box is compatible with available
technology and know-how;

3. Desirability—This dimension checks whether the
characteristics of the metabolic pattern are acceptable to
those living inside the system (the desirability of the metabolic
pattern directly affects the stability of the social fabric).

MuSIASEM basically consists of a relational analysis of the
functional and structural elements of a social-ecological system
that together determine its metabolic pattern of water, energy,
and food. The concept of metabolism is commonly associated to
the human body to represent the complex processes converting
food into the energy and building blocks required to maintain its
structure and functions. However, the concept of metabolism can
also be and indeed has been applied to social-ecological systems
(Ostwald, 1907, 1911; Lotka, 1922, 1956; Soddy, 1926; Zipf,
1941; White, 1943; Cottrell, 1955). Complex societies exhibit a
mechanism of reproduction and maintenance similar to that of
the human body. They extract and use a mix of energy and
material inputs from their environment to express the functions
required for preserving their identity. Along these premises,
a new scientific field has emerged that is based on the study
of “societal (or social) metabolism” (Wolman, 1965; Martinez-
Alier, 1987; Fischer-Kowalski and Hüttler, 1998; Daniels, 2002;
Swyngedouw, 2006; Giampietro et al., 2009; Broto et al., 2012;
Giampietro, 2014). Metabolic pattern refers to the expected
profile of inputs (taken from the environment) and outputs
(discharged into the environment) associated to the set of
functions required to reproduce the identity of a given social-
ecological system (Giampietro et al., 2011). The concept of
metabolic pattern neatly shows that the nexus between water,
energy, and food is determined by forced relations among
the structural and functional elements of a complex system.
The term “relational analysis” (Rosen, 1958, 1985; Louie, 2009,
2013) indicates the existence of expected patterns of relations
over the elements of metabolic networks that are capable of
self-reproduction and self-maintenance. It implies a distinction
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FIGURE 1 | Hierarchical organization of the system: the definition of the function of the whole (on the left) translates into a definition of functions for the functional

compartments in the middle, using structural elements to carry out their tasks at the level n-2 (on the right).

between: (i) inputs and outputs remaining inside the self-
organizing system; and (ii) inputs and outputs exchanged with
the context. MuSIASEM also borrows from hierarchy theory
(Koestler, 1968; Whyte et al., 1969; Allen and Starr, 1982; Salthe,
1985; Ahl and Allen, 1996) in that it explains the complex
and impredicative relations among structural and functional
elements across different hierarchical levels of organization. In
particular, we consider functional elements as the parts of the
“black-box” that define the interaction with the embedding
context (black-box is level n, functional parts are at level n−1,
the context is level n +1). Each functional compartment is
determined by a series of structural elements that are not
necessarily homogenous or similar in their biophysical processes
(see Figure 1). For example, a functional compartment (vegetable
production) may be composed of different combinations of
structural elements (processes producing tomatoes, egg-plants,
zucchini).

The assignment of structural elements to a given functional
element is a semantic decision: the structural elements must
share the same final objective (final cause in the jargon of
relational analysis) with the functional element to which it is
assigned. For example, in Figure 1, vegetable production and
rice production belong to the same functional compartment
(cash crop production). Different structural elements—that is,
processes associated with a defined land-use typology—mapping
onto the same final cause will be accounted in the same functional
compartment. The structural elements are considered as sub-
parts of the functional components as described in Figure 1

(structural parts are defined at level n−2, functional parts at level
n−1, and the black-box at level n).

Note that the semantic definition of the relation between
structural and functional compartments is subject to a certain
level of ambiguity. For example rice production can be mapped
onto two different functional compartments, “subsistence
production” and “cash crop/commodity production”; charcoal
production can be mapped onto “energy production” or “cash
crop/commodity production.” In the same way, the final cause—
getting disposable cash—can be obtained in two different ways,
relating to two structural elements of different nature: on-farm
production requiring land use allocation and off-farm work
not requiring land allocation within the system boundaries.
All these “bifurcations” can be handled by the accounting
framework of MuSIASEM. In fact, MuSIASEM accounting
entails a constraint of congruence to avoid double counting (and
a messy representation). The sum of the relative sizes of the flows
(energy, water, food, and money) and the funds (hours of human
activity and hectares of land use) associated with the functional
compartments and structural elements (defined at levels n−1 and
level n−2, respectively) must be equal to the total amount of
flow and fund elements defined at level n. For example, when the
process of charcoal production generates an input (energy flow)
consumed by the village, we must include the funds and the flows
associated with this production to the final cause of producing
energy. On the contrary if the charcoal is sold on the market then
the funds and flows associated with this process are included in
the functional compartment “getting disposable cash.” In fact,
when charcoal is produced and sold it does not belong to the
energetic metabolism of the village, it becomes just a commodity.
In relation to this point, the conditions of congruence—the size
of all the flows and funds must remain the same when moving
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across different levels of analysis—guarantee coherence in the
analysis.

Thus, an important feature of MuSIASEM is that the
simplification of the information space in a given set of
categories of accounting—required to generate a quantitative
representation—is not semantically closed, as is the case with
conventional models. The framework of accounting allows an
exploration of the option space generated by the complex set
of impredicative relations between structural and functional
elements across hierarchical levels and scales: it does not deny
the existence of chicken-egg paradoxes or ambiguities in the
definition of the parts and sub-parts, rather it handles them.
MuSIASEM deals with impredicativity through the use of
grammars, that is, a set of expected relations over functional
and structural elements that is semantically open. In fact, it
may be that changes in external constraints will affect the
characteristics of internal processes (top-down causality) or that
changes in the internal characteristics of the system will redefine
the external constraints (bottom-up causality). In this sense,
we prefer the term quantitative storytelling over quantitative
analysis to stress that numbers generated in this way only have
meaning if properly contextualized in relation to: (i) the special
characteristics of the environment; (ii) the special history of the
social-ecological system in question; and (iii) the special research
question considered.

MuSIASEM can be used in a diagnostic mode, by analyzing
the actual metabolic pattern of a system, or in simulation
mode, by examining scenarios (e.g., population growth, technical
innovation, changing terms of trade).

In conclusion the innovative features of this approach are:

1. It is based on an analysis of relations over patterns (processors
are profiles of expected inputs and outputs) and not on
relations over numbers (e.g., inputs or output) as is the case
in conventional models;

2. It integrates quantitative information referring to different
hierarchical scales (describing and combining relevant aspects
of the system originating from non-equivalent descriptive
domains);

3. It integrates quantitative attributes defined according to
different dimensions of analysis (economic, social, technical,
ecological) and allows the use of geographic information
systems;

4. It handles “impredicativity,” that is the ambiguous relation
between structural and functional types (chicken-eggs
paradox) typically encountered in the analysis of the
functioning of complex self-producing systems.

THE IDEA OF PROCESSORS

An important novel aspect of the approach proposed here
compared to earlier work is the use of processors to assign
an identity to the metabolic elements of the system. Any
metabolic element of a social-ecological system, whether a
functional compartment or a structural element, is an open
system in itself that expresses an expected pattern of “behavior”
in terms of: (i) consumption of inputs; (ii) expression of a useful

function coinciding with the supply of useful output(s); and (iii)
generation of unwanted by-products. The semantic analog of
the “processor” of social-ecological systems is the enzyme for
biochemical systems or the production function for economic
analysis. The basic idea is that a specific pattern of inputs can
be associated to the generation of a specific pattern of outputs.
Depending on the scale considered, the expected behaviormay be
either: (i) reproducing itself (if we are considering the metabolic
system as a whole); (ii) expressing a useful function needed
to stabilize the larger metabolic system to which the element
belongs (if we are considering a functional element); or (iii)
transforming a profile of inputs into an expected profile of
outputs (if we are considering a structural element making up
a functional element). Metabolic elements can be defined as
functional elements, when their characteristics are determined by
processes taking place on the level above (top-down causality), or
structural elements, when their characteristics are determined by
processes taking place on the level below (bottom-up causality).

Thus, we describe each metabolic element (either functional
or structural) as a processor that establishes a relation between: (i)
internal inputs and internal outputs, and (ii) external inputs and
external outputs. “Internal” refers to two different typologies of
elements that are consumed or produced (flows) and maintained
(funds) by the society (societal metabolism). In the jargon of life
cycle analysis (LCA), internal elements are described as operating
in the “technosphere” and therefore they refer to inputs and
outputs determined by processes that are under human control
and remaining within the borders of the socio-economic systems.
“External” refers to flows that are produced or received by
processes outside human control, that is, natural processes and
ecosystem services (ecosystemmetabolism). In the jargon of LCA
these flows are considered as “coming from” or “going to” the
biosphere.

As illustrated in Figure 2 a processor is therefore associated
with five sets of inputs/outputs:

• n1: Internal inputs—required flows under human control (e.g.,
electricity, fuels, blue water, food, monetary flows):

• n2: Internal inputs—required funds under human control
(e.g., hours of human labor, hectares of land use, power
capacity):

• n3: External inputs—required flows extracted from ecosystems
(e.g., green water, water extracted from aquifers to generate
blue water, ecological services):

• n4: External outputs—flows that must be discharged into
ecosystems (e.g., pollutants, nitrogen from fertilizers, solid
waste, GHG emissions):

• n5: Internal outputs—useful flows or funds generated by
metabolic elements and used by other elements in the
technosphere (e.g., the useful products of functional and
structural elements—supply of charcoal, rice, disposable cash).

The terminology funds and flows refers to the flow-fundmodel of
Georgescu-Roegen in relation to bioeconomic analysis (Mayumi,
2002). A processor (Figure 3), is made of fund elements (inputs
of human activity, managed land, power capacity), and this
amount of fund elements will remain constant over the time
duration of analysis (usually on a year basis). This information
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FIGURE 2 | Conceptualization of the expected pattern of inputs and outputs

in a processor. Inputs and outputs remaining in the technosphere are internal,

those getting from and to the biosphere are external.

can be used to define the size of the processor. The flow elements
describe what the processors do: consuming and producing
inputs and outputs (energy, food, water, monetary flows). Flows
either appear or disappear during the analysis. Therefore, by
using the concept of processor we can define: (1) the size of
the functional and structural elements looking at quantities of
fund elements; and (2) the qualitative characteristics of these
elements (benchmark values) looking at the values of flow/fund
ratios—e.g., energy per hour of labor, food per hour of labor, etc.

A representation based on processors makes it possible to
describe social-ecological systems across different scales. In
fact, the characteristics of the different processors of functional
elements can be scaled-up to describe the characteristics of
the whole village. This translates into defining a higher-level
processor by scaling-up the relative quantities of inputs and
outputs. The characterization of the given set of relations across
scales is illustrated in Figure 4. In order to obtain the scaling,
it is essential that the sum of the sizes of funds and flows
described in the functional elements is equal to the size of funds
and flows (per category) described at the level of the whole.
The identification and definition of functional elements requires
assigning an identity to the different socio-economic sectors or
activities (a definition of why are they needed).

RELATIONAL ANALYSIS OVER
FUNCTIONAL ELEMENTS

In Figure 5 we propose a set of functional elements associated
with a charcoal producing village. As discussed earlier (see
also Figure 1), functional elements describe the social-ecological
system top-down. They explain what the system does in terms
of socio-economic activities (what/why): charcoal production
(either energy supply or getting disposable cash through
commodity production), off-farm work (getting disposable cash

through wages), and residential activities (reproducing the
fund element “people”). Since this method of representation is
semantically open, other functional elements may be added to
this set (e.g., cultural, religious activities). What is important is
to re-adjust, after the introduction of a new set of functional and
structural element, the profile of allocation of funds and flows in
order to maintain the congruence of the relative sizes and relative
paces and densities across the different representations across
levels. As a matter of fact, the “identity” of the social-ecological
system in terms of a set of functional elements should be defined
on the basis of participatory processes involving the inhabitants
of the system.

The definition of the set of functional elements, the definition
of their relative sizes, and the definition of the metabolic profile
of the various flows (e.g., water, energy, money) in each of the
functional elements generate mutual information in the system,
also called a “Sudoku effect” in analogy with the Sudoku game
(Giampietro and Bukkens, 2015). Sudoku is a popular number
puzzle in which one can infer the solution based on a set of
congruence constraints and the information already given. Note
that the size of the funds and the flows in the processor of
the different functional compartments must be compatible with
the size and the flows of the set of processors making up the
whole (system closure). The quantification of the characteristics
of the various processors in relation to the processor of the whole
(after considering imports and exports) permits us to study the
existence of sets of forced relations (“playing the Sudoku game”).

Using the concept of processor, we can define the total size
of the funds, in this example: total human activity measured
in hours per year (THA = population × 8,760) and total
available land within the geographic boundaries (TAL), measured
in hectares (see Figure 5). This is the overall size of the village
(at level n) should be divided among the lower-level functional
elements (level n−1). Both THA and TAL must be distributed
over the different functional elements (the categories of human
activity and land uses associated with the different processors) in
accordance with the socio-economic organization. This entails a
competition for the use of these funds across different functional
compartments. Therefore, each investment in any one of the
functional elements can be considered to have an “opportunity
cost” for society (the same amount of funds could be used for a
different purpose).

An additional constraint is represented by the qualitative
characteristics of the functions expressed by the functional
elements. For instance, crop production can only take place on
arable land. So additional categories, such as managed land (land
uses) and non-managed land, need to be used for organizing
the accounting (see Figure 5). This explains why an analysis
of functional elements requires also a simultaneous analysis of
structural elements carried out to a finer grain (at a smaller
scale). The same applies for the fund human activity: Human
beings need a given amount of sleep and personal care (non-
working time), heavy work requiring a high level of power can
only be carried out by male adults or animal power, etc. It should
be noted that by looking at the analysis of functional elements,
we can get a diagnostic analysis of the relations between funds
and flows inside and across different functional elements. For
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FIGURE 3 | Schematic representation of the charcoal production processor. Data are made up for the purpose of illustration.

FIGURE 4 | The characteristics of a processor describing the whole society (on the right) are explained using the characteristics of the processors describing

functional elements (on the left).

example, one can calculate how much water (flow), managed
land (fund), and human labor (fund) is required or how much
pollution is generated by a given processor. However, on the basis

of a relational analysis of functional elements only, one cannot
define the exact location of the associated activities. To have the
exact location in space of a specific biophysical process (described

Frontiers in Environmental Science | www.frontiersin.org 6 August 2017 | Volume 5 | Article 5469

http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Science/archive


González-López and Giampietro Multi-Scale Integrated Analysis of Charcoal Production

FIGURE 5 | Representation of the functional elements for a charcoal-producing village. Each activity is associated with a processor determining a set of expected

relations between inputs, outputs, wastes and emissions. The overall metabolic pattern can be assessed against the constraints provided by the limited availability of

human activity (THA) and available land (TAL).

by its specific processor) we should look at the corresponding
structural element(s). This can be achieved using a layer in GIS
of all the land uses (e.g., typologies of crop production) mapping
onto a same functional type (e.g., commodity production). In
this way, we can handle a typical predicament of integrated
assessment: (i) the accounting of economic flows (internal inputs
and outputs coming and going into the techno sphere) can be
“translated” into economic variables considering the costs and
revenues—prices. But this accounting is not directly associated
to specific locations; (ii) the assessment of environmental impacts
requires us to locate the exact position of the land use.

In Figure 5 we can also see the inflows and outflows resulting
from market transactions. Note that this graph is just a skeleton
for the organization of the accounting. The various flows are
indicated in semantic terms, but can be quantified adopting
different choices of proxy variables. For instance, food may be
quantified in terms of kg of food products (potatoes, beef, papaya,
etc.) or kcal of nutrients (proteins, carbohydrates, calories). The
same applies to water (blue water and green water) or energy
(charcoal, gasoline, or wood). In MuSIASEM, benchmarks, such
as charcoal produced per hour of labor, money earned per
hectare, food required per person per day, water extraction from
the aquifer per day, are used to assess the relative flows. In
this way it becomes possible to summarize the balance of the
system (whole vs. the sum of all the functional elements—see
Figure 4) in relation to the chosen metric for quantifying energy,
food, water, human activity, land use, and money flows. This
balance has to consider the distinction between flows derived
from inside the village and those from outside (imports). This

diagnostic analysis is a good starting point to have the big picture
of the factors (drivers, states) determining the sustainability on
the socio-economic side.

RELATIONAL ANALYSIS OVER
STRUCTURAL ELEMENTS

Structural elements are elements expressing an expected
metabolic pattern of inputs and outputs associated with a known
process. They have an external referent independent of their
function guaranteeing the reliability of the expression of the
pattern (e.g., a common blueprint or know-how determining the
characteristics of the process). Examples of structural elements
are: a hectare of rice cultivated with a given technology, a job
providing a known wage, a pattern of behavior of members of a
household when out of work. Structural elements are associated
with the expression of a specific typology of process and therefore
with the expression of an expected profile of inputs and outputs
at a given scale. In general the scale of the structural elements is
smaller than that of the corresponding functional type.

Indeed, several structural types can feed into one functional
type. For instance, as illustrated in Figure 6, all the hectares
of crop-land used to cultivate rice with a specific technique
(e.g., rain fed) and all the hectares of crop-land used to
cultivate rice with another technique (e.g., irrigated) can
be aggregated into another category of accounting that is
“rice production.” In turn, the two structural elements “rice
production” and “vegetable production”—referring to actual
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FIGURE 6 | Scaling the representation starting from the characteristics of production techniques (on the left) scaled into the characteristics of structural elements (in

the middle) scaled to the characteristics of functional elements (on the right). The scaling can go in the two directions.

processes taking place in specific locations (hectares of land
use) with known modalities (yields and labor productivity)—
can be aggregated into the functional element “cash crop
production.”

For the operation of scaling down (moving from right to
left in Figure 6) it is necessary to obtain information on the
characteristics of the structural elements at the local scale. In
this way it becomes possible to generate the analysis shown in
Figure 6 in which different land uses map onto a same category
of structural elements. This procedure allows us to study the
existence of external constraints—availability and suitability of
land, availability of water, effect of pollution, destruction of
habitat, etc.

Vice versa, in order to be able to interpret the information
given by technical coefficients defined at the local level of
land uses—the characteristics of structural elements defined by
processors—we have to scale them up to the level of functional
elements (moving from left to right in Figure 7. For instance, in
this way we can examine how the flows observed at the local level
of structural elements “translate” into economic flows associated
with imports and exports of inputs and outputs at the level
of the whole village. At this point, the importance of handling
impredicativity becomes evident. We can use the established set
of relations either: (i) to assess the characteristics that would be
required by the mix of processors of structural elements (the
pattern of production) to achieve the economic performance
required by the functional elements, or (ii) to assess what type
of economic performance can be achieved by the functional
element, given the characteristics and the mix of lower-level
structural elements.

The multi-scale analysis permits us to elucidate the nature
of costs and benefits at the local scale (e.g., between different

technologies to extract water: water pumps powered by wind or
diesel), the relevance of these costs in the overall budget of the
households at a mesoscale, to finally arrive at how the different
performances of households affect the characteristics of the whole
village.

In simulation mode, processors can be used to compare
the effect of changes in the relative size of structural types
that feed into the same functional type. For example, we can
compare the profiles of inputs and outputs associated with 1
ton of rice produced by different techniques (α vs. β) and
make projections on how a different mix of the production
techniques will affect the land use and overall flows of energy,
water, food at the village level. Trade-offs (e.g., 1 ton of rice
α requires more energy than rice β, but less water) can then
be evaluated within a larger analysis of the metabolic pattern
in relation to the indirect effects that an adjustment in one
functional element (rice production) can have on the others
in terms of changes in the allocation of land-use, overall
production of food for self-consumption or generation of cash
income.

An analysis based on structural types and land-use analysis
makes biophysical constraints better visible (Serrano-Tovar and
Giampietro, 2014). For example, flooded areas are good only
for rice production but not for vegetable production. Also,
distance to the fields is an important factor in determining labor
productivity because commuting diminishes the time available
for other activities. Finally an analysis of land use and structural
elements allows us to better appreciate how the flows of energy,
water, and biomass metabolized by processes under human
control affect (in negative ways) the ability of the embedding
natural ecosystems to express their metabolic pattern of flows of
energy, water, and biomass (Lomas and Giampietro, 2017).
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FIGURE 7 | Representation of structural elements (green squares) for a hypothetical charcoal-producing village. For each activity, we show different typologies having

different input requirements.

