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Abstract

Biochar has been proposed as a technology to mitigate climate change as well as improving soil fertility, energy production, and
organic waste treatment. However, the implementation of such techniques in existing cropping systems requires knowledge
about potential adaptation barriers. These adaptation barriers are only partly dependent on expected benefits but are deeply
embedded in the place-specific settings and livelihood practices of agricultural communities. An integration of adaptation barriers
in the development of biochar system designs has the potential not only to facilitate farmer’s decision but also to enhance
community resilience and reduce their vulnerability. We propose a holistic methodology that considers communities as social-
ecological systems. We applied this approach to agricultural communities in two villages with different cropping systems in
South India. First, we modeled the social-ecological system of each village, based on qualitative interviews with local farmers,
using cognitive mapping. Second, we tested the implementation scenarios of two types of biochar system designs (small-/large-
scale) and a worst-case failure scenario, which were developed by triangulating theoretical information from literature review
with information from qualitative interviews and focus groups. Third, we analyzed the outcome on the resilience and vulnera-
bility of the social-ecological systems to define the place-specific adaptation barriers. We were able to successfully capture for the
first time the adaptation barriers of two communities concerning a biochar system implementation. We could show that sustain-
able biochar system designs not only differ depending on site but also demonstrate particularly the relevance of procedural
processes independent of site, such as maintenance of autonomy, provision of participation in planning, or promotion of farmers’
cooperatives with regional industries. We are certain that this approach could be used for the setting up of future biochar systems
or novel technology in general not only in tropical regions but elsewhere.

Keywords Biochar - Agricultural practices - Implementation - Social-ecological systems - Cognitive maps

1 Introduction lowering their dependence on inorganic fertilizer and water

irrigation and enabling potential additional income sources

Biochar has been proposed as a technology to mitigate climate
change and enhance soil quality, especially for degraded trop-
ical soils (Coomes and Miltner 2017; Glaser et al. 2002;
Jeffery et al. 2017). The implementation of biochar in
cropping systems may also enhance farmers’ livelihoods by
improving their agricultural practices, in particular by
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in the form of carbon credits and local energy production
(Barrow 2012; Lehmann and Joseph 2015).

However, the sustainability of biochar adaptation in
farming-based communities in tropical regions remains ques-
tionable (Barrow 2012; Frausin et al. 2014; Gwenzi et al.
2015; Leach et al. 2012). Criticisms have been voiced, in
particular concerning the heterogeneity of field trial outcomes
(Mukherjee and Lal 2014; Shackley et al. 2011). In general,
the spatial and temporal variabilities of biochar’s effect on
yield is high (Ding et al. 2016; Spokas et al. 2012). In a large
meta-analysis, Crane-Droesch et al. (2013) observed relative
yield changes ranging from about — 35 to + 75% (95% confi-
dence interval) compared to control soils. This effect also
varies with time; biochar’s benefits tend to increase with
cropping seasons, but this trend remains very heterogeneous.
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At the level of field trials, this variability can be related to
soil properties (Ding et al. 2016; Spokas et al. 2012), climate
(Jeffery et al. 2017), biochar characteristics (which depend on
feedstock and temperature of pyrolysis: Camps-Arbestain
et al. 2015; Ding et al. 2016), and application methods (bio-
char particle size, application technique, mixture of biochar
with other soil amendments: Camps-Arbestain et al. 2015).
The biochar research community has so far invested much
effort in developing a classification system for biochar that
enables practitioners to identify the physical requirements
for successful biochar production and application in a specific
place (Camps-Arbestain et al. 2015). When one considers bio-
char incorporated into cropping systems, hereafter termed bio-
char systems, further drivers have to be considered. These
include the availability of feedstock, laborers, and capital;
the fluctuation of market prices; the value and applicability
of the by-products; and acceptance of the technology (Duku
et al. 2011; Sohi et al. 2015). These economic, social, and
cultural variations are as important as to consider physical
requirements for successfully implementing biochar in
cropping systems (Abiven et al. 2014).

