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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
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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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