DISCUSSION AND CONCLUSIONS

In relation to charcoal production in rural villages MuSIASEM
can result extremely useful in that it characterizes the functional
elements in relation to human time (activity) allocation
(the hours of labor/activity required to express the different
functions). In many charcoal-producing subsistence villages the
opportunity-cost of human time is a key factor determining
the observed pattern of activities. Examples are the trade-offs
between subsistence vs. cash-crops, and child labor vs. education.

For instance, in the case of the Dong Khuai village in Laos
(Yokoyama et al., 2014), an increasing share of the villagers goes
working outside the village to bring money inside. The same
final cause “getting disposable cash” can be obtained from two
different functional elements: producing commodities (that may
include charcoal!), something requiring land-uses, or working
outside the village, not requiring land uses. Population growth
and the movement to a market economy reduce the amount
of land available inside the village to collect wood and produce
charcoal and increase the opportunity cost of labor. When
pressured by these two drivers, villagers tend to invest relatively
more human time in earning money through off-farm work
and then use the money generated in this way to buy LPG
gas. The trade-offs of this substitution can also be assessed by
considering the final cause of the functional element “producing
energy” and comparing the two structural processes “charcoal
production” vs. “generation of income to purchase LPG” that

can fulfill the same function. Buying LPG has a much lower
opportunity cost of human time than making charcoal, but it
increases the dependence on the availability of off-farm jobs
and the risk in case of fluctuations in gas prices. These two
conditions are beyond the control of the villagers and therefore
this trade-off can only be properly assessed at a larger hierarchical
level considering a larger scale (the relation between the village
and its socio-economic context). The same dilemma is faced in
relation to food security. Abandoning self-sufficiency, obtained
through the functional compartment “subsistence production,”
in favor of a fully monetarized economic process—getting cash
through wages to buy food—may provide an improvement in
living conditions but it may also increase the risks for the
villagers.

In this example, we see that the production of charcoal and
food can be considered in relation to different perspectives
(“food and energy” vs. “disposable cash”). The analysis of the
resulting trade-offs depends on the set of relations between
the size and the characteristics of the structural and functional
elements in the metabolic pattern. How much charcoal and
food can be sold, what is the “opportunity cost” of the land,
labor and other inputs to be invested in their production, how
much land and labor is available. The internal competition
for production factors can be related to the problem of
children forced to help their parents to collect wood (Yuichiro
et al., 2009). When the time of the children is needed to
collect wood, we deal with a community constrained by the
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requirement of labor to remain at a low level of education and
leisure.

In conclusion, we illustrated that the main logic of the
approach consists in establishing a relation among different
hierarchical levels and different dimensions of analysis.
Characterizing functional elements in relation to the whole
system (levels n+1, n, n−1) the approach bridges the biophysical
and economic dimension of sustainability. Characterizing
structural elements (levels n−2, n−1, n) the approach links
the technical and ecological dimension of sustainability. The
proposed quantitative representation organized over a specified
set of functional and structural elements forces the analyst to
address the “why, what and how questions”: What is produced
and consumed? How are goods and services produced and
consumed and by whom? Why these goods and services and
why these modalities? Why does the society express this specific
pattern of functions and not another? A transparent analysis
of the what, how and why questions represent an effective
application of nexus thinking in the form of quantitative

story-telling and a good starting point to improve research and
policy approaches in complex landscapes.
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The two major conservation issues for drylands of Africa are habitat loss or

degradation and habitat fragmentation, largely from agriculture, charcoal production, and

infrastructural development. A key question for management is how these landscapes

can retain their critical ecological functions and services, while simultaneously supporting

resilient livelihoods. It is a clear nexus question involving food (agriculture), water, and

energy (fuelwood), which is complicated by human–wildlife conflicts. While these could

appear disparate issues, they are closely connected in dryland forest landscapes of Africa

where elephants occur close to areas of human habitation. For instance, crop failure,

whether due to weather or wildlife damage, is a key driver for rural farmers seeking

alternative livelihoods and incomes, one of the commonest being charcoal production.

Similarly, heavy reliance on wood-based energy often leads to degradation of wildlife

habitat, which heightens competition with wildlife for food and water, increasing the

possibility of crop-raiding. So, for multifunctional landscapes where elephants occur in

close proximity with humans, any food–water–energy nexus activities toward achieving

sustainability and resilience should consider human–elephant conflicts (HECs). Here, we

broach these food–water–energy nexus issues with a focus on dryland areas of Africa

and HECs. We highlight an ongoing study attempting to address this nexus holistically by

employing a climate-smart agriculture (CSA) and agro-forestry based design, augmented

by an elephant deterrent study and an eco-charcoal production venture.

Keywords: climate-smart agriculture, human–wildlife conflict, integrated landscapes, Kasigau corridor, Tsavo

ecosystem

OVERVIEW OF THE NEXUS IN DRYLANDS

Humanity requires food and water for existence, while energy is a primary driver for economic
development. A growing human population, rapid economic growth and increasing prosperity
and consumerism are driving up demand for food, water, and energy globally (Ozturk, 2015). The
ability of existing food, water, and energy systems to meet this growing demand is constrained by
the competing needs for limited resources across the different sectors. Increasingly, it has been
shown that issues in the food, water, and energy sectors are closely interwoven and cannot be
managed effectively without cross-sectoral integration. In South Asia for instance, Rasul (2014)
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demonstrated a high degree of dependency of downstream
communities on upstream ecosystem services for dry-season
water for irrigation and hydropower, drinking water, and
soil fertility and nutrients. Globally, agriculture is the largest
consumer of water, while energy is required to produce
and distribute water and food; energy production such as,
hydropower also requires water. As such, exploiting synergies
and balancing trade-offs between food production systems and
water and energy use is critical for ensuring security across the
three spheres (WWAP, 2014). The nexus as used in this paper
describes the point food, water, and energy systems intersect.

At this intersection, actions related to one system can, and
often will, impact one or both of the other systems, making it
useful to take a nexus (holistic) approach when implementing
such actions. Indeed, there is increasing evidence that improved
food, water, and energy security can be achieved through a nexus
approach that integrates management and governance across
sectors and scales, which decreases negative economic, social,
and environmental externalities (Hoff, 2011). This approach
recognises the interdependencies of food, water, and energy
production systems, providing a good framework for assessing
resource use and improving sustainability by managing trade-
offs and enhancing synergies (Hellegers et al., 2008; Bazilian
et al., 2011; Biggs et al., 2015). It enables decision-makers and
practitioners consider cross-sectoral impacts, where co-benefits
and trade-offs are made explicit, and appropriate safeguards put
in place to reduce the risk that progress toward one goal will
undermine progress toward another (WWAP, 2014).

Moreover, major changes are occurring with important
implications for the status of the food–water–energy interface
(Hellegers et al., 2008). Changing land use systems and climate
variability will increase stresses on the entire nexus at multiple
spatial scales, while water shortages are expected to worsen
with climate change, forest loss, and growing urbanisation
(Tidwell, 2016). However, the role of the food–water–energy
nexus in adaptation to climate change effects has perhaps
not yet been fully recognised (Rasul and Sharma, 2016).
The Sustainable Development Goals (SDGs) ultimately target
achieving sustainable agricultural practices, water, and energy
security; indeed, the food–water–energy nexus was central
to discussions regarding the development and subsequent
monitoring of the SDGs (UN, 2014). This nexus underscores
the linkages and relationships between the natural and human
systems, particularly in the development of economically and
environmentally feasible food and energy production systems. In
the drylands of Africa, human–wildlife conflicts (HWCs) lie at
the heart of these human–natural systems’ interface (Johansson,
2008).

A recent global assessment of drylands, which cover over 40%
of Earth’s land surface and support close to the same proportion
of the human population, found that multifunctionality was
positively and significantly related to plant species richness
(Maestre et al., 2012). Still, almost all of the tropical dry forests
today are exposed to a variety of threats including habitat loss
and climate change (Miles et al., 2006; Bestelmeyer et al., 2015).
Habitat loss and degradation is driven by a combination of
factors, all relevant in the food–energy–water nexus. Agricultural

production (both livestock and crops) coupled with fuelwood
dependence (firewood and charcoal) can result in depleted water
resources (e.g., see Rasul, 2016 for impact of agriculture on water
and energy). Further, the co-occurrence of humans and elephants
in these dryland ecosystems sets up the potential for conflict
(Figure 1).

HOW DO WE RECONCILE THIS?

A fundamental issue here is the direct competition for resources:
watching an elephant feed, move, or drink, one wonders just
how they will survive in human-dominated and increasingly
agricultural landscapes, even in the absence of poaching. While
the circumstances under which it happens and its ramifications
have long been debated (Caughley, 1976; Western, 1989), there is
clear evidence of elephant destruction of forests and woodlands
(e.g., Ben-Shahar, 1993; de Beer et al., 2006; Asner and Levick,
2012; de Boer et al., 2015; cf. Chamaillé-Jammes et al., 2009).
These are the same resources required not only for fuelwood
and charcoal, but also for climate moderation. Besides, elephants
need up hundreds of litres of water a day, just for drinking; as
rainfall patterns change, humans, and wildlife are also competing
for diminishing water resources.

Historically, across multiple continents, megafauna are
hardest hit by the combined impacts of climatic changes and
human activities, since they typically are species with low
reproductive rates and rely on high adult survival (Barnosky
et al., 2004; Gibbons, 2004; Burney and Flannery, 2005; Barkham,
2016; van der Kaars et al., 2017). Crucially, the human population
within the countries making up the elephant range in Africa
(Figure 1) mostly live in rural areas (Martin, 2016). In most of
these elephant range countries, the minimum human density
for elephant co-existence (Parker and Graham, 1989) has been
exceeded, resulting in population declines and severe range
contraction of elephants (Douglas-Hamilton, 1987; Bouché et al.,
2011; de Boer et al., 2013; Chase et al., 2016).

For the food–water–energy nexus, the germane question is
whether the multiple goals can be attained in the midst of
megaherbivores like elephants. In the face of the global concern
and campaign to save the elephant, this is a socio-politically
sensitive question to ask. Farmers in many parts are also feeling
the pressure: they are unable to articulate their interests and
fears, or indeed defend their crops and resources for fear of
repercussions (e.g., Woodroffe et al., 2005). This is a major
determinant for the nexus’ success in drylands of Africa, and calls
for holistic solutions that explicitly incorporate human–elephant
conflict (HEC) into the frame.

RE-CASTING THE NEXUS PROBLEM FOR
AFRICAN DRYLANDS

Humans and elephants are consummate competitors;
competition theory maintains that such species cannot
exist in sympatry (Parker and Graham, 1989). Indeed, with
expanding permanent agriculture, HEC appears to be increasing
in many African ecosystems as the agricultural interface with
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FIGURE 1 | African drylands and present-day elephant range; the drylands map adopted from UNEP-WCMC (2007), and the known elephant range map reproduced

from Chase et al. (2016) and Thouless et al. (2016).

elephant range expands (Hoare, 1999; King et al., 2017). Yet,
seemingly, many studies addressing food, water, and energy
issues simultaneously do not consider human–wildlife conflict
as a critical factor determining the outcome of any proposed
solutions, for areas like the drylands of Africa where humans
co-exist with elephants. This is exemplified in the following
excerpt from a recent publication on drylands agriculture and
climate change: Against a backdrop of increasing climate change,
a primary challenge for decision makers in the world’s dry lands
will be helping rural communities to earn a living and produce
food securely in a situation where land is degraded, water scarce,
and rainfall and temperature patterns increasingly unpredictable.
Viable options and interventions exist today. They include
using: improved crop varieties and livestock breeds; farming
approaches to reduce risk and improve nutrition; making farming
for communities living in on marginal lands more resilient; and
methods for making the best possible use of the scarce water
available (Pedrick et al., 2012).

Likewise, in another seminal tome on multifunctionality
in climate-smart landscapes—i.e., those that simultaneously
support climate, agriculture, and conservation objectives (Scherr
et al., 2012), wildlife hardly features; there are only few
mentions of HWCs and their role in shaping land use
outcomes in these human–natural ecosystems and landscapes
(Minang et al., 2015). Although Minang and his colleagues
highlight several examples of climate-smart landscapes where
wildlife habitats or corridors are maintained in an otherwise
agricultural matrix, only once do they mention that such
diverse landscape objectives could also influence each other

negatively when wild animals damage crops grown by the
farmers/agropastoralists.

While the point of focus in these and similar publications is on
the conflict for resources across the three sectors (food, water, and
energy), we argue here that HEC deserves more than a cursory
mention. In some situations, HEC is crucial in shaping the rest
of the nexus. For instance, the scaling problem seen through low
adoption or failure of farmers taking up climate-smart agriculture
(CSA) and associated practices, even when they are demonstrated
to have clear yield and productivity benefits (e.g., Lin, 2011;
Kaczan et al., 2013), is a recurring theme. Usually, it can be traced
back to HWC, and the fear or unwillingness of farmers to put
effort and money toward crop production in the face of likely
destruction by wildlife, especially elephants (e.g., Gupta, 2013).

Many nexus studies also recommend that landscapes and
production systems could, perhaps should, be managed for
multiple end uses, including habitat for wildlife and other
ecosystem services (Bennett and Balvanera, 2007), yet few
explain how the system will actually function on the ground
(cf. Smajgl et al., 2016). Likewise, the integrated landscape
management (ILM) approach seeks to achievemultiple objectives
from a landscape, including agricultural production, provision of
ecosystem services, and protection of biodiversity (Scherr et al.,
2013). This calls for different stakeholders to weigh competing
demands and balance trade-offs between diverse land uses and
objectives. It has been suggested that, within such integrated
landscapes: Sustainably managed and lightly used habitat for
native plants, birds, bees and beasts provides critical ecosystem
services like pollination, pest predation, and wildfire and land slip
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protection, along with being culturally significant, beautiful and
valuable in its own right (LPFN, 2015).

Besides no mention of potential problems with this set up,
it is also unclear how it is to be implemented on the ground.
The outlined recommendations for action (LPFN, 2015) do not
indicate how to resolve the thorny HWC issues that would often
accompany these landscapes, if they are successfully established.
For elephants in particular, there are numerous examples in
Africa and elsewhere of the economic and social losses to human
societies associated with living in close proximity with them.
These range from economic (mainly crop-related) losses (Sitati
et al., 2003; Sitienei et al., 2014), social (Naughton et al., 1999),
health (Jadhav and Barua, 2012), and sometimes multiple effects
(Mackenzie and Ahabyona, 2012).

As such, it is worth asking: for whom is the landscape being
structured (e.g., Githiru, 2007). The farmer will almost always
see elephants as a nuisance; a dangerous and destructive pest
(Twine and Magome, 2008). If farmers perceive an inordinate
risk of crop damage by wildlife, farming could be altered or
abandoned entirely despite suitable technology, seeds, etc. (see
e.g., Williams, 2009; Gupta, 2013; McGuinness and Taylor, 2014;
Vidija, 2017). What then would be their motivation to build
a multifunctional landscape that jeopardises their fields even
whilst conserving wildlife and wildlife habitats? At a policy level,
this could also be seen from the perspective of revenue-sharing
regarding the commons (sensu Hardin, 1968), whereby elephants
destroy the farmer’s own crops, but the bulk of tourism revenues
go to the State before trickling back to the community (also in the
collective sense), if they do.

We postulate that, if the integrated landscape idea was
written by a farmer, it would have a very different design.
Perhaps the reason HWC hardly features in these conversations,
besides perhaps an inadvertent underrating of the magnitude and
ramifications of the problem, is the thorny nature of any solutions
(e.g., Hoare, 2012). Nonetheless, we believe that the problem
should be brought to the fore in conversations around the food–
water–energy nexus in drylands of Africa, if we are to have amore
complete picture of trade-offs, and a better understanding of the
reasons for poor uptake of certain recommendations by farmers
and government agencies.

CASE EXAMPLE: ELEPHANTS AND CSA,
SE KENYA

In the expansive Tsavo ecosystem, SE Kenya, we have recently
begun an initiative that hopes to explicitly build-in the HEC
issue into some elements of the food–water–energy nexus. The
primary goal of the project is working out how the dryland forest
ecosystem and surrounding agricultural matrix along the Kasigau
Corridor REDD+ project1 landscape can retain their critical
ecological functions and services, including the vital wildlife
corridor function, whilst simultaneously supporting resilient
livelihoods. The major drivers of deforestation justifying the

1The REDD+ project area covers 2,000 km2 ofAcacia-Commiphora dryland forest,
with a human population of about 100,000 living adjacent to this area (WWC,
2010, 2011).

REDD+ project were identified as charcoal production and slash-
and-burn agriculture (WWC, 2011). While the later happens in
frontier areas typically prone to HEC, there are additional HEC
issues for more established farms due to increased degradation
of elephant habitat and reduced connectivity especially due
to mega-infrastructure projects. As such, though a key point
of entry into the food–water–energy nexus in this context is
charcoal production, both social (income source) and biological
(habitat degradation) aspects, dealing with this issue demands
looking at root causes. An important root cause here is
HEC’s influence on farming decisions and impact on yields.
Consequently, the ongoing study is moulded around the
following objectives related to the nexus and HEC:

• Food, Water, and Energy: Develop the applied science of
sustainable intensification of crop production using CSA,
mainly involving crop diversification and agro-forestry for
multiple benefits including better yields, improved water use
and retention, as well as provision of fuelwood2.

• Food and HEC: Assess the effectiveness of various low-
technology deterrents, working independently or in
combination, in reducing both crop damage and averting
HECs.

• Biodiversity conservation and HEC: Investigate how elephant
ecological research and monitoring can contribute to
mitigating for HEC. This involves collecting and collating
elephant population, movement, and behaviour data, which
will lay the scientific foundation for an early warning system
disseminated through SMS alerts and a system of warning
lights.

This study hopes to give recommendations for improved food
production under CSA, such as, the use of different crops or
crop varieties, agro-forestry, and water retention methods like
conservation agriculture, and how this can be combined with
energy production and a reduction in HEC-related losses. We
hope to help design a system where farmers can produce more
on their farms by needing or using less water and adequately
guarding against HEC, but also satisfy their energy needs from
the same food production system. From the food–water–energy
nexus perspective, it aspires to stop the vicious cycle where poor
crop production leads to low income, which leads to habitat
attrition for charcoal production, in turn leading to increased
HEC and even lower yields.

CONCLUSION

It is worth reiterating here that the core thrust of this paper
mainly concerns the drylands of Africa where agricultural
lands lie adjacent to wildlife areas and are prone to human–
wildlife conflict, especially as pertains to elephants. Perfect-
looking solutions for the food–water–energy nexus in these areas
e.g., integrated landscapes involving increasing tree cover and
crop diversification that help increase productivity and conserve

2Alongside this is a separate effort developing a simple eco-charcoal production
technology that the farmers can apply on their farms to make charcoal and
briquettes for subsistence and small-scale commercial use.
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water resources, will remain under or un-implemented if they
contribute to, or are perceived by the farmers to contribute to,
increased HWC. While poaching remains an extremely emotive
subject, loss of habitats, and associated HEC are perhaps more
insidious, relentless, and remorseless. As the human population
in Africa grows, our ability and willingness to share land and
the life-supporting resources with this megaherbivore will be
frequently and severely tested. If multifunctional landscapes
are to stand a chance, the whole food–water–energy nexus for
drylands of Africa will need to be recast, considering the elephant
in the room.
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Globally, natural resources are increasingly under pressure, especially due to population

growth, economic growth and transformation as well as climate change. As a result,

the water, energy, and food (WEF) nexus approach has emerged to understand

interdependencies and commonly manage resources within a multi-scale and multi-level

framework. In Sub-Saharan Africa, the high and growing consumption of traditional

biomass for cooking purposes - notably fuelwood and charcoal—is both a key source

of energy and contributor for food security as well as a pressure on natural resources.

Improving the bioenergy value chains is essential for limiting environmental degradation

and for securing the livelihoods of millions of people. Although the WEF nexus approach

entails large potential to address the complex problems arising along the bioenergy

value chains, these are currently not considered. Based on the WEF nexus approach,

we analyze the different steps within the charcoal value chain in Sub-Saharan Africa

and highlight the respective interdependencies and the potential for improving overall

socio-economic and environmental sustainability. We emphasize the water, energy and

food related implications of vicious and virtuous production cycles, separated by value

chain segments. We discuss the potential and major challenges for implementing more

sustainable value chains. Furthermore, we underline the necessity of applying WEF

nexus approaches to these value chains in order to optimize environmental and social

outcomes.