Few studies in the biochar literature have considered these
economic, social, and cultural requirements (Gwenzi et al.
2015; Latawiec et al. 2017), and no research study so far has
evaluated the relative relevance of these aspects and whether
and how their place-dependent variation effects a farmer’s
decision to implement a biochar system (Jeffery et al. 2015).
Studies only focusing on economic aspects often conclude
that a farmer’s decision to implement a biochar system is
driven mainly by economic returns (Mekuria et al. 2013).
More holistic approaches to technology implementation in
agriculture have shown that a farmer’s decisions to implement
anew practice is triggered not only by its economic benefit but
also by how easily this new tool can be integrated into an
existing set of livelihood practices (Robert et al. 2016; Tang
et al. 2013). These livelihood practices are indeed influenced
by physical and economic conditions, but they are also rooted
in the social and cultural characteristics and dynamics of a
given place (Tang et al. 2013). Since every place has its own
physical, economic, social, and cultural conditions, character-
istics, and dynamics, the adaptation barriers to biochar system
implementation vary correspondingly (Jeffery et al. 2015).

The term adaptation barriers is rooted in social science
research on vulnerability and resilience and refers to the ability
of individuals or communities to cope with dynamic condi-
tions (Smit and Wandel 2006). Applied to technology imple-
mentation in agriculture, an overcoming of adaptation barriers
implies more than simply acceptance and adoption; it also
includes the availability and accessibility of a set of livelihood
practices and strategies sufficient to prevent and react to po-
tential unexpected outcomes, such as technology failure
(Robert et al. 2016; Smit and Wandel 2006; Tang et al.
2013). From this perspective, a biochar system
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implementation can only be considered sustainable if the
place-dependent adaptation barriers and their relation to en-
hancing or reducing resilience and vulnerability have also
been considered. This research paper focuses on these place-
dependent adaptation barriers to a biochar system implemen-
tation in tropical regions. The aim is not only to assess them
and define the most relevant ones but also to deduce the im-
plications for a sustainable biochar system implementation for
specific places and their characteristic livelihood practices.
To design a biochar system in the tropical regions of South
India that anticipates the physical, economic, social, and cul-
tural conditions, characteristics and dynamics of the particular
place rather than endures them a posteriori, we applied a
social-ecological system approach. This approach offers a
well-established theoretical framework to assess and evaluate
physical, economic, social, and cultural adaptation barriers
with respect to vulnerability and resilience (Adger 2006;
Adger and Kelly 1999; Gallopin 2006; Smit and Wandel
2006; Tang et al. 2013). We tested this theoretical approach
in two farming villages with different cropping systems in
South India, where implementing biochar systems may be
possible (e.g., given by availability and suitability of biomass
for biochar production) (Fig. 1). Data about the social-
ecological systems were mainly derived by local knowledge.
We gathered this knowledge through qualitative interviews
and focus groups with local farmers of the two communities,
local scientists, owners of rice mills, jaggery houses, a sugar
factory and a fish factory, and members of the local govern-
ment. We further used cognitive mapping (Ozesmi and Ozesmi
2004; Vanwindekens et al. 2014) to model a social-ecological
system for each village. Then, we tested the implementation of
two different types of hypothetical biochar system designs in
these social-ecological system models: (i) a small-scale system
in which farmers in the village produce the biomass, convert
the biomass into biochar, and apply the biochar on their fields

N
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Fig. 1 The remaining organic residues (called bagasse) of jaggery
(traditional noncentrifugal sugar) production are stored in the backyards
of jaggery houses. Bagasse is mainly used as fuel to heat the vessels in
which jaggery is manufactured. Large amounts of bagasse are left, and
these could be used for biochar production
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and (ii) a large-scale system, in which the biomass is produced
by the farmers, but regional processing companies (e.g., sugar
and rice companies) convert the biomass into biochar and sell
it back to farmers, who in turn apply it on their fields.

These scenarios, as well as a worst-case failure scenario,
developed by triangulating theoretical information from liter-
ature review with practical information from the qualitative
interviews and focus groups, were then analyzed for its poten-
tial outcome on the resilience and vulnerability of the systems.
Based on these results, we defined the place-specific adapta-
tion barriers and implications for sustainable biochar system
implementation procedures for each of the two villages.

2 Materials and methods
2.1 Research sites

We selected Chandagalu (Mandya district) and Manoor
(Udupi district) in Karnataka, South India to carry out our
research. The selection process followed a two-step approach:
We started by selecting the districts based on expert interviews
with soil scientists in Bangalore. On site, we then selected the
specific villages, based on information from agriculture exten-
sion workers, local agriculture students, and members of local
panchayats (= municipal council).