Keywords: WEF, nexus, value chain, traditional biomass, sustainability, Sub-Saharan Africa, wood energy

THE WATER-ENERGY-FOOD NEXUS

Since 1980, the planet has lost about 50% of its biodiversity (WWF, 2016), with 33% of land
moderately to highly degraded (FAO, 2015) and water resources overexploited in more than 30
countries (UNEP, 2008). Pressure on these natural resources rises with rising populations and
demand for various natural-resource-dependant products. Global demand for water (Foresight,
2011), energy (IEA, 2013), and food (FAO, 2009) is expected to increase between 60 and 85% in
the coming decades, especially in fast growing, underdeveloped countries. Developments for these
resources and the linked sectors are intimately interwoven.

In response, the WEF (Water, Energy, Food) nexus approach has emerged as a concept for
the analysis and management of the complex global resource systems (World Economic Forum,
2011; FAO, 2014; Yumkella and Yillia, 2015). It acknowledges that the joint understanding and
sustainable management of water, energy, and food is critical for maintaining the provision
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of ecosystem services and thus achieving livelihood security
(Beisheim, 2013; Schomers and Matzdorf, 2013; Spiegelberg
et al., 2015). Therefore, the WEF nexus approach is multi-
dimensional, integrating management and governance systems
across sectors and scales (Hoff, 2011). Overcoming silo thinking
(Hussey and Pittock, 2012; Rasul, 2016) is its main aim (FAO,
2014) and cross-sectoral linkages, costs and benefits are therefore
an integral analytical focus (Ringler et al., 2013; Semertzidis,
2015). Hoff (2011) outlines the three central guiding principles
as (1) investing to sustain ecosystem services; (2) creating more
with less; and (3) accelerating access and integrating the poorest.

With this article we argue that the WEF nexus approach
is an especially well suited concept for tackling a major and
strongly disputed economic, social, and environmental issue in
SSA: charcoal production.With aWEF perspective, we look at the
entire charcoal value chain and summarize the socio-economic
and environmental issues and potential technical, political, and
institutional solutions. Through this integrated approach, we link
an old issue to a variety of new international developments,
including the ecosystem service concept, new food security
approaches, the bio-economy move and the SDGs, which start
to trigger a host of new national policies and funding initiatives.

CHARCOAL IN SUB-SAHARAN AFRICA

Charcoal plays an extremely large but often overlooked role in
many developing countries. Food security for up to three billion
individuals (Jagger and Shively, 2014; Urmee and Gyamfi, 2014)
depends on bioenergy for cooking (Makungwa et al., 2013), with
wood based bioenergy accounting for roughly 10% of global
primary energy (Bailis et al., 2015). In SSA, up to 90% of
the primary energy consumption are based on wood (Sosovele,
2010), representing up to 3% of national GDP, with charcoal
being the preferred choice of urban households (Santos et al.,
2017). For Dar es Salaam for instance, it is calculated that a
1% increase in urbanization leads to a 14% increase in charcoal
demand (Hosier et al., 1993). Although rather old, this figure is
substantiated by the reported growth of charcoal consumption in
Tanzania as published by Peter and Sander (2009) (one million
tons in 2009) and CAMCO (2014) (2.3 million tons in 2012). In
SSA in total, the charcoal value chain employs up to 13 million
people (Openshaw, 2010) and generates $8 billion in economic
activity annually (UNCCD, 2015).

The discussion whether and to which extent charcoal
production contributes to deforestation and forest degradation
(DFD) (Butz, 2013; Chidumayo et al., 2013; Sander et al., 2013;
Schure et al., 2013; Zulu and Richardson, 2013; Smith et al., 2015;
Ndegwa et al., 2016) or not (Minten et al., 2013; Mwampamba
et al., 2013; Owen et al., 2013) is ongoing. In a recent meta-
study FAO (2017) summarizes that “where demand is high,
mainly in [SSA] [. . . ], unsustainable wood harvesting and charcoal
production contribute to forest degradation and deforestation
[. . . ]” (p. 2). We follow this assessment and include this negative
consequence in our analysis even though context specificity
remains essential. Nevertheless: Politically, claimedDFD remains
an important argument against constructive charcoal policies

and projects. The importance of the value chain is overlooked,
neglected, or evaded by national governments (Doggart and
Meshack, 2017), donors and implementing agencies (Kees and
Feldmann, 2011). If at all, usually only partial attempts weremade
to intervene into the charcoal value chain, often with a biased
attitude toward it. Prominent examples include efforts to plant
wood lots as a substitute for forest harvesting (Chamshama et al.,
2010), to improve the efficiency of cooking (Hanna et al., 2012),
to regulate the sector with central government control (Schure
et al., 2013), and to substitute wood energy (Bazilian et al., 2011).

However, many of these efforts were relatively unsuccessful,
and most were insufficient to change the negative public image
of charcoal. But given its huge present and future importance,
renewed efforts to improving this value chain are imperative if
not only minor energy and resource challenges but arguably one
of the largest WEF ones is to be tackled.

WEF NEXUS AND CHARCOAL IN SSA

This perspective article argues that it is urgent to anew tackle
the charcoal issue as one of the key challenges for energy,
food, and water security in SSA. The WEF nexus approach
applied to the charcoal value chain resumes not only its
problems but also its strengths and positive provisions. The
wider ecosystem services approach looks beyond WEF and
also takes on board other services of trees and forests such as
biodiversity and climate regulation. We want to demonstrate
that these new concepts are especially well-suited to address and
overcome existing multi-dimensional challenges and to support
the development of sustainable charcoal value chains. This new
perspective is argued to accommodate recent political multi-
dimensional initiatives, notably the Agenda 2030. However,
traditional bioenergy including charcoal does not play a role
in WEF nexus and ecosystem services approaches yet and we
therefore urge researchers and policy makers to apply them to
charcoal value chains on all scales to close this gap and therewith
help to solve challenges that have been present for many decades.
In sum, we aim to implement a paradigm shift toward joint
research and political action between ministries, programs, and
policies. The analysis is based on a literature review.

ANALYSIS OF VALUE CHAIN ELEMENTS

WEF nexus aspects and dimensions of sustainability along the
charcoal value chain in SSA are analyzed and discussed as
outlined in Figure 1. Major analytical trajectories are separated
into (Figure 1A) socio-economic and (Figure 1B) environmental
spheres.

(1) Production/Harvesting
Charcoal in SSA is mainly produced via informal/illegal
extraction and carbonization of wood resources from forested
areas (Kwarteng, 2015; FAO, 2017) although the role of
trees outside forests remains unclear (Neufeldt et al., 2015).
Wood cutting for charcoal is commonly associated with DFD
(Figure 1B) even though this effect is questioned by researchers.
In the prevailing charcoal production system, the harvesting of
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FIGURE 1 | Analytical framework for charcoal value chain assessment with focus on sustainability dimensions (A: socio-economical; B: environmental) and WEF

nexus analysis (adapted from Peter and Sander, 2009).

wood resources occurs in close proximity to the kiln (Luoga
et al., 2000), thus resulting in potentially harmful effects being
local. As larger log pieces are preferred for charcoal production,
the composition of age classes in the affected forested areas
shifts toward smaller and younger trees. Selective tree cutting
also occurs as some tree species are better suited for charcoal
production than others (Ndegwa et al., 2016). These processes
result in reduced biodiversity and lowered biomass input
into soils. There are potentially further negative consequences
for water quality and quantity (Lele, 2009) and biota and
bioturbation, leading to poorer soil quality. Consequently, soil
erosion takes place (Zimmermann et al., 2006; Mohammad and
Adam, 2010) which might also affect crop production negatively.

In the prevailing—potentially extractive—system of charcoal
production, neither reforestation nor afforestation occurs; thus
neither relevant job opportunities nor downstream effects are
created (Figure 1A). Due to the de facto unregulated character of
charcoal production in most SSA countries, negligible taxes are
paid and the governments do not receive any revenues. However,
food security is increased temporarily as overall household
income rises. Positive environmental effects are also widely
absent (Figure 1B).

Sustainable management of (natural) forests or the
implementation of locally adapted agro-forestry systems is
more positive as biodiversity and water flows are largely
maintained. However, the implementation of joint food/wood
production in locally adapted agroforestry systems is critical for
long-term success, especially when focusing on theWEF nexus—
even though the adaptation of sustainable agroforestry systems
is already challenging (Pollini, 2009; Jerneck and Olsson, 2013).
A careful implementation of agroforestry systems could also
create rural job opportunities, with higher and more diversified
incomes Leakey (2014) (Figure 1A).

On the environmental side (Figure 1B), agroforestry systems
can improve local soil and water quality, the available water
quantity, biodiversity in the agroforestry landscapes and food
production (Sanchez, 2002, 2010; Mugo and Ong, 2006).

Charcoal production represents a significant transfer of
financial resources from urban to rural areas and is perceived
as an “engine of economic growth” (p. 297) from Van Der Plas
and Abdel-Hamid (2005). Thus, sustainable charcoal production
can be understood as a pro-poor development measure because
it increasing and stabilizing incomes, especially in rural areas
(Ahrends et al., 2010; Figure 1A).
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(2) Processing
Currently, carbonization mainly takes place in traditional earth
mound kilns with low conversion efficiencies (e.g., Tabuti et al.,
2003; Peter and Sander, 2009). This low conversion factor is due
to insufficient drying of wood, non-uniformity of input material
and often due to lacking experience of the producers (Kammen
and Lew, 2005). Kiln performance directly affects environmental
conditions, as the choice of the technology and the knowledge of
the producer regulates the amount and the composition of trees
used (Figure 1B). However, directly at the kiln site, remaining
charcoal particles might improve soil fertility and water holding
capacity and therefore food production (“Terra Preta”) (Barrow,
2012).

In an optimized system, knowledge on improved production
techniques could be disseminated and respective training
measures could be applied. Improved charcoal production
processes can reach carbonization rates of up to 30% (Iiyama
et al., 2014), thereby minimizing energy losses. The latter
will most likely contribute positively toward woody resources,
biodiversity conservation and climate change (Figure 1B).
Furthermore, leftover particles might be used more effectively for
soil improvement when e.g., being spread on farms.

Productivity and subsequent income opportunities for
charcoal producers would also increase, thereby decreasing food
insecurity, especially during times of poor harvests (Figure 1A).

(3) Distribution
Distribution of charcoal in the current system ismainly organized
by the most influential group of wholesalers and vehicle
transporters (Sander et al., 2013), who receive the majority
of profits (Mwampamba et al., 2013). A smaller quantity of
transport is also realized via bicycles. InMalawi, for example, 13%
of the 92,000 people involved in the charcoal business are bicycle
transporters (Kambewa et al., 2007). Thus, this transportation
pathway is a factor for livelihood and food security, at least in
semi-urban areas.

Looking at the environmental effects of distribution
(Figure 1B), current transportation relies mainly on trucks
driven by fossil fuels, but Gmünder et al. (2014) report that,
“transportation plays a small role in charcoal’s climate impact”
(p. 82). Thus, the environmental optimization potential of the
transportation sector is rather limited. Data on the labor effects
and working conditions of individuals involved in charcoal
distribution is absent.

Legalized charcoal transport, wholesale and retail, however,
may not alter material flows substantially, but it would generate
tax revenues that could be used to support social services,
including food security programs (Figure 1A).Whether a change
of the current status for wholesalers and retailers occurs depends
on the strategy applied, operating official trading points seem
promising.

(4) Consumption
Charcoal is the major fuel in larger settlements: in East Africa,
up to 90% of urban households rely on it (UNCCD, 2015), even
though high levels of indoor air pollution (IAP) result (Dherani
et al., 2008). Charcoal can be used in either traditional charcoal

cooking stoves or in improved cooking stoves (ICS). The type of
stove commonly used depends on a variety of factors, especially
the (former) existence of stove dissemination programs (Ruiz-
Mercado et al., 2011), including the cultural and social fitting
of stove design (Bielecki and Wingenbach, 2014; Confino and
Paddison, 2014), and the price of charcoal (Mobarak et al., 2012;
Guta, 2014). Thus, adoption rates and rationales are highly site-
specific and no conclusive overall analyses are available (Johnson
and Bryden, 2012; Lewis and Pattanayak, 2012). An improved
charcoal value chain must nevertheless include ICS, as their
successful application most likely results in substantially reduced
charcoal consumption.

In particular, the emissions and fuel efficiency of stoves are
important with regard to the environmental effects (Figure 1B).
Combustion characteristics and efficiency rates differ due to
differing stove designs (Maccarty et al., 2010). The potential
of ICS to improve the efficiency of charcoal use is assessed
differently but Kshirsagar and Kalamkar (2014) as well as Hutton
et al. (2006) report fuel savings of 30–34% which might be
accepted as close-to-real value.

Synopsis of Improved Value Chain
An improved value chain that simultaneously addresses
sustainability challenges of the charcoal value chain related to
water, energy, and food must necessarily include sustainable
wood production, preferable in agroforestry systems. Harvesting
procedures should be optimized by applying locally adapted
harvesting techniques in adequate areas. The widespread
utilization of improved charcoal kilns and ICS is likewise
important for long-term success. Improvements to the value
chain should also include reliable and balanced taxation systems
as this is likely to harmonize minimal ecological impacts with
specific stakeholder needs (Figure 1A). In order to ensure
that higher incentives do not lead to unsustainable harvests,
harvesting ratesmust be regulated depending on local conditions.
Additionally, patches of old forest should be conserved to foster
soil protection and natural regrowth of particularly vulnerable or
precious pieces of land (Hoffmann et al., 2016).

Water, energy, and food related implications of vicious and
virtuous production cycles as well as biodiversity and climate
issues are summarized in Table 1.

DISCUSSION AND CONCLUSION

The wood-energy sector is politically neglected in SSA (Doggart
and Meshack, 2017) though it is huge and projected to increase.
Thus, pressures on natural resources will increase too, even if
the extent of its contribution to overall resource degradation
is debated. We have collected arguments and evidence that
charcoal value chains can be organized in a sustainable and
inclusive way. To truly enhance the sustainable development
of this sector, it must move up the political agenda. Both
science and policy must acknowledge its environmental, social,
and economic importance and its status as the most important
renewable energy source in SSA for now and for decades to
come. The establishment of sustainable charcoal value chains
is essential for limiting environmental degradation that might
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TABLE 1 | Summary of water, energy and food related implications of vicious and virtuous production cycles, separated by value chain segments.

Vicious cycle—current system Virtuous cycle—improved system

Socio-Economic Environmental Socio-Economic Environmental

No additional job creation, no

additional downstream activities

No taxes (at regional, local or

national level)

No regional and local

empowerment

No adequate revenue share, pot.

negative effect on food

production

Forest degradation and

deforestation, soil erosion,

reduction of soil organic matter

content

Decreases in water quality and

quantity

Increasing climate change

Selective cutting (reduction of

biodiversity, older trees and

charcoal prone tree species)

Production/

Harvesting

Job opportunities

Higher and more stable

(additional) income opportunities

for rural population, trees as

flexible cash crops

Increased income and sustained

livelihoods, improved food

security

Increased tax payments

Improved soil and water quality

and quantity

Increased biodiversity

Carbon sequestration

Nutrient replenishment

Locally adopted cutting system

Reduction of siltation, patches of

old forest can remain

No tax payment

Low quality jobs

Reduced biodiversity

Reduced water quality and

quantity

Contribution to climate change

(low kiln efficiency)

Potentially positive: “Terra preta”

(locally)

Processing Increased income generation

and food security

Increased tax payments

Reduced resources consumption

Reduced climate change

emissions (higher efficiencies of

kilns)

Highly unequal power and

revenue sharing

No tax payments

Fossil fuels use (trucks) Distribution Increased tax revenues

More equal power & revenue

sharing

Increased income for producers

and processors → increased

food security

Depending on system applied,

potentially no substantial

changes

High level of indoor air pollution

(IAP)

Low combustion efficiency →

high levels of resource

consumption

Consumption Reduced level of IAP by using

improved cooking stoves (ICS)

Decreasing emissions and

resource consumption by using

ICS

occur. Research approaches and development strategies that truly
integrate and harmonize all sectors and scales throughout the
charcoal value chain simultaneously should be prioritized as the
respective sectoral and scale interdependencies remain excluded
from governmental strategies so far.

We show that the WEF nexus approach offers a promising
toolbox to do so: it can function as an intellectual bridge
to overcome the separation of scales, sectors, and political
spheres along the charcoal value chain, thus helping to
improve its understanding and sustainable management. Recent
international developments and initiatives invite to such a
multi-dimensional approach: The Agenda 2030 requests to have
integrate views on its sustainable development goals (SDGs) of
which many can be directly linked to the charcoal value chain
as we have shown: poverty (SDG 1), food security (SDG 2),
health (SDG 3), energy (SDG 7), decent work (SDG 8), industry
and innovation (SDG 9), sustainable cities (SDG 11), responsible
consumption and production (SDG 12), climate action (SDG
13), life on land (SDG 15), and partnerships (SDG 17) (United
Nations, 2015). There are new efforts to link the three Rio
environmental conventions on biodiversity, climate change, and
desertification and produce joint environmental and social co-
benefits. New public and private funds are set up to finance
sustainable energy and development projects and usually have to
show (more or less stringent) multi-dimensional positive impacts
and due diligence for negative ones (DIE/GDI, 2017).

While all these new initiatives promise to support exactly
the type of development-friendly charcoal production we have
shown to be possible, charcoal value chains have not been
studied within the context of WEF nexus approaches and
concepts so far. Currently, WEF nexus projects mainly focus
on urban areas and middle-income classes in rising (Asian)
developing countries (Spiegelberg et al., 2015) while the overall
challenges associated with sustainable bioenergy provision
mainly occur in SSA. In line with this, Endo et al. (2017)
report that <4% of actors involved in WEF nexus projects
are African. Furthermore, current WEF nexus frameworks are
largely applied from a water-centric perspective (Smajgl et al.,
2016; Endo et al., 2017). However, the guiding principles
of the WEF nexus approach, as outlined by Hoff (2011),
entail very promising contact points with the charcoal sector
in SSA: The implementation of sustainable wood production
value chains represents a major contribution to sustaining
ecosystem service (1st WEF nexus principle). Creating more
with less (2nd WEF nexus principle) is mirrored in approaches
to increase the efficiency of the existing charcoal production
and consumption systems. As charcoal production is often the
domain of socially marginalized groups (Khundi et al., 2011; Zulu
and Richardson, 2013; Jones et al., 2016), efforts to allocate more
financial resources to producers via implementation of inclusivity
contribute toward integrating the poorest (3rd WEF nexus
principle).
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In conclusion, the development of environmentally sound,
socially inclusive and economically charcoal value chains—an
old, large and unsolved challenge particularly in SSA—could
gain new impetus in a new political setting which requests
integrated multi-dimensional solutions. The WEF and extended
environmental service approach can organize the evidence and
arguments in a comprehensive way.
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Nexus analysis identifies and explores the synergies and trade-offs between energy, food

and water systems, considered as interdependent systems interacting with contextual

drivers (e.g., climate change, poverty). The nexus is, thus, a valuable analytical and policy

design supporting tool to address the widely discussed links between bioenergy, food

and water. In fact, the Nexus provides a more integrative and broad approach in relation

to the single isolated system approach that characterizes many bioenergy analysis

and policies of the last decades. In particular, for the South of Mozambique, charcoal

production, food insecurity and water scarcity have been related in separated studies

and, thus, it would be expected that Nexus analysis has the potential to provide the

basis for integrated policies and strategies focused on charcoal as a development factor.

However, to date there is no Nexus analysis focused on charcoal in Mozambique, neither

is there an assessment of the comprehensiveness and relevance of Nexus analysis

when applied to charcoal energy systems. To address these gaps, this work applies the

Nexus to the charcoal-food-water system in Mozambique, integrating national, regional

and international studies analysing the isolated, or pairs of, systems. This integration

results in a novel Nexus analysis graphic for charcoal-food-water relationship. Then, to

access the comprehensiveness and depth of analysis, this Nexus analysis is critically

compared with the 2MBio-A, a systems analytical and design framework based on

a design tool specifically developed for Bioenergy (the 2MBio). The results reveal that

Nexus analysis is “blind” to specific fundamental social, ecological and socio-historical

dynamics of charcoal energy systems. The critical comparison also suggests the

need to integrate the high level systems analysis of Nexus with non-deterministic,

non-prescriptive participatory analysis tools, like the 2MBio-A, as a means to increase

sensitivity to the specifics of charcoal systems while keeping the practical benefits of

Nexus as a high level policy design tool. In conceptual terms, this integration promotes

open, participatory, integrated, comprehensive and creative analysis and exploration of

the Nexus across scales, disciplines and sectors, providing thus, a strong base to design

inclusive, sound and robust policies, projects and strategies relating/integrating charcoal,

food and water security.

Keywords: participatory nexus analysis, charcoal, 2MBio, mozambique, systems thinking, analytical frameworks
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INTRODUCTION

In recent years, the Nexus approach has gained considerable
and increasing professional, academic and political
attention as a relevant systems approach to inform
and shape policy, funding and research on integrated
energy, natural resources and environmental management
(Kurian and Ardakanian, 2015; Boas et al., 2016; Wichelns,
2017).

The nexus’ basic argument is that fundamental systems (or
economic sectors) like water, energy and food/agriculture, are
intrinsically interdependent and, thus, must be addressed
through integrated approaches (Boas et al., 2016; Al-
Saidi and Elagib, 2017). Addressing a system/sector in
isolation and ignoring Nexus synergies and trade-offs can
produce misleading results and are inadequate to provide
basic services to the poorest and fail to adequately cope
with climate change (Brouwer et al., 2018). Hence, rather
than looking into systems in isolation, nexus approaches
promote the trans-disciplinary and trans-sectorial joint
analysis, assessment, modeling and management of the
multi-faceted linkages and interactions between systems
(Howartha and Monasterolo, 2016). While many systems
composition and denominations exist, this study focuses on
the well-known nexus Energy-Food-Water (from here on, the
Nexus).

The Nexus puts emphasis on the dangers of scarcity
and is seldom justified by a number of different drivers or
influencing factors that, through direct or indirect feedback
and feed-forward loops, can result in unsustainable depletion
of resources (Allouche et al., 2015). These drivers tend
to be interrelated and generally include (e.g., Biggs et al.,
2015; Keairns et al., 2016): climate change and extreme
events (e.g., floods, drought); socio-economic trends (e.g.
demographic trends); ecological impacts; and institutional
systems. Therefore, Nexus provides a conceptual framework to
analyse how a specific interest focus (e.g., natural resources
management) relates with: the interactions (trade-offs, synergies
and linkages) between water, food and energy systems and
associated “security”; the drivers or influencing factors pressing
the dynamics those interactions and “security”; and specific
aspects affecting and being affected by those interactions
(Figure 1).

As a systems analysis, the Nexus has been included in
policy goals such as circular economy, low-carbon economy,
resource efficiency, sustainable development, access to clean
water and social welfare (Yillia, 2016; Brears, 2018; Brouwer
et al., 2018). Remarkably, such deterministic and modular
Nexus framework, facilitates mathematical modeling of systems
as resources, i.e., (sources of) water, (forms of) energy, and
(specific) food crops. Consequently, it is possible to model
and quantify resource demand, costs and trends for each
isolated resource/system, as well as, the dynamic interaction
between different resource/system, i.e., how a stress in one
Nexus system can create pressures on the other systems
(Gulati et al., 2013; Kling et al., 2017). Formally, these
models link different knowledge sets (models) to support

evidence-based adaptive strategies (Scott et al., 2015), identify
and minimize trade-offs (Pittock et al., 2015; Kurian, 2017),
and maximize synergies, efficiency, while reduce risks and
improve resource governance (FAO, 2014; Gallagher et al.,
2016).

Despite these objectives and potential, the Nexus has been
considered a “new development buzzword” (Dupar and Oates,
2012) which is not exactly new, generating a “somewhat
misplaced [enthusiasm]” (Wichelns, 2017) and presenting
serious implementation challenges, particularly evident onNexus
modeling, both isolated for each systems or in integrated
Nexus analysis. The most relevant Nexus modeling drawbacks
include the lack of (Kaddoura and El Khatib, 2017; Kling
et al., 2017; Liu et al., 2017): data in quantity, quality and
consistency; systematic identification, analysis and exploration
of synergies, trade-offs and impacts simultaneously across
scales and levels of detail; aggregation methods “sensitive”
to local specificities; incorporation of human and systems
adaptation and behavior; methods to evaluate and compare
models. Another critique of the Nexus refers to the existence
of institutional and communication barriers across sectors and
disciplines that hinder dramatically the applicability in real
institutional settings (Conway et al., 2015; Endo et al., 2015;
Leck et al., 2015; Wichelns, 2017). Finally, Allouche et al.
(2015) also see the Nexus as part of the “neoliberal policy [that
hides issues such as] resource inequality and access [. . . ] the
manufacture of scarcity and international political economy and
geopolitics.”

For the purpose of this work relevant gaps in Nexus research
include: the water-centric focus (Endo et al., 2015; Smajgl et al.,
2016); the general absence of analysis of charcoal energy systems
(CES) or Sub-Saharan Africa contexts (Ferroukhi et al., 2015);
and the lack of studies critically comparing nexus analysis
with other systems approaches. These gaps are particularly
relevant as CES are fundamental for many developing countries
through multidimensional interactions with crucial socio-
economic aspects (Mirzabaev et al., 2015; Martins et al., 2018).
To address these Nexus research gaps, this work focuses on the
Nexus for charcoal presenting a relational graphic (Figure 3)
displaying the interactions between charcoal, water and energy
for the case of Mozambique (section Uncovering The Nexus
Charcoal-Food-Water In Mozambique). These compared results
are then compared with a similar analytical exercise conducted
with a novel systems analytical tool, the 2MBio-A (based
on the design tool 2MBio, Martins et al., 2018), developed
specifically for bioenergy and applied to the case of Mabalane
district in southern Mozambique (section Charcoal Centred
Systems Analysis For Mozambique). The critical comparison
exposes the analytical limitations of Nexus and options are
presented to integrate Nexus analysis with non-deterministic and
non-normative tools, like the 2MBio-A or 2MBio, to amplify
the analytical capabilities and comprehensiveness of Nexus
analysis with more participatory and specific insights (section
Constructive Discussion: Proposal For An Integrated Design
Approach). The conclusion (section Conclusion) resumes the
discussion and analysis of outcomes of the work and presents
possible future work.
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FIGURE 1 | Generic graphical representation of the Nexus analytical framework (the names and definition of the components might differ slightly depending on the

author).

UNCOVERING THE NEXUS
CHARCOAL-FOOD-WATER IN
MOZAMBIQUE

Mozambique, a Sub-Saharancountry, has been for decades
among the 20 least developed countries in the world (UNDP,
2016). Mozambique has more than 50% of its population
experience chronic or periodic episodes of food insecurity
(Batidzirai et al., 2006), and droughts and flood episodes related,
directly or indirectly with climate change (e.g., Bullock and
Hülsmann, 2015). Mozambique is highly dependent on wood
fuel energy systems for cooking, mostly charcoal in cities and
firewood in rural areas. An estimated 96% of the population
(over 25 million people) rely on wood fuel (IEA, 2014), which
represents 2.2% of total GDP (van der Plas et al., 2012), 76.5%
of all national energy demand and over 15 × 106 tons of
wood (worth 700million US$) taken from Mozambican forest
every year (Ryan et al., 2016). Simultaneously around 51% of
Mozambican population (45% in rural areas and 8% in cities)
have no access to improved water sources (WHO/UNICEF,
2014) and large portions of the country are arid or semi-arid
(Turton et al., 2008). At the policy level, the Government of
Mozambique had long established clear policies for food security,
including a main national strategy Plan for the Reduction of
Absolute poverty (PARPA in Portuguese) and the 1991 Law of
Water. However, and remarkably, charcoal is virtually absent
from Mozambican policy while 98% of charcoal business is
informal (Cumbe et al., 2005). Furthermore, issues with water,
charcoal and food tend to be addressed by separated Ministries,
with inexistent or poor effective inter-ministerial coordination.
The policies relating water with food production exist, but
highly criticized by their lack of suitable social and political
considerations (van der Zaag et al., 2010; Alba et al., 2016; Ducrot,
2017). Therefore, Mozambique presents an interesting research
opportunity to explore the Nexus focusing on charcoal in a socio-
ecological context marked by climate change, poverty, water and
food scarcity, and the absence of specific policies for charcoal or
linking charcoal with water and food security.

The first task proposed by this research is to make
explicit the Nexus water-charcoal-food and associated drivers
in Mozambique. This task presents two important challenges:
the scarcity of work on the Nexus applied to charcoal or
Mozambique; and the existence of relevant Nexus research
not identified as such. Hence, to support a comprehensive
analysis and avoid a possible bypass of relevant information,
this review includes: the work explicitly mentioning the Nexus
on Mozambique (section Explicit Nexus Analysis Made On
Mozambique, and Southern Africa); and “Nexus like” analysis
linking water and/or food with charcoal energy systems or
bioenergy in contexts similar to Mozambique (section Nexus
And Systems Analysis Relevant For CES And Mozambique).

Explicit Nexus Analysis Made on
Mozambique, and Southern Africa
The review of the workthat explicitly mentions the nexus and
Mozambique (Bullock and Hülsmann, 2015; Nielsen et al., 2015)
revealed an essentially water centric Nexus analysis, i.e., water
is the main focal point of analysis and intervention. Bullock
and Hülsmann (2015) identify a high, but unevenly distributed,
potential for sustainable development based on hydropower for
Mozambique and several vulnerabilities. Currently, hydropower
supplies over 98% of the national electrical consumption, but
the availability of water might refrain further growth. Nine
of Mozambique’s 11 main rivers are trans-boundary, which
makes the country particularly dependent on neighboring
countries’ water policies, strategies and availability. Climate
change intensified drought in the region and Mozambique
further reducing rivers’ downstream flow. Finally, population,
industrialization and agriculture growth increased water usage
for drinking processing and irrigation. Therefore, hydropower
is presented as a synergetic solution, controlling river flow (and
reducing flood effects), storing water, facilitating irrigation and
improving, geographically, quantitatively and qualitatively, the
availability of electrical supply for productive uses. Moreover, for
Bullock and Hülsmann (2015), emphasize the role of Integrated
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FIGURE 2 | Biomass Tree of Problems, created in a National Expert’s Workshop at Maputo (Source: SNV, 2007).
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FIGURE 3 | Relational table detailing the Nexus drivers and interactions (CHP- combined heat and power technology based on woody biomass or charcoal;: Direct

link;: indirect link; Sources: see sections Explicit Nexus Analysis Made On Mozambique, and Southern Africa–Uncovering The Nexus Charcoal-Food-Water In

Mozambique).

Water Resources Management to bring about synergetic effects
on the nexus.

Nielsen et al. (2015) conducted a nexus analysis on
Mozambique to identify trade-offs. Interactions and possible
synergies to justify and model the effect of a number of
specific interventions in the nexus. Mozambican agriculture is
characterized for: being virtually all rain-fed and presenting
the lowest yields in SADC, underdeveloped extension services
and limited access to inputs (e.g., fertilizers). Conversely,
weak distribution network for products and inputs, hinder the
development of a sustainable market and food security. In this
context, wide variations in rain fall, increasingly frequent and
intense floods and droughts, extreme dependence on upstream
countries for water quantity and quality, uneven distribution of
groundwater, inefficient use of water sources, lack of suitable
infrastructures and distribution network, lack of skills and
political coordination present major challenges for and water
security and, in particular, for irrigation. In this regard, while
hydropower could increase food security through irrigation, it
might also compete with agriculture for water and significant

water losses through evaporation of reservoirs are possible, which
poses a threat to water security. Since Mozambique exports
around 80% of its hydropower and, Nielsen et al. (2015) only
around 20% of the population, and less than 8% of rural
households, have access to electricity, the microlevel effects of
hydropower in energy security are minimal. Still on the energy
sector, Nielsen et al. (2015) acknowledges the overwhelming
presence of firewood and charcoal for cooking, as well as, their
possible impacts in the nexus. Respiratory diseases resulting
from smoke emissions, and time and resources spent collecting
firewood and producing charcoal affects the capacity to work
and/or reduces the availability to engage in other on-farm or off-
farm paid work opportunities, affecting ultimately food security.
This “time link” and “health link” might have a gender dimension
since women are responsible for collecting wood, cooking and
usually spend more time in farms than men. Charcoal (more
than firewood) is also linked with deforestation, which is, in
turn, linked with soil erosion and water retention in soils.
According to Nielsen et al. (2015), high urbanization rates, lack
of suitable technological alternatives and political involvement
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form national governments drive the increasing demand for
charcoal leading to increasing pressure on forest resources, soil
erosion and poor watershed management. Nielsen et al. (2015)
also evaluate the effects of agroforestry (the practice of planting
crops together with woody plants) on the nexus. Nitrogen-fixing
trees and the decomposition of leaves, fruits, and other biomass
and residues produced by those trees, act as organic fertilizer with
low ecologic impact, increasing soil fertility, reducing soil erosion
from wind and water and resulting in higher agricultural output.
The possibility to have fruit trees or legumes can also contribute
to more food availability and dietary diversity. Mozambique
had success history of intercrop of cashew trees (introduced by
Portuguese from India) with cassava or maize by small farmers
in almost one-third of the Mozambique. However, Civil war, the
lack of renewal of trees and pressure from donors (notably the
World Bank) resulted in the deterioration of the cashew sector in
the 1980–1990s, with serious impacts on household income and
food security at local level (Hanlon, 2000).

Remarkably, many of these water-centric analysis and
conclusions are also in Nexus studies done for Southern Africa
Development Community (SADC) and Southern Africa Region:

• Climate change will affect water availability, food production,
livelihoods, electricity supplies and basic infrastructure. The
ENSO (El Niño Southern Oscillation) is expected to produce
an increasing frequency, intensity and unpredictability of
extreme climate events, including the massive floods (465,000
people displaced between 2001 and 2008) and chronic
droughts and cyclones (Obasi, 2005; Ward, 2010; Conway
et al., 2015).

• Charcoal is absent of analysis or, if considered, is considered
a problem to be solved by other forms of energy or
technologies favored by existing institutional arrangements,
e.g., centrally planned hydropower projects and “improved” or
“modern” technological solutions (Schreiner and Baleta, 2015;
Mabhaudhi et al., 2016; Muller, 2016).

These results are combined with section Nexus And Systems
Analysis Relevant For CES And Mozambique in the nexus
interaction graphic in section Nexus Causal Relations for
Mozambique.

Nexus and Systems Analysis Relevant for
CES and Mozambique
To complement the review on Nexus analysis explicitly
mentioning Mozambique (section Explicit Nexus Analysis Made
On Mozambique, and Southern Africa), a review was conducted
focusing on studies that included: (1) systemic analysis linking
charcoal with water and/or food in Mozambique; (2) relevant
nexus analysis of bioenergy or CES in developing countries.

One of the few systemic analysis of CES from a “nexus
like” perspective was developed by SNV (2007) in a workshop
with Mozambican experts’ (Figure 2). In this analysis, CES is
perceived as a problem rooted in weak or unsuitable institutional
and technological systems, high demand (“70% of Mozambicans
depend on charcoal for cooking”) and free easily accessible forest
wood. These root problems could be understood as drivers for

the Nexus with deep health, environmental and socio-economic
effects.

Regarding the consequences, from a Nexus perspective, three
interdependent dynamics are visible:

• Unsustainable CES promote deforestation, which degrades the
soil and promotes climate change, reducing rainfall, which
further increases soil degradation. These direct and indirect
roots for soil degradation result in lower fertility and, thus, less
food availability and lower income (e.g., to buy food).

• The inefficient technology used on charcoal production and
consumption is associated with accidents, burns and fires
and respiratory diseases, decreasing the household health,
availability to work and, thus, income availability for food
due to increasing spend on health care and decreasing work
productivity, which may lead to food insecurity.

• The combination of the two dynamics above and the
absence of strong, enforcing and suitable institutional and
policy framework result in informal and unsustainable forest
management, progressive scarcity of wood or increase of wood
prices, leading to poverty and malnourishment, with higher
impact on women and girls.

Some other studies complement this analysis highlighting a
number of trade-offs, linkages and drivers or influencing factors
relevant for the Nexus.

On the linkage charcoal-deforestation, Sitoe et al. (2016)
and (Woollen et al., 2016) perceive deforestation as a multi-
dimensional phenomenon, which includes land clearance for
farming as an important factor.

Ryan et al. (2016)while linking deforestation with the breakage
of nutrient cycle (e.g., nitrogen cycle), also considers that charcoal
production, when part of shifting cultivation, boosts fertility on
inherently infertile soils. Deforestation can also facilitate soil
erosion, increasing the amount of sediments on rivers and lakes,
thus reducing the water quality and affecting fish productivity
(Ryan et al., 2016). Furthermore, deforestation reduces water
infiltration in the soils reducing ground water recharge, dry
season flows and precipitation, which has a negative impact on
food production (Ryan et al., 2016). Over extraction of wood can
also promote a decline in competitive wood-land-specific uses
(e.g., firewood, medicines, construction materials), with possible
welfare losses, especially for the most vulnerable (Woollen et al.,
2016).

The scarcity of water and wood energy increases the time
and income spent on acquiring those goods and reduces the
investment on healthcare and/or in irrigation technology and
water storage facilities, which in turn reduces food production,
hygiene, and income generation (Cairncross and Cuff, 1987;
Ng’ang’a et al., 2012; Magombeyi et al., 2013). Sanitation is
included as healthcare. Indeed, areas subjected to drought, away
from irrigation networks or low underground water levels are
associated with food insecurity and poverty (Mabhaudhi et al.,
2016). Conversely, the lack, or the price increase, of charcoal can
also affect household’s cooking habits. Protein-rich “hard” meals
(e.g., with beans or meat) may be avoided or undercooked to
conserve energy and families may rely heavily on low-protein
“soft” foods (e.g., grains and greens) which can be prepared
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quickly (Brouwer et al., 1997). In other cases, families may
stop boiling drinking water when faced with an energy shortage
(Plummer, 1999).

In rural areas of Mozambique marked by extreme poverty,
constant and intensive natural hazards, with few income
generation options and with insufficient agriculture production,
charcoal is a main poverty coping strategy (Clover, 2007; Brida
et al., 2013; Jones et al., 2016). In southern Mozambique, after
the 2000’s massive floods and intensive drought, 60–70% of
farmers engaged in off-farm activities for extra-income (Brida
et al., 2013). Notably, 90% of households in that area are
involved in charcoal making (Ng’ang’a et al., 2012) since this is
the most profitable off-farm activity (Nhantumbo, 2010). The
income resulting from charcoal, if reinvested on food production
(e.g., working capital, invest in field opening and clearance,
buy agricultural inputs or equipment), or irrigation systems
can reinforce and multiply growth in the agricultural sector
increasing food availability or surplus for sale (Mather, 2012;
Djoudi et al., 2015; Jones et al., 2016; Ducrot, 2017). However,
very few farmers do these investments and several irrigation
programs implemented in Mozambique revealed to promote
political centralization, reduce local participation, be poorly
coordinated, promote inequality and threaten natural resource
management (Eriksen and Silva, 2009; van der Zaag et al., 2010;
Djoudi et al., 2015; Alba et al., 2016; Ducrot, 2017).

In the case of charcoal, an important Nexus driver and
influencing factor is the institutional framework around forest
in Mozambique. Alongside the land and water, forest belong to
the state, but local communities’ rights and resourcemanagement
practices are considered while a charcoal production license
system (supposedly) based on forest capability is in force.
However, local institutions have been considerably reduced
in post-independency and during the civil war (Pihale,
2003), governmental institutions are incapable to monitor
or reinforce the law and the license price is considered
unsuitable and the requirements unrealistic (Eriksen and Silva,
2009; Jones et al., 2016). Consequently, forest resources are
seen as monetary free open-to-all resource, charcoal is a
business running on informal and illegal channels, and most
producers are unable to govern their resources due to weak
institutional capacities (Baumert et al., 2016). Simultaneously,
the lack of financial and public services, access to markets
and knowledge (including technology and electricity) strongly
reduce the options to increase productivity and diversify
coping strategies to climate change and household income
generation (Ng’ang’a et al., 2012; Ducrot, 2013). Definitely,
the lack of options and the perceived cost-free benefit from
charcoal making and growing demand from increasing number
of urban poor, the need for cash income pushes farmers
away from more resilient (but less profitable) agricultural
strategies toward others that carry a greater degree of risk
for capital-poor, small-scale farmers (Silva et al., 2010).
Notably, these practices have implications on: the diversity,
availability and access to other forest uses (Ryan et al., 2016);
vulnerability to climate change, food security, land and soil
quality (Ng’ang’a et al., 2012; Gomiero, 2016; Woollen et al.,
2016).

Another data set and knowledge to inform the Nexus analysis
on charcoal is research done on Nexus analysis focused on CES
and/or bioenergy in developing countries.

A possible CES to consider is the combined heat and power
technology, CHP, based on charcoal supplied by dedicated wood
plantations or forest residues (e.g., Wetterlund et al., 2013;
Sowlati, 2016; Tidwell, 2016) coupled with the relevant aspects
of nexus analysis applied to biofuels in developing countries
(Guta et al., 2015; Mirzabaev et al., 2015; Brears, 2018) and
biochar (carbon-rich charcoal) production for soil remediation
(Belmonte et al., 2017). This approach allowed to identify:

• Linkages water-charcoal/biochar: water for CHP (e.g.,
refrigeration, steam production); CHP for water supply
(extraction, pumping, treatment and purification,
distribution); effects of CHP on water quality (e.g., heating,
cooling, desalination); biochar can treat wastewater for
irrigation (cadmium and lead removal); CHP and biochar
can pollute the water; energy effects on water entitlement
rights and availability (e.g., overexploitation); the effect
dedicated plantations on water (e.g., use of fertilizers); the
overexploitation of trees (deforestation) on water cycles
through soil erosion and land degradation; enhanced soil
with biochar increases water retention and reduces irrigation
requirement.

• Linkages food-water: water for agriculture; off-farm jobs
linked with irrigation, and health improvement (e.g.,
sanitation, clean water, water-borne deceases), which affects
work productivity and thus food security; the effect of
agriculture on water quality (e.g., fertilizers).

• Linkages Charcoal/ biochar-food: CHP for food processing
(e.g., conservation and storage); energy plantation for
agroforestry might affect land quality to generate synergies
(e.g., nitrogen fixation, more harvests per year, higher yields,
diversification); biochar can increase crop productivity;
CHP/charcoal/biochar might increase income (small business,
agriculture), influencing food security and facilitating
reinvestments in food/energy production; plantation might
create resource competition (e.g., labor, land, water) or
degradation of food resources (e.g., soil erosion, land
degradation, water scarcity, oversupply of nutrients); charcoal
production can generate accidents resulting in less working
power.

While relevant for a comprehensive analysis, this combination of
technological options (CHP and plantations) is still not a reality
in Mozambique, mostly characterized by the use of firewood in
rural areas and the production of charcoal from forest wood on
local mold kilns to supply urban consumers.

Finally, there are two studies that explicitly relate the Nexus
with Charcoal: Githiru et al. (2017) and González-López and
Giampietro (2017). Githiru et al. (2017) poses the possibility that
human-elephant conflicts could change the risk perception by
farmers, changing their income strategies which include charcoal
production. While a relevant and interesting element to be
considered, there is no Nexus analysis explicating the possible
interaction wildlife-charcoal-water-food. González-López and
Giampietro (2017) uses a general accounting framework for
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the analysis of the metabolic pattern of social-ecological
systems using the multi-scale integrated analysis of societal and
ecosystem metabolism (MuSIASEM) model to study the Nexus
in relation with charcoal production in a rural village in Laos.
The MuSIASEM applies a metabolic perspective to simulates
human decisions in face of trade-offs and synergies between
charcoal production and different activities under a scenario of
limited availability of human activity and available land. While
“metabolic patterns” and “relational analysis” are mentioned they
are not presented, and thus, it is not possible to derive explicit
interactions for the Nexus charcoal-water-food.

Nexus Causal Relations for Mozambique
To make the Nexus explicit in a schematic format, the results
from section Explicit Nexus Analysis Made On Mozambique,
and Southern Africa and Nexus And Systems Analysis Relevant
For CES And Mozambique were collected and integrated in
Figure 3, to show the drivers and effects that the system in the
far left column have on the system on the top column. While not
much different from other Nexus analysis representations (e.g.,
Biggs et al., 2015; Brears, 2018) Figure 3 is the first integrated
and comprehensive Nexus analysis centered on CES made for
Mozambique.

CHARCOAL CENTRED SYSTEMS
ANALYSIS FOR MOZAMBIQUE

In this section, a participatory analytical tool, the 2MBio-
A, is presented for comparative purposes with the Nexus
analysis (section Uncovering The Nexus Charcoal-Food-Water
In Mozambique) and applied to the case of Mabalane, a
charcoal production district in the south of Mozambique. The
comparative results will be critically explored and discussed in
section Constructive Discussion: Proposal For An Integrated
Design Approach.

The 2MBio-A, a Systems Analysis for
Charcoal Energy Systems
To assess comprehensiveness and depth of analysis of the Nexus
focused on CES (section Uncovering The Nexus Charcoal-Food-
Water In Mozambique) this work proposes the 2MBio-A as
a tool to support an alternative systems analysis on the same
system. The 2MBio-A is, in fact, the analytical version of the
2Mbio, a participatory design tool developed by the author and
successfully used to facilitate the design of a creative synergetic
firewood/food system from scratch in different settings, from
rural communities to engaged groups of experts and academics
(Martins, 2014; Martins et al., 2018).

The 2MBio is an ontological metamodel, i.e., a graphical
illustration that makes explicit the basic elements (concepts,
constructs and rules of interaction) of the bioenergy systems
design. Moreover, the 2MBio theoretical basis considers
design a continuous reflexive analytical activity (Schön, 1983).
Furthermore, the 2MBio was specifically developed for the wood
fuel energy systems (and bioenergy systems in general). These
three structural aspects of the 2MBio made it naturally adaptable

for the task of analysing CES possible interactions, simply by
truncating the design process at its design stage. Therefore,
while the 2MBio analyses the problem to design a grounded
solution, the analytical version, the 2MBio-A, simply analyses
the problem. Therefore, like the 2MBio, the 2MBio-A (Figure 4),
offers a visual, explicit and formal platform representing 13 basic
elements necessary and sufficient to produce comprehensive
and meaningful analytical specification of any bioenergy
system. The 2MBio-A is easy to use, non-normative and non-
prescriptive and effectively allows a wide range of actors to
develop contextualized, comprehensive and meaningful analysis
of bioenergy systems.

Moreover, like the 2MBio, the 2MBio-A does not compel
normative visions of efficiency or sustainability, instead, allows
for users alone, or together with additional people, draw on their
creativity, knowledge, experience, perspectives, by exploring the
full extent of bioenergy systems analysis space represented by
13 basic elements organized as boxes on a piece of paper (see
Figure 4). Each of the 13 basic elements are well defined, easy
to understand and explicit, and are provide the space for users
to write and draw directly on paper their ideas and perspectives.
Thus, the proposed tool works as an interactive and common
ground where participants make explicit their creativity in the
participatory conceptual analysis of CES. In other words, the
2MBio-A promotes sense-making across different users, since,
once filled, the 13 basic elements serve to translate abstract, tacit,
implicit and individual mental models and views into concrete,
explicit and common written/drawn specifications, making it
available for others to discuss. As a result, through the 2MBio-A,
users can establish a structured and constructive dialogue/debate
while exploring, understanding, learning and refining their views
on CES analysis. Significantly, being a low-tech, low cost tool,
and allowing for drawing on it, the 2MBio-A facilitates wider
participation of people from areas with low or no literacy, low
electricity access and lack of computers.

Applied Contextualization: the Case of
Mabalane
The 2MBio-A could be used on generic way, however, to
contextualize the tool, the analysis will be carried in Mabalane,
a district that presents a highly stress nexus situation, marked
by water scarcity, low food production and high charcoal
production under an overall scenario of poverty and climate
change vulnerability.

Located in Gaza Province, Mabalane occupies 9,580 km2 of
the upper part of the Mozambican Limpopo Basin (Figure 5A).
Around 98% of the families are engaged on subsistence
agriculture mostly rain fed and, thus, extremely dependent on
natural conditions, which are extremely unfavorable hazardous
(Brida et al., 2013; Ducrot, 2017). The soils are very poor for
agriculture, classed as loamy sand (82% sand, 13% silt, 5%
clay), with a low carbon and nutrient content (0.4% C, 0.05%
N) (Woollen et al., 2016). In practical terms, the options are
between farming the sandy soil at the uplands, with a high risk
of crop failure in drought years, or the fertile soil close to the
Limpopo River with a high risk of floods (Brida et al., 2013;
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FIGURE 4 | The 2MBio-A layout including description of every basic element (Source: based on Martins, 2014).
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FIGURE 5 | Maps showing the relative location of the Limpopo River Basin, Gaza Province, Mabalane District and Maputo City in Mozambique, as well as, water,

poverty and forest data [Source and full maps, (A,E)- (Ng’ang’a et al., 2012); (B) (Simler and Nhate, 2005); (C) (JICA, 2016); (D) (Ducrot, 2013)].

Ducrot, 2017). Moreover, following climate change tendencies
in the region, drought periods become more extended, chronic
and severe (Turton et al., 2008). Therefore, in the context of
projected climatic changes and increases in climate variability,
food security in those areas is at risk (Brida et al., 2013).
According to the official ranking based on nutrition, food security
and access to public good indicators, Mabalane is in the 4th
quartile of the poorest districts of Mozambique, with around
72% of the population living below the national poverty line
(Figure 5B) and one third to half of the households suffering
from a food shortage period (Ducrot, 2017) which can last
between 3 and 5 months depending on the year and the zone
(FEWSNET, 2014).

A crucial issue in the district is water access. Around and 75%
of the district area is already arid or semi-arid land with and
annual rainfall between 400–470mm and between 20–31mm
in the dry season (April to September) (Ng’ang’a et al., 2012;
Ducrot, 2017) (Figure 5E). Between September and December,
the Limpopo River is dry due for upstream water extraction
and the management of the catchment area (Ducrot, 2017).
Furthermore, Mabalane is one of the country’s districts with the
hardest access to good quality underground water. The boreholes
should have more than 75m, the rate of successful drilling is
below 60%, and if successful there is a 70% chance to find
water with an average salinity of 2,650 µS/cm while the limit is
2,500 µS/cm (Figure 5D; Ducrot, 2013). At the regional level,
there is evidence that water resources of the Limpopo Basin
are already stressed under today’s climate conditions (Zhu and
Ringler, 2012).

Despite these hard conditions, Mabalane is well endowed with
easily accessible hard wood from the extensive forest of Mopane

(Colophospermum mopane) (Figure 5C). Mopane is a dense
hardwood species, which produces highly appreciated high-
quality, slow-burning charcoal. In this scenario of generalized
poverty, lack of opportunities and easy and free access to
resources, charcoal production is major way to generate cash
income. Indeed, Gaza is the region of the country with the
higher number of licenses conceded, reaching a total annual
volume of 542,203 allowed charcoal bags (around 43,000 tons)
(MITANDER, 2016).

Finally, while 600 km away the Capital City Maputo, the two
locations are linked by a road 80% paved with good quality tar
and a cargo train running three times per week. Not surprisingly,
Mabalane is currently the major charcoal producer district in the
south, and virtually all its production is to supply the growing
urban population of Maputo.

Applying the 2MBio-A on Mabalane:
Unveiling and Expanding Linkages
The 2MBio-A was designed, and achieves the best results, when
used in participatory exercises, however, to assure a common
base of comparison with the Nexus analysis made above (section
Uncovering The Nexus Charcoal-Food-Water In Mozambique)
the 2MBio-A will be applied as a supporting tool for individual
analysis by the author (Figure 6). The purpose is to use the
2MBio-A to identify relevant interactions (trade-offs, synergies,
logical effects) for each basic element of the 2MBio-A (the
“boxes”) and among them. In other words, the purpose is to
perceive how each basic element affects, and is affected by, the
other design elements within a predefined systems analysis. For
the presented case, CES was considered as a socio-ecological
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FIGURE 6 | The 2MBio-A fully described after one fast initial iteration.

Frontiers in Environmental Science | www.frontiersin.org 11 June 2018 | Volume 6 | Article 3199

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Martins Nexusing Charcoal in South Mozambique

system (or social-ecological system see: Martins, 2014; Homer-
Dixon et al., 2015) and the interactions were written directly on
the body of the 2MBio-A (Figure 6). This interactions represent
the result of the author’s experience and research conducted
in the Mabalane area during 2015–2016, and display the first
interaction with the 2MBio-A. Further analysis by the author
and/or other user could result in higher refinement.

Before advancing for a deeper discussion on the use of the
2MBio-A in the nexus analysis, to be conducted on section
Constructive Discussion: Proposal For An Integrated Design
Approach, it is important to mention two aspects on the use of
the 2MBio-A carried above (section Applying The 2MBio-A On
Mabalane: Unveiling And Expanding Linkages above).

First, while not presented for economy of space, all the
elements considered in Nexus analysis (Figure 3) are also
included in Figure 6. Indeed, what is presented in Figure 3 as
drivers and influencing factors is what the 2MBio-A designates
by Infrastructure and Context (the bottom box). Likewise,
since most of the Nexus analysis have been developed around
specific technologies, these technologies and their interaction
within the Nexus could also be included along the supply
chain section of the 2MBio-A, i.e., the central row comprising
the elements (boxes) Resources and Land, Production and
Collection, Distribution, and Energy Service and Provision.
However, rather than an interaction water-energy, what would
be presented would be, how that technology would interact with
water, food and energy.

Secondly, while belonging to a specific element (box), the
interactions identified in Figure 6 might affect and be affected
by other elements or interactions with other elements. Therefore,
the 2MBio-A (as the 2MBio) relies on harrows to show such
inter-basic elements interactions. In fact, methodologically, to
assure coherency and comprehensiveness, the use of the 2Mbio-A
requires that each aspect identified in each and every single basic
element, must have correspondence (linkage) with all the others
elements.

CONSTRUCTIVE DISCUSSION: PROPOSAL
FOR AN INTEGRATED DESIGN APPROACH

Critical Discussion on the Nexus as a
Viable Tool to Analyse Charcoal Energy
Systems
The basic premises and application of the nexus approach to
the water-charcoal-food in Mozambique is valid and potentially
useful, however presents a number of gaps, challenges and
problems.

Probably the most notorious gap of the Nexus approach
to Mozambique and charcoal is the absence of the forest
as a Nexus component. The Nexus studies on Mozambique
identify deforestation, the possible competitive use of forest
resource, and the effect of dedicated plantations on water
and food systems (Figure 3), but in every case, forest is part
of system or resource, not a complex and dynamic socio-
ecologic system. Nevertheless, Mopane forest is crucial for
charcoal production, a source of welfare, food and resources
and crucial for the water system (Bila and Mabjaia, 2012), and

throughout Southern Africa, theMiombo forest supports directly
the livelihood for over 100million people in both urban and rural
areas (Campbell et al., 2007; Syampungani et al., 2009). The lack
of nature is, actually, also a common critique of the current Nexus
formulation (Krchnak et al., 2011; Allouche et al., 2015).

Another gap detected is the often mentioned absence of social
systems and concerns in Nexus approach (Ringler et al., 2013;
Allouche et al., 2015; Foran, 2015; Leck et al., 2015). In the
Nexus analysis (section Uncovering The Nexus Charcoal-Food-
Water InMozambique), poverty, livelihoods patterns, geopolitics
and socio-economic phenomena arementioned as Nexus drivers,
but the actual linkage with the water-food-energy security is
focused on how those drivers affect the physical and economic
“availability” of resources. However, “availability” also includes
“access to resources, the capacity to utilize resources as well
as dynamics of social power relations and the strength of
institutions” (Biggs et al., 2015), which are contextual, dynamic,
complex and produced historically (Ringler et al., 2013; Foran,
2015). Remarkably, the need to understand the local perceptions
and copping strategies within the context of differential social
access to wood fuel has long been identified as gap in natural
resources management in Southern Africa (Katerere, 1999; Moyo
and Sill, 1999).

Likewise, for the case of food systems, the Nexus analysis
identified fertilizer use as a driver (Nielsen et al., 2015), but
affecting the Nexus through economic perspectives involving
quantifiable linkages and assumptions, missing thus the cultural,
social and political insight involved. On the other hand, the
systems analysis proposed allowed the exploration of interaction
between water and charcoal systems with critical inputs like land
tenure, access to agriculture extension and financial services or
rural labor market and dynamics. This incomplete economic
analysis is also part of more generic criticism (Wichelns, 2017).

The gaps identified above, result from the specific
combination of elements and drives selected for the Nexus
approach, as well as, how Nexus analysis frames resource
management. Since the Nexus is essentially a systems approach,
the resulting analysis is dependent on the boundaries set, purpose
and conceptualization applied. Remarkably, boundary setting is
a highly subjective and political task (Ulrich, 2003; Chang et al.,
2016), and what the system does not see (outside limits or vision)
the system does not analyse. In fact, the definition of appropriate
boundaries is critical, since the results will differ, depending on
Garcia and You (2016): the number of systems considered; the
combinations of systems chosen; the size, kind and number of
spatial and temporal scales used; and the actors involved.

This focus on quantification is defined from the
origin, since the Nexus aims to support modeling with
quantifiable, optimizable and grounded on data models (section
Introduction). Furthermore, the current analytical focus is on
natural resource management from a deterministic, technocratic
and economic perspective, favoring pre-defined visions of
sustainability, resource use, security and better technological
solutions. The purpose of analysis is to provide strong evidence
based on mathematical equilibrium models, in which resource
allocation can be optimized and efficiency improved (Allouche
et al., 2015; Garcia and You, 2016). Even the trade-offs identified,
rather than express multiple perspectives on the interactions,
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present the multiplication of deterministic assumptions, i.e.,
cause, effects andmutual interactions belong all to a limited set of
pre-determined possibilities. Notably, this perspective promotes
the commodification of resources and the parameterization
of interactions bypassing, oversimplifying or simply ignoring
situations, options or interactions that cannot be “quantifiable,”
e.g., social dynamics, perceptions, innovative capacities and
behaviors (Ringler et al., 2013; Foran, 2015).

The solution so far has been the use of qualitative methods
(e.g., interviews), or the use of agent based simulation, which
try to simulate real humans behaviors (Garcia and You, 2016).
However, even if these techniques capture the complexity of
human behavior, at some point the data must be aggregated or
extrapolated across scales, losing its richness and, if improperly
done, leading to erroneous research conclusions and misguided
policy (Nielsen et al., 2015). Consequently, the Nexus tends to
favor economical, technological views such as hydropower and
other “clean renewable energy,” by-passing social and ecological
considerations and “backwards and informal” technologies, such
as charcoal.

On the other hand, the 2MBio-A instead of forcing the
focus on a somewhat arbitrary number of systems applies
systems and design thinking to identify which would be the
basic elements of analysis of a given energy system. This
ontological approach, focused on basic elements of analysis
has many advantages. The 2MBio-A is not dependent on the
purpose of the user. Many Nexus analysis have been proposed
comprising different combinations of systems, interests and
even sequences of the same systems. This diversity renders
any comparison exercise difficult if not impossible. However,
what is lost in “comparability” is not gained in depth or
creativity of analysis. Conversely, the basic elements approach,
allows for a necessary and sufficient number of blocks to be
used for analytical and design purposes, facilitates comparison
across models and modelers, and being non-normative and non-
deterministic, allows for total freedom of analysis. Note that
while the Nexus forces the view on its elementary systems, the
13 block layout of the 2MBio-A invites the users to navigate at
their will to whatever systems they want, the way they wanted, as
long as they check each box and relate every box. In any case,
the modular nature of the 2MBio-A facilitates the addition of
new elements without losing comparability because the reference
set is already identified. Therefore, explicitly including nature
(Resources and Land), livelihoods and socio-cultural behavior
(“Users” and Livelihood Practices), and deliberately seeking for
social, political and cultural dimensions of each interaction it
was possible to address the complexity of charcoal systems,
identify and contextualize multiple perspectives relevant for
the definition of suitable, integrated and situated analysis for
charcoal.

Particularly relevant was the effect that climate conditions
have on Mopane and, consequently, on the legal nature of
charcoal making. This finding, another undetected interaction
in the Nexus, refers to the fact that, while legally forbidden
to be used for charcoal making, since most Mopane trees are
hollow, i.e., defective, they can actually be used for charcoal. In
a fieldwork to Mabalane conducted in 2015 the author collected
samples of 81 Mopane trees of different legal diameters in

Mabalane-Sede and Combumune (twomain charcoal production
points) and identified 76% of trees as hollow. An empirical
observation of the wood piled in the train station in Mabalane-
Sede ready to be sent to Maputo also confirms these numbers.
The reason why so many trees are hollow seem to be a common
phenomenon in several ecosystems (Ruxton, 2014; Sheil et al.,
2017). Studies suggest that this is an adaptation mechanism with
microbial or animal consumption of interior wood producing
nutrients to feed new growth via the trees roots or, in an
alternative explanation, such loss of wood comes at very little cost
to the tree and so investment in costly chemical defense of this
wood is not economic (Ruxton, 2014). Interestingly, the lack of
water is presented as the local explanation and the fact is used to
legitimize the mono-exploration of Mopane. In practical terms,
this interaction exposes how a biological adaptation, combined
with an unsuited legal framework, generates the institutional and
legal basis that legitimize an economic activity.

This being said, it is not the intention of this work to
claim that the 2MBio-A or 2MBio are better approaches
that the Nexus analysis. The point is that presented as an
integrated all-encompassing analysis, the Nexus “forces” the
analysis into a narrow set of knowledge and experiences,
imposes a quantification on complex interactions that cannot
be easily understood, communicated and even less quantified.
To a certain point, by focusing on a certain approach and set
o systems, the Nexus becomes “blind” to relevant elements,
interactions and dynamics. Considering the scales involved,
the disciplinary diversity required and creative and innovative
approaches required to address trade-off (e.g., Ringler et al.,
2013), it is possible that, posed as it is, the Nexus may become
a sterile exercise unable to fulfill the task it was set to achieve. At
least by itself.

Beyond the Nexus With the Nexus: Toward
the Integrated and Participatory Nexus
Considering any Nexus as complex socio-ecological systems,
three major challenges emerge as fundamental to propose
more comprehensive, integrated and encompassing analysis: the
challenge of identifying and analysing the interlinkages, trade-
offs and synergies among the Nexus Systems (e.g., Liu et al.,
2017); communicate that analysis across disciplines, sectors and
cultures (e.g., Wichelns, 2017); and promote creativity (Ringler
et al., 2013). More than improve modeling techniques (which has
its merit, Kling et al., 2017; Veldhuis and Yang, 2017), arguably
it is necessary to promote participation and dialogue (e.g.,
Mirzabaev et al., 2015; Howartha and Monasterolo, 2016; Kling
et al., 2017; Veldhuis and Yang, 2017). Sometimes under other
denominations, like “co-decision” (Veldhuis and Yang, 2017)
or “transdisciplinary [. . . ] knowledge co-production” (Kling
et al., 2017) the purpose is to Promote the “active engagement
of stakeholders from different sectors in all the phases of
knowledge development to acquire a clearer picture of their
needs and expertise in the decision making process” (Howartha
and Monasterolo, 2016). Therefore. More than simple passive
consultation, it is necessary to refocus the politics and philosophy
of the Nexus toward a more inclusive and democratic process
(Allouche et al., 2015; Leese and Meisch, 2015). Acknowledging
the nexus as a complex problem that cannot be solved solely by
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high-level, top-down determinist and technocratic approaches,
this political shift calls for plurality, diversity and multiplicity in
“nexused challenges” (Allouche et al., 2015). Besides considering
social and ecological dimensions, the nexus analysis should
involve, value and acknowledge multiple criteria, scales, actors,
perspectives, knowledge and ways of knowing and understanding
problems and solutions (Allouche et al., 2015; Leese and Meisch,
2015; Pittock et al., 2015). Importantly, within the nexus
analysis, natural resources management should also include
contextualized definitions of development, and address rights,
equity and power relations (Allouche et al., 2015; Foran, 2015;
Leese and Meisch, 2015). Therefore, recognizing the political
nature of decision-making in nexus, the purpose is to promote
more democratic, adaptive, deliberative and reflexive forms of
understanding and act upon the challenges posed by nexus (Stein
et al., 2014; Allouche et al., 2015).

In practical terms, the implementation of this perspective it
is necessary to create tools that promote active and creative
participation; dialogue; and are adapted to the users’ context.

Participation is repeatedly considered a basic element/process
in nexus analysis. Acknowledging the complex and
transdisciplinary nature of Nexus analysis, the active engagement
of scientists and non-experts from different sectors in all stages
and scales of decision-making is required to capture lessons
emerging from different experiences (Kurian, 2017), build
a clearer picture of needs and expertise (Howartha and
Monasterolo, 2016) and explore and test different perspectives
(Pittock et al., 2015). Participation is also considered a process
to bring the nexus analysis, its challenges and trade-offs, to
concrete actors in real contexts (Stein et al., 2014). For Leck
et al., (2015), stronger processes of co-production between
researchers and nexus stakeholders are crucial to overcome the
institutional barriers that affect nexus implementation, while
the absence of participation is a cause for the lack of ownership
and consequent failure of nexus based projects in Southern
Africa (e.g., Prasad et al., 2012). In Mozambique, in nexus related
studies, participation is considered to be useful to blend equity
perceptions of politicians, technicians and population and better
integration of natural resources management in the planning
process (Ducrot, 2013), or to identify perceptions otherwise
overlooked by aggregating processes (Nielsen et al., 2015).

Closely related with participation, dialogue is a central
element in FAO’s perspective on the nexus linking the resource
base with the goals (FAO, 2014). In this framework, dialogue
makes explicit the different goals, interests and uses of resource
base of stakeholders’, shares the understanding each actor
holds on the nexus problems and solutions, implements
and coordinates action, while offering a process to reconcile
differences and build common ground (FAO, 2014; Pittock et al.,
2015; Smajgl et al., 2016). Therefore, implicitly, dialogue also
favors learning, inclusive and participatory dynamics.

Regarding the adaptability to the user contexts, it is relevant to
mention two practical aspects. First, the need to focus on the user
and its context, particularly if the purpose is to address CES in
developing countries. Each actor involved in the nexus analysis
has its own framings, different definitions of the problem, and
particular histories, languages and cultures (Allouche et al., 2015;

Leck et al., 2015). Secondly, the importance of visual knowledge
as motivator of creativity and interaction. Visualization has long
been useful to tackle complex problems (Conklin, 2005). In the
nexus analysis, particularly when combined with participatory
modeling, facilitate discussion and joint learning, allow for
rapid data collection (Stein et al., 2014; Legrand, 2015). The
main benefit of visualization is the “making explicit” of tacit
relationships, assumptions and expectations allowing, thus,
actors from different backgrounds to engage in structured
discussions and exploration as part of the nexus analysis (Stein
et al., 2014; Kurian, 2017).

Since the 2MBio-A (as well as the 2MBio) fulfills these design
criteria, this research proposes an integrated and participatory
Nexus approach based on those tools. However, the Nexus
modeling toolkit, the Nexus social network mapping (Stein et al.,
2014) or the Nexus Games (Mochizuki et al., 2017) might be
interesting options.

The use of the 2MBio to design Nexus based approaches, or
the 2MBio-A, to analyse the Nexus, is quite intuitive, has 3+1
steps and is depicted in Figure 7:

1. Setup- Definition of the groups for the participatory analysis
workshop. Care should be taken to make groups with a wide
selection of relevant and representative array of perspectives,
interests or ideas.

2. Composition- In the participatory analysis workshop, the
participants decide upon which components should be part
of the nexus to analyse (A in Figure 7). If the purpose
is specifically the Nexus, an option should be given to
include extra components. This initial choice will express
the users’ particular concerns and perceptions on the chosen
Nexus.

3. Specification- With the nexus components chosen, the users
will perform the nexus analysis in each of the DEs (boxes)
having the respective DE as the center of the analysis. For
instance, if the nexus charcoal-food-water was selected in 1,
in the DE “Resources and Land”, the nexus is charcoal-water-
food-forest-land and all the interactions should be considered
according to the users perspectives (e.g., social, economic,
cultural). The relations are written or drawn in the DE,
indicating with arrows which component affects which and
how. In each DE the users should also include pertinent
remarks or comments, e.g., meta-information on choices,
drivers, historical tendencies.

4. Consolidation- Since the 2MBio-A is an ontological and
modular tool, it is always possible to compare, combine and/or
integrate side-by-side, DE-by-DE two or more different
specified 2MBio-A. If any of these processes is done within
the same region or case study, this represent a case-
study consolidation. If any of these processes is done
across administrative borders (e.g., between a village and a
national 2MBio-A), the consolidation is across geographical
scales.

Note that the use of the 2MBio-A does not “make” the Nexus
Modelling and complete analysis. What the 2MBio-A provides
is an entry-level platform for the Nexus analysis. By entry level
it is, by no means, to say basic or simple, since it can be rather
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FIGURE 7 | Schematic representation of the 2MBio-A used as a focused Nexus Charcoal-Water-Food tool with the different steps and some possible applications

(Source: the Author).

deep and sophisticated. Themeaning of entry-level is to highlight
the interface nature of the proposed integration based on the
2MBio-A. This participatory, dialogue and visual approach has
the potential to orient the modeling, design and analysis effort
faster and more effectively to otherwise blind spots of Nexus
analysis.

CONCLUSION

Charcoal energy systems, CES, is a complex socio-ecological
system dynamically interwoven into other systems, including,
the water, the food and the energy systems. On this regard, the
Nexus (charcoal-food-water) does provide an interesting and
potential useful conceptual support an integrated analysis of
resource management linking data research to policy-making.
The relevance of this analysis for policy-making is clear when
it is realized that over 70% of the population relies exclusively
on charcoal and firewood, extreme climate disasters (e.g., floods,
droughts) are common and still there is no real law enforcement
on the subject.

However, nexus approaches seem to drive on normative and
prescriptive political agendas based on technical knowledge and,
surprisingly, there is no Nexus analysis focused on CES. Likewise,
there are no comparative study between a Nexus analysis and any
other systems approach for the some purpose. To bridge this gap,
a Nexus analysis was made for Mozambique based on relevant
existing studies. For comparison purposes, a participatory
bioenergy systems conceptual design tool developed by the
author, the 2MBio, was adapted to perform the same kind of
analysis on the CES defined for Mabalane, a major charcoal
production area in South Mozambique. Nexus approach failed
to identify relevant links with ecology and livelihoods culture and
social dynamics. In particular, Nexus was blind to the inequalities
in rural areas, to the effect of dry climate and soil on the biology
of trees and how these links affected the legitimacy of charcoal
makers under present legal framework. Thus, overly focused on
three systems the Nexus seems to replicate the problems of the
centralized strategies on a different level.

Recognizing, however, the potential provided by the systems
thinking behind the Nexus to detect interlinkages, synergies
and trade-offs in charcoal problematics, this research proposed
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an integrated approach based on the 2MBio-A. The 2MBio-
A keeps the modular, simple to use, intuitive and visual
structure of the 2MBio to promote a non-deterministic, non-
prescriptive and structured dialogue to further analysis and
exploration of the nexus. While charcoal-centric, the 2MBio-A
provides users with the liberty to define the composition of the
nexus, identify and register (i.e., make explicit and available to
discussion) in a participatory way the interactions drivers and
any other useful information to facilitate analysis of the chosen
Nexus. Since the 2MBio provides a structured, comprehensive
platform for analysis, the result is a contextualized, participatory
and comprehensive specification of Nexus analysis. Moreover,
and still relying on the modular structure of the 2MBio,
the 2MBio-A approach provides the possibility to compare
different specifications defined for different contexts, promoting
thus, integration across scales. Furthermore, the 2MBio-A
provides a comprehensive platform for deep analysis, from
which more detailed and formalized Nexus modeling can be
built.

While further work is necessary to implement and test the
2MBio-A in real settings to refine and improve the process.
The integration proposed, acknowledges the relevance of diverse
knowledge, the need to align policy with reality, the existence of
multiple uncertainties and, the fact that resource management
is a political process, to present an approach that supports
participation, dialogue, openness while providing a structured
but non-normative platform for comparison and integration
across scales.
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In the tropics, livestock grazing usually occurs simultaneously with charcoal production,

yet empirical understanding of the combined activities remains poor, especially in

terms of their effects on hydrological functions. Given predicted growth in both

charcoal and beef production in Sub-Sahara Africa, South East Asia, and Central

and South America, understanding the potential effects of maintaining this dual

production system on local and landscape level hydrological dynamics is paramount

for ensuring long-term ecosystem sustainability. Based on a synthesis of existing

literature, we propose a theoretical and conceptual framework for analyzing the interlinks

between charcoal, livestock, and hydrological processes where they co-exist. As

a silo approach, we first analyze the isolated effects of charcoal production and

livestock on hydrological processes before exploring their combined effects (systemic

approach). Given the scarcity of studies that explicitly address the influence of

traditional small-scale charcoal production on hydrological processes, we base our

findings on existing knowledge about deforestation, forest fire and grazing impacts on

hydrology. We find that exclusion of the effects of companion activities and omission

of information on the intensity of biomass harvesting (i.e., pruning branches, selective

harvest, clear cutting, uprooting tree stumps) can lead to over-attributing changes

in hydrological processes to charcoal, thus exaggerating the effects on ecosystems

which might lead to inappropriate interventions. We also find that, in the case of

livestock keeping, impacts on hydrological processes are highly dependent on grazing

intensity, with low intensity grazing possibly having negligible or even positive effects

on forest regrowth and thereby restoration of hydrological processes. Thus, the

charcoal-livestock-water nexus may have a wide range of outcomes for hydrological

processes from negligible to highly profound effects, depending on key decisions in

management and practice. To test these findings, however, field studies are needed that

explicitly treat the combined effects of different biomass harvesting practices and grazing
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intensities on hydrological processes across different scales. Albeit conceptual at this

stage, we believe that our approach is a necessary first step in the process of diagnosing

potential shortcomings of past approaches for studying charcoal production systems and

developing new understanding of this three-way nexus.

Keywords: biomass energy, charcoal, ecohydrology, grazing, nexus

INTRODUCTION

One third (2.4 billion) of global population depends on
traditional woodfuels (charcoal and firewood) for most of
their cooking and heating requirements (FAO, 2017). For 29
countries primarily in sub-Saharan Africa (SSA), woodfuel
constitutes more than 50% of total national energy supply (FAO,
2014). It is estimated that worldwide, approximately half of
the wood extracted from forests is used as woodfuel, 17% of
which is converted to charcoal (FAO, 2017). Forests are central
for regulating local, regional, and global hydrological cycles
(Bradshaw et al., 2007). In woodfuel-dependent nations, over-
extraction of woody biomass to supply the energy sector can
jeopardize the status of forests and their ability to fulfill their
regulatory functions (Bazilian et al., 2011).

The water-energy-food (WEF) nexus is usually presented as
the point of interaction of the three resources with a tradeoff often
implied between two or all components (Bazilian et al., 2011;
Hoff, 2011; Endo et al., 2017). Typically, the energy component
depicted in descriptions of this nexus is electrical, sourced either
from hydropower, nuclear, petroleum or from biofuels derived
from crops. The obvious tradeoff, in these examples, tends to be
about securing sufficient water for energy production when it is
also needed to produce food. In the case of traditional charcoal
production, as is conducted by millions of small-scale producers
in SSA, Central and South America, the Caribbean and South
East Asia, natural forests and shrublands supply most of the
biomass (FAO, 2017). In this context, the water-energy link is
ecohydrological with the central question being: Does charcoal
production negatively impact local and regional hydrological
dynamics?

Most tropical landscapes are managed for multiple co-
occurring activities (DeFries and Rosenzweig, 2010) whose
combined effects on system-level functioning are insufficiently
understood (Uriarte et al., 2011). Charcoal producing landscapes
are no exception. Cattle, goats, sheep, donkeys and horses are
often released in the forests and woodlands where charcoal
is made to graze and forage on grass, shrubs, trees, and
coppicing stumps. Livestock grazing in the form of pastoral,
agro-pastoral and silvopastoral systems supplies 24% of global
meat production; 50% of global beef is produced in developing
countries under such grazing systems. Nevertheless, a recent
global review of the current state of research of the WEF
nexus identified 37 projects that addressed two or more
nexus components (Endo et al., 2017). Of these, 23 addressed
energy and food; none, however, addressed traditional woodfuel
(charcoal and firewood) production systems. In the same review,
25 research projects addressed the combination of food and water
(with and without energy), but only one addressed meat and

dairy production as the food component, with the focus being
on crop production for livestock. Global demand for livestock is
expected to increase substantially in the coming decades (Herrero
et al., 2009) yet, grazing is virtually absent from nexus research.

Multiple interaction effects invoked by co-occurring activities
may be imperceptible if each activity is studies in isolation
(Hoff, 2011). We are not aware of published studies that have
specifically looked at the ecohydrological effects of charcoal
production. Studies do exist, however, on the effects of grazing
in forests on hydrological functions. Along with studies on
the effects of deforestation, forest degradation, and wildfires on
watershed function, they lay the groundwork for developing
a conceptual understanding of how charcoal production and
livestock might affect site- to watershed-level hydrological
processes and functions. To do this, we first describe the charcoal
production and the extensive livestock system individually. We
follow this with an analysis of how each land use activity—in
isolation—influences hydrological processes (the silo approach),
before we explore the effects of their co-occurrence (systemic
approach). Albeit conceptual at this stage, we believe that our
approach is a necessary first step in the process of developing
systemic understanding of charcoal production systems that
takes into account co-occurring activities. It is also useful in
identifying information and knowledge gaps for addressing
integrated landscape management challenges in the tropics. By
illustrating the added value gained from exploring system-level
interaction dynamics, we hope that our paper encourages other
researchers and practitioners to conduct similar exercises in their
own study areas.

CHARCOAL PRODUCTION

Despite transitions to cleaner and more fuels such as gas and
electricity, charcoal is still a highly significant source of energy
for many urban and peri-urban households in sub-Saharan
Africa (SSA), South-east Asia and Latin America (Picos and
Valero, 2009; FAO, 2017). Affordability and cultural preference
for charcoal, compounded by high rates of population growth
and urbanization in these regions suggest that, for the next three
to five decades, demand will continue to grow before it begins to
drop (FAO, 2017; Santos et al., 2017). Since charcoal is mostly
sourced from natural forests (Chidumayo and Gumbo, 2013;
FAO, 2017), meeting this growing demand is already posing
challenges for the energy, forestry, and environmental sectors in
the tropics.

Charcoal production can have severe consequences for
ecosystems and ecological processes. Biomass removal and
biomass burning can result in habitat depletion and associated
biodiversity loss (Ferraro et al., 2011; Fontodji et al., 2011; Sodhi

Frontiers in Environmental Science | www.frontiersin.org 2 September 2018 | Volume 6 | Article 99108

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Mwampamba et al. Hydrological Effects of a Charcoal-Livestock Production System

et al., 2011; Specht et al., 2015), contributing to greenhouse gas
(GHG) emissions (Pennise et al., 2001; Bailis, 2009; Bailis et al.,
2015) and reduction of carbon storage and sequestration capacity
of terrestrial forest biomes (Mwampamba, 2007; Chidumayo
and Gumbo, 2013). At the kiln site, where the biomass is
converted to charcoal, long-term and seemingly non-reversable
effects on soil biodiversity and soil physicochemical properties
have been reported (Oguntunde et al., 2008; Fontodji et al.,
2009; Nigussie and Kissi, 2011). These and earlier studies on
charcoal contributed to setting the tone of international policies
and interventions for tropical forests, and national forest and
energy policies: that charcoal production is environmentally
unsustainable; it should be curtailed; cleaner fuels must be sought
(Mwampamba et al., 2013; Zulu and Richardson, 2013; Doggart
and Meshack, 2017).

In the past decade, increased accessibility and quality
of satellite imagery have drastically improved current
understanding of charcoal production systems, prompting
renewed interest in assessing the broader effects of charcoal
production on forests and ecosystems (Ahrends et al., 2010;
Ghilardi et al., 2016; Sedano et al., 2016; Bailis et al., 2017).
Importantly, newer studies distinguish two dominant pathways
through which charcoal in the tropics is produced. In the first
pathway, forests are managed specifically to produce charcoal,
making it the primary objective of the management system.
Under this pathway, felled areas are left to regenerate, and a
rotational cycle is maintained, albeit a seemingly arbitrary cycle
in cases where informal forest management prevails (FAO,
2017). In the second pathway, trees are harvested for other land
use objectives such as to produce timber or to clear new land
for agriculture. In this pathway, charcoal making is a by-product
that makes use of woody residues unsuitable for timber or
fallen and uprooted trees that hinder agricultural activities.
While forest degradation (in terms of species richness, genetic
and structural diversity, and biomass density) tends to be the
most likely outcome in the first pathway, complete forest loss
(deforestation) is more probable in the second.

Seldom do studies on charcoal production specify which of
these two pathways prevails in their study areas, making it
difficult to discern which process is more prominent globally
and regionally. Nevertheless, attributing forest degradation
rather than deforestation to charcoal production has probably
contributed to fundamental shifts in attitudes toward charcoal
(and woodfuels) by policymakers and the donor community.
This is especially that case in SSA, where there has been a
visible upsurge in recent years in government and donor funded
interventions aimed at producing charcoal more sustainably, a
complete turnaround from previous prohibition and elimination
interventions. Examples include the Swiss government support
for a charcoal project in Tanzania (2014), German government
support to wood charcoal industry in Namibia (2017), FAO’s
publication of how to green the charcoal value chain (FAO,
2017), and The Nature Conservancy’s request for a study on the
economics, policy and investment opportunities for sustainable
charcoal in East Africa (2017). However, due to shortcomings
in existing research, these new projects—which will apply state
of the art knowledge of charcoal production systems—could
encounter critical implementation challenges.

As research approaches have become more systemic and
interdisciplinary, it is becoming increasingly obvious that
charcoal production studies have made two important omissions
about production systems in the tropics. First, that charcoal is
rarely the only activity occurring on the land on which it is
produced. Anecdotal evidence from researchers and practitioners
working in charcoal production systems often cite timber
harvesting, grazing, hunting, and collection of medicinal plants,
wild foods and firewood as typical activities co-occurring in the
same physical space and at the same time as charcoal is being
produced (Eckholm et al., 1984; Maass et al., 2005; Mwampamba,
2009; Randriamalala et al., 2016; Woollen et al., 2016; Castillo-
Hernández, 2017). Few of these studies, however, explicitly
quantify the effects of these co-occurring activities on ecosystems.
This makes the specific impact of charcoal making on forests
and forest processes a challenge to single out and easy to over or
underestimate. Secondly, the forests and woodlands from which
charcoal is derived have a regulating role in local and regional
hydrological dynamics in addition to the carbon cycle regulation
that is more often emphasized.

Where Charcoal Meets Livestock
Among companion activities, livestock keeping is probably the
most common, occurring virtually everywhere that charcoal is
produced, from goat grazing inMadagascar (Randriamalala et al.,
2016) to cattle in Kenya (Owen, 2013), Ethiopia (Gezahegn,
2018), Mexico (Castillo-Hernández, 2017), and Argentina (Abril
and Bucher, 1999; Clark et al., 2010). In fact, some landowners in
the tropics consider grazing an ideal complementary activity for
charcoal production and vice versa. They actively prune (Owen,
2013) or selectively cut (Castillo-Hernández, 2017) trees to
maintain desirable levels of pasture while converting the resultant
biomass into charcoal. Alternatively, they incorporate livestock
into forests and woodlands to keep grasses low to prevent the
spread of wildfires (Castillo-Hernández, 2017). Due to complex
process interactions it is likely that charcoal and livestock
production co-occurring in an area will affect hydrological
dynamics distinctly different than if each activity were occurring
separately. At the very least, current understanding of charcoal
production effects on vegetation and soils in the tropics would
need to be reassessed in light of the possible effects that livestock
may also be having on the system. Similarly, studies of livestock
impact on vegetation that omitted the co-occurrence of charcoal
in management systems would probably have misinterpreted the
effects. Failure to address some of these inherent complexities of
charcoal production systems may partially explain a history of
frustrations with policy interventions in the sector, particularly
in SSA (Mwampamba et al., 2013; Zulu and Richardson, 2013;
Doggart and Meshack, 2017).

Studies that explicitly recognize land use activities that co-
occur with charcoal making or which document, measure, and
explore their singular and combined effects are few and only just
emerging (e.g., Randriamalala et al., 2016; Woollen et al., 2016;
Castillo-Hernández, 2017). Where companion activities exist,
pinpointing the singular effects of charcoal is complicated by the
fact that other activities exert their own effects on ecosystems by
interacting directly with the vegetation and with the substrate on
which vegetation depends. Livestock, for example, could affect
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woody biomass supply for charcoal by enhancing or inhibiting
biomass recovery processes, such as natural regeneration. A silo
approach to understanding the effects of livestock or charcoal
ignores the multiple interactions taking place between vegetation
and livestock, between livestock and charcoal production, and
between charcoal production and vegetation. It also excludes
the effects of these interactions on other higher-level ecological
processes such as regulation of the carbon and hydrological
cycles.

Incorporating companion activities to the charcoal
production system drastically changes how charcoal effects
are understood and how charcoal as a “problem” can be
addressed through policy and practice. Indeed, doing so changes
the charcoal issue from a seemingly tame or relatively simple
problem to an “extraordinarily complex” or “wicked” one (Lach
et al., 2005). Or, one that has “multiple and conflicting criteria for
defining solutions,” whose “solutions create problems for others,”
and where “no rules exist for determining when problems can
be said to be solved” (Rittel and Webber, 1973). Given the rise
in recent years of meat production in the tropics to meet global
shifts toward higher meat consumption (McAlpine et al., 2009;
Henchion et al., 2014; Lobato et al., 2014), where livestock
keeping coincides with charcoal, an integrated understanding of
their combined effects would ensure that adequate policies and
practices are developed.

The Water Dimension
Known feedbacks exist between vegetation and hydrological
processes (Ludwig et al., 2005; Dekker et al., 2007; Asbjornsen
et al., 2011) that are affected by biomass removal, a fundamental
feature in charcoal production. The absence of hydrological
studies in charcoal production systems is particularly relevant
and oddly surprising given the tendency for charcoal making
to occur in water-limited ecosystems. Tropical dry forests and
woodlands (e.g.,Miombo andMopane woodlands in SSA and the
sahel woodlands of W Africa), tropical savannas (e.g., the cerrado
ecosystems of Brazil), and tropical shrublands (e.g., chacos in
Argentina,matorral inMexico) provide most of the biomass used
to produce charcoal (FAO, 2017). If charcoal production affects
hydrological processes, compounded effects would be expected
in these water-stressed ecosystems where changes in hydrological
processes could have cascading and disproportional effects on
overall system resilience.

The Charcoal-Livestock—Water-Nexus
Omitting these two attributes of typical tropical charcoal
production, i.e., the co-occurrence with companion activities and
the feedbacks with hydrology, systems puts “sustainable” charcoal
projects at risk of being fundamentally flawed in terms of their
ecological understanding of system-wide responses to charcoal
production. Additionally, implementation barriers may arise due
to conflicts between land users who have not been adequately
acknowledged.

Thus, the confluence of charcoal, livestock keeping, and
hydrological processes presents an intriguing and unexplored
nexus that urgently needs unraveling. Here, we provide a
theoretical and conceptual framework for analyzing the interlinks

between charcoal, livestock, and hydrological processes where
they co-occur.

THEORETICAL UNDERPINNING OF
INTERACTIONS BETWEEN VEGETATION
AND HYDROLOGICAL PROCESSES

There is long-term recognition by both hydrologists and
ecologists of the importance of vegetation (and forests
in particular) in modulating key hydrological processes
(Asbjornsen et al., 2011; Henchion et al., 2014). From
reducing the direct impact of precipitation on bare surfaces
to determining infiltration into soils, vegetation (along with
climatic, geographical and geological factors) determines the
amount of water available in the landscape to replenish surface
and underground reservoirs (Ludwig et al., 2005). Nevertheless,
studies that explore interlinks between vegetation and hydrology
in charcoal production systems are virtually nonexistent.

Four stages in the charcoal production cycle are likely to be
the most relevant for hydrological processes (Figure 1). These
stages represent key changes in vegetation and soil properties
that, given what is understood of vegetation-water dynamics,
should influence hydrological processes. The mature forest phase
consisting of trees forming a closed or partially closed canopy
represents the natural forest type in the area and its main
characteristics in terms of tree size and shape, tree density, and
tree species composition. Depending on forest type, a mix of
sapling trees, shrubs, herbs, and grass would be expected in the
understory vegetation.

The biomass harvesting phase captures key elements about
how the vegetation is removed, specifically, whether biomass is
obtained from felling entire trees, pruning branches, or from
thinning sprouts and suckers. It also outlines whether clear
felling (i.e., all trees are felled regardless of size and/or species)
or selective harvesting (only specific species of specific size
are felled) is practiced. In most forests or woodlands managed
for charcoal production, 50–90% of standing trees are felled
(Chidumayo, 1991; Chidumayo and Gumbo, 2013). Removing
>10% of forest cover is technically deforestation (FAO, 2010).
The biomass harvesting stage also clarifies whether uprooting is
involved. As outlined earlier, uprooting would indicate that other
land usemotives are at play (e.g., agricultural expansion) in which
charcoal making would be a by-product (pathway one).

The biomass recovery phase is a period lasting 9–30 years
(FAO, 2017) and is generally characterized by resprouting (or
coppicing) of tree stumps and gradual recovery of aboveground
vegetation toward mature forest status. Coppicing is a widely
recognized functional trait of tropical forest tree species and the
primarymechanism throughwhich they regenerate (Murphy and
Lugo, 1986;McLaren andMcDonald, 2003). It is also a key shared
worldwide characteristic of trees preferred for charcoal making
(Chidumayo and Gumbo, 2013; FAO, 2017).

Finally, a parallel recovery process takes place on abandoned
kiln sites. Kiln sites are areas where biomass was stacked,
insulated, and ignited to convert it to charcoal. The site
represents an area that has experienced extreme heat (>400◦C)
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FIGURE 1 | Key stages in a typical traditional system in which forests or woodland are managed for (among other things) charcoal production. Clockwise from upper

left corner: Wood is harvested from mature forests, different sized logs are stacked above or below-ground to form a rectangular or conical kiln that is insulated with

locally available material such as, grass and earth. Once lit, the process of carbonization converts the wood to charcoal which is subsequently packed into sacks that

are sold to intermediaries. With time (>20 years), the kiln site recovers some vegetation. In felled areas, tree stumps coppice in 2–4 weeks to initiate the biomass

recovery period which lasts from 8 to 30 years before the cycle is repeated. Livestock are typically an integral part of this system, present in all or only some of the

stages. Photos courtesy of THM.

for 5–21 days and sometimes more (FAO, 2017). It can take on a
rectangular or circular shape typically occupying a surface area
of 20–100 m2. In traditional charcoal production systems, the
kiln site moves in response to biomass availability (FAO, 2017).
Depending on numerous factors, among which are tree density
of desired species, ability, and willingness to move logs to kiln
site, and ease of finding ideal conditions for locating kilns, several
(dozens, scores) kiln sites might be concentrated in a given area
or dispersed across a larger surface. Generally, the total kiln site
surface area tends to be about 5% of the total harvested area,
but this varies considerably across forest types and other factors
(Chidumayo and Gumbo, 2013). Some kiln sites are reused in
subsequent harvest cycles (Voorhoeve, 2017), but more often
than not, new sites are developed with each harvesting cycle.

For the purpose of our analysis, we grouped hydrological
processes into four main groups based on the impact of processes
on different components of the water balance (Figure 2): (i)
aboveground rainfall distribution (interception, stemflow, and
throughfall); (ii) distribution of infiltration and water storage in
the soil (i.e., the water that remains in the local environment
and is available for vegetation recovery); (iii) evapotranspiration
(i.e., the sum of water that is released from the soil surface and
vegetation into the atmosphere), and; (iv) runoff and percolation
to groundwater (i.e., water which is lost from the topsoil and is no
longer available for evapotranspiration). Granted, this is a gross

simplification of the systems, since all these processes are highly
interlinked and dependent on one another.

Silo Approach I: The Potential Effects of
Charcoal Production on Hydrological
Processes
Review of Hydrological Processes in a Mature Forest
In mature forests, trees affect how water (i.e., rainfall) is
distributed to the forest floor, how it infiltrates into the soil,
and how it moves as surface runoff or subsurface flow to
catchment-scale discharge. Worldwide, the influence of forests
on hydrological processes is variable because they are contingent
on geological properties and river network topography on the
one hand, and on forest type, forest age, and climatic conditions
on the other (Zhang et al., 2001; Bonell and Bruijnzeel, 2005;
Levia et al., 2011). In mature forests, the “double funneling effect”
of trees plays a fundamental role for the distribution of rainfall
to evaporation, infiltration, and surface runoff (Johnson and
Lehmann, 2006). The first funneling effect refers to aboveground
distribution of rainfall by tree canopies. Forest canopies can
intercept a relatively large proportion of precipitation, 10–50% of
season-long or annual rainfall (Carlyle-Moses and Gash, 2011).
The remaining rainfall makes its way to the forest floor, either as
throughfall or along stems and branches (Llorens and Domingo,
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FIGURE 2 | Hydrological processes most relevant for exploring the effects of charcoal production and livestock on hydrological functioning. Illustration by THM.

2007). The degree of funneling by trees depends strongly on the
tree species (Llorens and Domingo, 2007; Návar, 2011), canopy
architecture (Bialkowski and Buttle, 2015), stand density and
forest age and can range from negligible funneling ratios for some
species to extreme funneling ratios for others (Levia et al., 2010;
Zou et al., 2015).

The second funneling effect refers to the impact of tree root
systems on belowground distribution of water. In the vicinity of
tree roots, enhanced soil fauna abundance and activity in the root
system increases soil macroporosity (Lozano-Parra et al., 2016),
which can lead to very high infiltration capacity near tree stems.
Indeed, due to this second funneling effect, infiltration rates are
observed to decrease exponentially with increasing distance from
tree stems (Pressland, 1976). The high overall infiltration capacity
of mature forests ensures that most of the rain that reaches the
forest floor percolates into the soil, thus contributing to soil
moisture and groundwater recharge (Návar, 2011) and making
surface runoff or erosion highly unlikely (Bonell and Bruijnzeel,
2005; Farrick and Branfireun, 2014).

In forests, the water which is intercepted by the vegetation
as well as a large part of the infiltrated water is used for
evapotranspiration. Generally, evapotranspiration from forests
is higher than from other vegetation types (Bosch and Hewlett,
1982) and this difference increases with increasing annual
precipitation (Zhang et al., 2001). In dryland forests, such as the
Miombo and sahel woodlands from which most charcoal in SSA
originates, the absolute difference between evapotranspiration
in forests and other vegetation types is not that high, however,
in such water-limited ecosystems even small differences in the
water balance are important (Zhang et al., 2017). Forests can
also affect the temporal dynamics of evapotranspiration. Forest
evapotranspiration can remain higher than that of shrubs or
grasses during warm and dry spells because the forest root
systems can obtain water from deeper soil layers (Lozano-Parra
et al., 2016). Through this mechanism, forests can have a positive

effect on the feedback between soil moisture and precipitation,
even during warm and dry spells (Bonan, 2008).

Catchment-scale discharge from mature forests is usually
produced mainly by subsurface runoff to streams (rather than
surface runoff, see Farrick and Branfireun, 2014), either through
rapid subsurface stormflow or slower groundwater flow (Dias
et al., 2015). At the watershed scale, this ensures slower and more
continuous discharge from forested areas, a stark contrast to the
fast discharge with larger amplitudes associated with croplands
(Dias et al., 2015). It is through this ability to regulate flow that
forests can provide important flood protection during heavy local
rainfall events in summertime (Bradshaw et al., 2007).

Effects of Biomass Harvest on Hydrological

Processes
In the following paragraphs we summarize the effects of
deforestation on hydrological dynamics. As mentioned in the
introduction this is one prevalent pathway for producing
charcoal in parts of the tropics, including in Brazil (Swami
et al., 2009) and parts of Tanzania (Beukering et al., 2007),
where the primary motivation however is agricultural expansion.
Deforestation studies can be misleading if applied to the
first pathway of charcoal production in which other biomass
harvesting methods are used and tree stumps are left intact to
regenerate. In the absence of research that has investigated the
hydrological effects of biomass harvesting methods in forests or
woodlandmaintained for charcoal making (by pruning branches,
selective felling or clear cutting), we can only hypothesize that
significant discrepancies can be expected in the influence of
the different harvesting methods on the hydrological processes.
Thus, we provide a description of how hydrological processes
might vary theoretically if charcoal were bring produced under
the different pathways.

Whether clearcut or selective harvest is undertaken, the
biggest impact that tree removal has is to alter rainfall
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distribution to the different water balance components through
the removal of the double funneling effect of trees. Due
to vegetation removal, rainfall is distributed homogeneously
on the soil surface and lands on the soil surface with
more force (Levia and Frost, 2003), which may increase
the susceptibility of soil to erosion. Additionally, vegetation
removal changes the infiltration capacity of soils, which in turn
influences water distribution to infiltration or runoff processes
(Johnson and Lehmann, 2006). When biomass removal occurs,
and especially when it includes uprooting of trees, the soil
structure—including its macroporosity—is destroyed, resulting
in increased surface runoff. Destruction of the macroporosity
effect, in fact, explains the oft-reported erosion effects of
deforestation (Bosch and Hewlett, 1982; Bruijnzeel, 2004).
Under a scenario of pathway one charcoal production, the first
funneling effect of vegetation removal could be minimal (in
low intensity pruning) or very similar to that of deforestation
(in clear cut). But because roots are maintained in pathway
one production, the soil structure per se remains undisturbed
even if the direct impact of raindrops intensifies. The second
funneling effect, therefore, might be minimally affected (and
could even stay intact, in some cases) compared to the
deforestation scenario, thus only minimally influencing the mean
infiltration.

Apart from changes in mean annual runoff sums, runoff
dynamics also change to much faster flow rates during and
shortly after rainfall events after vegetation removal (Ward
et al., 2007). This is most evident in clearcutting for agriculture.
Conversion of forest to soy bean agriculture, for example,
resulted in a strong increase in both the total discharge and
the amplitude in discharge (Dias et al., 2015), meaning more
extreme high and low flows. Similarly, a review on the effects
of deforestation on catchment scale discharge in East Africa
found that total discharge increased as did the peaks of discharge;
however decrease in low flows was only significant in 31–35% of
the studied catchments (Guzha et al., 2018). Under pathway one
production, changes to runoff dynamics would be substantially
lower not only due to maintenance of intact root systems, but
also because the litter layer and undergrowth vegetation generally
remains intact (albeit trampled) and would buffer soils from the
intensified power of raindrops arriving on the soil surface. The
exceptions could be on steep slopes or with recent fire events
that removed the buffer effect of undergrowth vegetation and
litter.

In addition to infiltration, evapotranspiration volumes and
dynamics can also be (temporarily) affected by tree removal
for charcoal production. Trees draw water from deeper layers
than shrubs and grasses do, which generally contain more
shallow roots and have limited access to deeper sources of
soil moisture in dry months (Lozano-Parra et al., 2016).
Consequently, tree transpiration can continue for a longer
period than transpiration of undergrowth vegetation. In addition
to more homogeneous rainfall distribution due to vegetation
removal, the absence of branches and leaves to intercept the
rain removes shade. Its removal would enhance undergrowth,
intensify undergrowth evapotranspiration of the undergrowth
and quicken the drying of the top soil layer. Thus, biomass

harvesting not only results in an absolute change in the
water balance components, it mainly also affects the temporal
dynamics of hydrological processes. Depending on the scale
of land use change in the area, this local vegetation-soil
moisture interaction may lead to a macro scale feedback (Dekker
et al., 2007; Seneviratne and Stöckli, 2008), whereby large-
scale deforestation influences temperature and precipitation
regimes of the region (Chambers and Artaxo, 2017), small scale
changes however are too small to influence rainfall patterns
(D’Almeida et al., 2007). Due to the complex nature of forest-
atmosphere feedbacks and the influence of patch size, a general
conclusion on the influence of forest removal on local climate
conditions cannot be made (Bonan, 2008; Chambers and Artaxo,
2017).

Thinning and selective logging of up to 70% has been
shown to have a modest effect on rainfall partitioning and
an even smaller effect on soil water and streamflow (probably
due to the increased vigor of remaining vegetation) (Bruijnzeel,
2006). Hence, as long as the biomass harvesting method
ensures that the soil structure remains intact for the most
part, the direct influence of biomass harvesting for charcoal on
infiltration is expected to be negligible. This example highlights
the importance of studying the specific effects of different
biomass harvesting procedures on hydrological processes. In a
deforestation scenario, we can deduce from the literature, that
infiltration and evapotranspiration strongly decrease, and surface
runoff increases after deforestation (Bosch and Hewlett, 1982),
especially if there is a complete change of land use to agriculture
(crop) or pasture (Alegre and Cassel, 1996).

Hydrological Processes During Biomass Recovery
In a scenario in which forests are cleared for agriculture at
large scales, the resulting changes in temporal dynamics of
evapotranspiration and runoff as well as influence on the
climate would remain. Under pathway one production, which is
generally small scale and temporary, with rapid regrowth of the
coppices, the influence of harvesting on the yearly sums as well
as temporal dynamics of the different water balance components
might be minimal and rapidly restore to pre-harvesting values.

Biomass recovery begins immediately after biomass harvest
and lasts 9–30 years (FAO, 2017). During this period, infiltration,
runoff and evapotranspiration can recover to their initial states
(Hassler et al., 2011), although the time to recovery may
vary depending on the severity of deforestation, the type of
alternative land use (Colón and Lugo, 2006), soil properties
(D’Almeida et al., 2007; Hassler et al., 2011), and local climatic
conditions (Aide et al., 1996; Chazdon, 2003). After a clear-cut,
fine scale biological responses in roots are key to determining
vegetation recovery. The fine-root biomass of recovering trunks,
for example, undergo three key phases during recovery: a rapid
increase up to amaximumof fine-root biomass; a decrease during
maturation of the stand; and a steady-state in mature stands
(Claus and George, 2005). The hydrological implications of this is
that water use by vegetation changes dramatically with stand age
(Vertessy et al., 2001). Resprouting tree trunks demand the most
water in the early stages of vegetation recovery and during forest
maturation, but this demand decreases and then stays relatively
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steady in mature stands (Figure 3). Importantly, water that is
taken up undergoes evapotranspiration and is unavailable for
discharge from the catchment.

As the vegetation changes from stumps to bushy shrubs to
high canopy trees, raindrop impact on soil surfaces becomes less
forceful with increasing vegetation cover and rainfall distribution
to surface layers diversifies to once again include stemflow and
throughfall (Figure 2). A decrease in surface temperature and
increase in humidity under the canopy due to increased shade
from regrowth reduces direct soil water evaporation (Negrete-
Yankelevich et al., 2007). Consequently, soil moisture patterns
feedback to affect vegetation dynamics through their effects on
plant establishment and growth (Breshears and Barnes, 1999),
competitive interactions and successional processes (Booth et al.,
2003; Asbjornsen et al., 2004).

Hydrological Dynamics at Kiln Sites and Surrounding

Area
Studies of the influence of fire on hydrological processes may
help deduce what occurs at kiln sites. After fires, runoff and
erosion increase strongly, but then slowly decrease in the
following years if revegetation of sites occurs (Cerdá and
Doerr, 2005). The increase in runoff and erosion is not only
due to vegetation removal, but also often attributed to a
hydrophobicity of the top soil caused by the fire (Doerr et al.,
2000). Additionally, under severe fires (such as can be expected
at kiln sites) the soil structure (macroporosity) is destroyed as
is the soil fauna, which is responsible for building a large part
of soil structure (Certini, 2005). Whether or not soil infiltration
recovers and runoff and soil erosion decrease to pre-fire states
depends mainly on whether revegetation happens at kiln sites
(Cerdá and Doerr, 2005). Revegetation of kiln sites, however,
is an understudied phenomenon, with contradicting findings.
While some studies report little to no vegetation recovery of
abandoned kiln sites (Boutette and Karch, 1984; Chidumayo
and Gumbo, 2013), others show that revegetation occurs,
although sites have distinct characteristics (soil properties,
species composition) from surrounding areas, even hundreds of
years after abandonment), at least in temperate regions (Nelle,
2003; Carrari et al., 2016).

After vegetation regrowth, infiltration capacity may recover
rapidly and surpass that of pre-burn levels. Studies conducted
specifically on the impact of charcoal kilns on soil properties
often report soils under kilns to have lower bulk density, higher
porosity and higher saturated conductivity (Oguntunde et al.,
2008; Nigussie and Kissi, 2011; Wahabu et al., 2015). This higher
conductivity contradicts the decreased infiltration (and therefore
increased runoff) mentioned earlier and reported by studies on
natural forest fires. It is possible that the effects on hydrology,
such as water repellency, which is detected in post-fire landscapes
diminishes over time. As soil structure is reconstructed and even
improved, compared to pre-fire conditions, this can be followed
by soil development in the opposite direction (high porosity).
These mechanisms could help explain the apparent contradiction
between the effects of fire and what has been recorded for kiln
sites. Improved soil conditions at kiln sites is an oft-reported
phenomenon associated with increased biodiversity (Carrari

et al., 2016) and more lush vegetation on long abandoned kiln
sites (Glaser et al., 2002; Oguntunde et al., 2004).

Kiln sites are often discussed as the area where biomass was
burned, but they do, in fact, represent a larger impacted surface
area. Removal of trees, undergrowth and grass to develop the
kiln site exposes soils. In sloped areas, sometimes the ground is
leveled by cutting into the slope. Additionally, the earth used to
insulate the kiln is obtained from the periphery of the cleared
site or at close proximity (<15m). This generates ditches and
piles of lose soil. These practices imply that the most notable
impact of kilns on hydrological processes in probably through
the redistribution of rainfall to the soil surface. The bare ground
becomes susceptible to the direct impact of raindrops, which
increases runoff and exposes soils to erosion effects (Chidumayo
and Gumbo, 2013). Runoff at kiln sites is exacerbated by
the added fact that, in the area surrounding the kilns, the
cleared woodland also modifies rainfall partitioning as described
above (Levia and Frost, 2003) affecting water infiltration into
the soil (Hamilton and King, 1983) and thereby, modifying
evapotranspiration and runoff more generally (Chidumayo and
Gumbo, 2013).

The ditches and gaping holes from which soil was extracted
to build the kiln are a kiln-related feature that is virtually,
understudied. These holes are, in fact, shallow troughs in
which water can accumulate after a rainfall event to percolate
into surface layers and affect vegetation dynamics downslope.
Whether effective or not, ditches (200 cm long × 50 cm wide ×
50 cm deep) are often intentionally dug out in forest restoration
sites in Mexico with the belief that they conserve soils and
improve soil moisture (SAGARPA, 2009; Perevochtchikova et al.,
2012). Research is needed to understand the significance of
kiln-derived ditches to ecohydrological processes in charcoal
production systems.

Silo Approach II: The Effects of Livestock
on Hydrological Processes
Cattle can be important agents of geomorphological change
(Trimble andMendel, 1995). Livestock grazing impacts forests in
two principal ways: by altering vegetation cover and through the
mechanical action of their hooves which is compounded by the
weight of the animals (Mwendera and Mohamed Saleem, 1997;
Blanco-Sepúlveda and Nieuwenhuyse, 2011). Studies linking
the impact of grazing on hydrological processes have focused
primarily on the latter, and specifically on the soil compaction
effects on infiltration rates and surface runoff. Research has
shown that, generally, soil compaction increases soil bulk density
and decreases porosity which, in turn, decreases water infiltration
rates and, subsequently, increases surface runoff (Rauzi and
Hanson, 1966; Hanson et al., 1970; Gifford and Hawkins,
1978; Mwendera and Mohamed Saleem, 1997). Although these
processes can affect site-level nutrient cycles, soil moisture
patterns, erosion and sediment yields, downstream water quality,
and on-site productivity (Gifford and Hawkins, 1978), for the
most part, they have been assumed rather thanmeasured directly.

The impact of herbivory and its subsequent effects on other
hydrological processes beyond those of infiltration and erosion is
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FIGURE 3 | Hypothetical comparison of how key hydrological processes would change relative to (A) mature intact forests (far left bars), (B) during each stage of the

production cycle in forests managed solely for charcoal (next five bars), (C) in forests managed only for livestock, and (D) in forests managed for both charcoal and

livestock. Changes in hydrological processes are assessed relative to levels in mature forests (horizontal dotted line) and not relative to each other. Grazing intensity is

assumed to be medium to high.
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understudied. We know even less about the effects of browsing
(foraging on branches and understory shrubs) than those caused
by grazing (consumption of grasses and herbaceous plants). We
can deduce that removal or reduction of herbaceous vegetation
would expose forest soils to the impact of rain events, increase
erosion, reduce the horizon layer and if considered in light
of compaction effects, would make it more difficult for seeds
and saplings to establish. Low-intensity grazing and browsing,
however, avoid many of these impacts (Randriamalala et al.,
2016) and rather, maintain vegetation at a constant state of
recuperation, which on the other hand, may increase water
uptake.

Agro-silvo-pastoral systems can be harmonious and
sustainable if the pressure of the different components are
kept in a good balance, as is the case for the Meditarranean
“Dehesa” landscapes (Schnabel et al., 2009). Surpassing
sustainable grazing intensity levels decreases the recovery rate
of trees and leads to landscape degradation (Schnabel et al.,
2009). Intensive grazing and overgrazing have also been shown
to cause irreversible conversion of forests to shrubland (Murphy
and Lugo, 1986; Eliason and Allen, 1997; Trejo and Dirzo,
2000) and desertification (Geist and Lambin, 2004). Shrublands
imply a drastic change in plant morphology from that of forests,
which also leads to a change in volume and fluctuations in
evapotranspiration (Sun et al., 2016). How this goes on to affect
other hydrological processes remains unclear.

The Systemic Approach: A Three-Way
Nexus Between Charcoal, Livestock, And
Water
The systemic approach requires considering the effects on
hydrological processes when charcoal production co-occurs with
livestock keeping. To do so consists of a three-step process:
understanding charcoal-livestock dynamics and its effects on
soils and vegetation; overlaying those effects on the hydrological
system, and finally, considering how hydrological changes
influence charcoal and livestock processes. Charcoal-livestock
dynamics would exacerbate some hydrological processes or
inhibit them from occurring.

A woodland exposed to charcoal and livestock simultaneously
undergoes removal of forest canopy for charcoal, soil compaction
from the weight of cattle, destruction of the soil structure
from the direct impact of hooves, and vegetation suppression
or over-compensation from browsing and grazing by cattle.
These processes have the largest effect on infiltration rates,
which decrease with biomass removal for charcoal production,
but this drop is exacerbated if soils (in the mature forest)
have experienced the treading stress of livestock or if livestock
are introduced immediately after biomass harvest (Arevalo
et al., 1998; Godsey and Elsenbeer, 2002). Consequently, the
co-occurrence of charcoal production and grazing increases
surface runoff, and thereby, erosion. The repercussion of this
is that areas where both activities occur could have less
water available for vegetation regrowth such that the growth
spurts observed in the early phases of recovery in charcoal-
only systems are suppressed or severely hampered. Compared

to livestock-only systems in which trees are maintained,
most of the rainfall distribution attributes of mature forest
would be conserved making the effects of compaction less
severe.

The direct effects of grazing and browsing on resprouting tree
stumps probably affects vegetation recovery rates and intensity,
and through this, evapotranspiration, subsurface runoff, and
catchment discharge. Browsing of coppicing tree trunks may
keep sprouts from growing beyond a certain size while over-
browsing could altogether stunt the recovery process (Plieninger
et al., 2011). Alternatively, herbivory may cause vegetation to
compensate with intense growth which would increase water
demand. The consistent regrowth of biomass would result in
high evapotranspiration rates and the subsequent decrease and
tapering off of evapotranspiration expected with forest maturity
might not occur. The compacted soils in harvested areas and kiln
sites might also make it difficult for seeds to establish (Pedraza
and Williams-Linera, 2003) as soil erosion would have swept off
the seedbank and the litter and the first horizon layers necessary
for healthy seedling establishment and growth.

DISCUSSION

Despite intuitive interlinks between forests and water, wood-
based energy such as charcoal and firewood are underrepresented
in discussions and research on the food-water-energy nexus.
Similarly, livestock keeping—and in particular grazing in natural
forests—is rarely depicted in the food component of the nexus.
In tropical regions such as SSA, however, and in countries
where large volumes of charcoal are produced, extensive livestock
grazing tends to coincide spatiotemporally with charcoal
production bringing novel dimensions to the nexus, primarily
ecological in nature. The step by step hypothetical exploration
we have conducted in this review of how different hydrological
processes would play out in charcoal-livestock systems provides
a preliminary analysis of the nexus. It facilitates identification of
potential tradeoffs, synergies, and critical knowledge gaps.

We have brought together current understanding of the
ecohydrological effects of deforestation, forest degradation and
livestock to develop a preliminary cognitive model of the
nexus highlighting its components, their interactions, and how
these might vary under different management regimes. This
conceptualization exercise serves several purposes. First it is
used to identify and compare the influence of the two different
pathways of charcoal production on hydrological processes:
aboveground rainfall distribution, infiltration and soil water
storage, evapotranspiration and, runoff and groundwater. It
ecomes very clear here that the influence of the charcoal
production where true deforestation takes place and land use
changes to agriculture has a very large and permanent influence
on the different hydrological processes, however in case of
relatively small scale charcoal production with removal or
thinning of coppices without uprooting trees, the influence on
the hydrological processes is likely much smaller and with proper
consideration of rapid regrowth potential, might be reduced to a
negligible and only short lived local influence.
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The second purpose that our conceptualization serves is to
highlight the stages of the charcoal-livestock system that are
key to understanding the nexus in terms of its hydrological
effects. A typical charcoal value chain of the first pathway
outlines seven to eight stages between the forest where biomass
is sourced and the final charcoal consumer (FAO, 2017). In
such a life cycle approach to understanding charcoal, the
production stages are depicted as two main processes: sourcing
of the biomass and carbonization. If the central question,
however, is “How do charcoal and livestock, together, affect local
and regional hydrology?” more detailed understanding of the
production phase is required, necessitating finer subdivisions of
the production process into four central processes: the forest
before it is cut, the biomass harvesting stage, and the process
of recovery of the stand where biomass was harvested, and
of the kiln site where carbonization took place. This framing
downplays carbonization and focuses instead on the effect it
leaves behind at the kiln site. Consequently, we emphasize the
need for explicit research programs which study the influence
of the different production processes to appreciate their possible
effects on ecohydrological dynamics. By doing so, we provide
a simple and effective starting point for understanding this
nexus and the interactions therein. Such understanding, albeit
preliminary and conceptual at this stage, is necessary for flagging
key issues of the charcoal-livestock system that could lead
to undesired consequences for system-level dynamics. It also
pinpoints knowledge gaps that are worthy of further research.
These are discussed in more detail in the following paragraphs.

At first glance—and with only lay understanding of
ecohydrology—it would seem evident that charcoal production
and livestock keeping, whether occurring independently or
conjointly should impact local hydrological processes negatively
through their effect on vegetation and soil substrate. Our
exercise, however, revealed that a range of impacts are possible,
from negligible to highly profound, depending on several
management characteristics of both land use activities. In the
case of charcoal, the intensity of biomass harvesting is key:
pruning of branches might have imperceptible effects to the
hydrological system while selective harvesting and clear cutting
could alter the system significantly. Our review suggests that as
long as pruning and selective harvesting maintain 30% canopy
cover or more, the effects on rainfall distribution and soil erosion
can be minimal. For this to apply, however, livestock keeping
would need to be maintained at low grazing intensities so that
soils are unexposed. Indeed, the key management criteria for
livestock keeping is grazing intensity. Studies repeatedly show
that, whether it is goats or cattle, low grazing intensities avoid a
cascade of effects on vegetation, hydrological processes and soil
substrates.

The review process highlighted shortcomings in the charcoal
research and literature that require immediate attention. Despite
recognition of the two production pathways of charcoal,
published studies on charcoal rarely describe with sufficient
detail which of these pathways is prevalent in their study sites.
This makes it a challenge to determine which biomass harvest
strategy is practiced (deforestation with uprooting vs. pruning,
selective harvest, and clearcutting with stem maintenance) and

to deduce from existing studies how hydrological dynamics
are affected by charcoal. Assigning a production pathway in
the field or from remote sensing is challenging, however. A
clear-cut forest in which all trees are used to produce charcoal
would, in the short term, display most of the characteristics of
deforestation for agriculture or other land use. To determine the
motivations for forest clearing would require waiting 6 months
to one year to see if tree stumps ultimately regenerate. Even
so, observing regeneration after one year does not “proove”
the original motivations for clear cutting since those could
have changed with time. Furthermore, since livestock can be a
temporary or permanent element of the system, it is possible to
completely miss or overlook their role or to over-attribute their
importance, respectively. Long-term field studies as outlined by
Maass (2017) in this special issue, frequent field visits combined
with time-series analysis of satellite imagery are needed to
pinpoint production pathways and to outline the management
practices at the level required for evaluation of hydrological
implications.

Throughout our undertaking of this analysis we have mainly
focused on local influences of charcoal production and livestock,
trying to understand how processes occurring at the level of
individual trees and surrounding soils scale up to affect site-
level biophysicochemical interactions, and the implications of
all this on catchment discharge. In case we assume a large
homogeneous landscape in which all the land is dedicated to
charcoal production, continuous biomass harvesting for charcoal
would maintain a constant fraction of the patches with trees in a
state of regrowth, consuming large volumes of water and never
reaching the tapering off of evapotranspiration associated with
mature forests (Vertessy et al., 2001). High demand for water by
recovering vegetation might occur at the expense of catchment
recharge. In a scenario whereby charcoal production co-occurs
with high intensity grazing, grazing would exacerbate the effect
on hydrological processes, through higher runoff (due to soil
compaction by animal hooves), low soil water storage and low
evapotranspiration implying a loss in the cooling effect of forests.
It follows from this that, even if trees stumps are maintained
and soil structure remains relatively undisturbed, a catchment
used for charcoal production in co-occurrence with grazing could
alter catchment level hydrological dynamics. The effects would be
substantially more negative if livestock were incorporated at high
intensity grazing.

Projected growth in demand for charcoal and meat indicate
expansion or intensification of existing production systems
in the tropics, including silvopastoral systems such as those
analyzed in this review (Herrero et al., 2009; McAlpine
et al., 2009; Henchion et al., 2014; Lobato et al., 2014).
Specifically, for this system, we can expect biomass harvesting
and grazing to intensify. In the case of charcoal, clear cutting
becomes the dominant form of biomass harvesting as has
already been observed when charcoal demand increases
(e.g., Ahrends et al., 2010; Chidumayo and Gumbo, 2013).
Rotational cycles might also be shortened implying that
mature forest status is never attained. In terms of livestock,
more cattle per unit area is expected and year-round
stocking might become commonplace. This combination
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of factors might acerbate hydrological dynamics and push
previously sustainable systems into unsustainable pathways.
Addressing the research gaps that we have highlighted
throughout this paper would help identify how to avoid
costly tradeoffs.

CONCLUSIONS

Charcoal production and livestock keeping in the tropics have
been demonized by poor understanding of how, precisely,
they affect ecosystems and perhaps even wrongly attributing
their effects on hydrological processes. There are several
pressing environmental challenges facing society today where
ecohydrology can contribute to scientific understanding of
the complex interactions between multiple resources for
developing sound management and policy solutions. By
applying ecohydrological science to this three-way nexus, we
have contributed to improving current understanding of how
charcoal and livestock might—in isolation and conjointly—affect
hydrological dynamics from local to catchment scale. We see that

the degree to which charcoal production influences hydrological
processes depends strongly on what kind of biomass harvesting
method is used and on the scale of harvesting. We recognize that
there are usually many other potential drivers and stressors that
may also affect the charcoal-livestock-water dynamics.
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