The representativity of these two sites may be limited
to a certain extent, because of time availability on site,
field, and data accessibility. However, we believe it pro-
vides a relatively good representation of contrasted situa-
tions, which allowed us to generate general statements
about the effect and relative relevance of adaptation bar-
riers of a place, at least for small-scale farming contexts in
tropical regions. We selected sites that are comparable in
relation to their type (e.g., size, livelihood activities and
practices, feasibility of biochar system implementation)
but different in terms of their specific place conditions
(e.g., different cropping systems). We selected them using
the following selection criteria:

First, the main livelihood activity of the research sites
should be small-scale farming and, to be able to capture the
system’s characteristics in a reasonable period of time, we
needed them to be homogenous and relatively small in size.
Second, the villages should use different cropping systems
and are thus supposed to be different with respect of their
specific place conditions, characteristics, and dynamics. We
used climate and main crop variety as proxies for cropping
systems. Third, biochar-related techniques, such as biogas
plants and the use of ashes as soil amendments, should be
known and applied by the farmers of the villages in order to
facilitate the discussion about the biochar technology, so that
the local farmers could quickly understand the issue and ac-
cess their knowledge about potential implications. Fourth,

since we wanted to better understand how a biochar system
needs to be designed, so that it anticipates and does not harm
or induce negative modifications of the local livelihood prac-
tices and activities of farmers and a farming community of a
particular place, we needed to assume that an implementation
is technically feasible. We therefore selected villages, where
an implementation of the biochar technology is potentially
possible (e.g., given by availability and suitability of biomass
for biochar production).

At the time of fieldwork (Fall 2013), Chandagalu had 3238
inhabitants and Manoor 6381. The main livelihood in
Chandagalu is farming (information from the local
panchayat). In Manoor, the main livelihood is agriculture
and fishing, due to its proximity to the Arabian Sea (informa-
tion from the local panchayat).

The climate in Chandagalu is classified as equatorial winter
dry climate (Aw), and the climate in Manoor is classified as
equatorial monsoon climate (Am). In Chandagalu, the average
temperature is 20 °C in winter and 25 °C in summer. In
Manoor, the average temperature is mostly stable at 27 °C.
The monsoon affects the climate in both villages and contrib-
utes 73% to the annual precipitation in Chandagalu
(699.8 mm) and 88% to the annual precipitation in Manoor
(3728 mm) (information from the local panchayat). In both
villages, three soil types were present: Alfisols, Entisols, and
Inceptisols. In Chandagalu, the moisture deficit period ranges
between 180 and 220 days (information from local soil scien-
tists). Most farmers thus depend on irrigation (56%: ICAR
Agriculture contingency plan: http://www.icar-crida.res.in/).
In Manoor, the moisture deficit (150 days) is not as severe,
because it is only seasonal (information from local soil scien-
tists). Major soil issues in Manoor include low nutrient avail-
ability, salinity, and erosion. In Manoor, only 33% of the cul-
tivated land is irrigated (ICAR Agriculture contingency plan:
http://www.icar-crida.res.in/).

The main crops cultivated in Chandagalu are sugarcane
(Saccharum officinarum), rice (Oryza sativa Indica), and fin-
ger millet (Eleusine coracana). Rice and finger millet are
mainly produced as food crops, whereas sugarcane is a cash
crop. The major crops cultivated in Manoor are rice (Oryza
sativa Indica), groundnut (Arachis hypogaea), legumes
(Leguminosae spp.), coconut (Cocos nucifera), and areca nut
(Areca catechu).

Biochar-related techniques, such as biogas plants and the
use of ashes as soil amendments, are known and in use in both
villages. In Chandagalu, biogas plants were installed and have
been used mainly as electricity source. However, many of
them were no longer in use, because the electricity supply in
the region had changed. In Manoor, all the biogas plants are
used on a regular basis, not only to generate electricity but also
for soil amendment; the residual slurry is applied to the fields.

The cropping systems of both villages would potentially
allow a biochar system to be implemented, as it is perceived

IN?A @ Springer
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by the consulted soil scientists, agriculture extension workers,
local agriculture students, and members of local panchayats:
In Chandagalu, the bagasse (Fig. 1) remaining from sugar and
jaggery (traditional noncentrifugal sugar) production could be
used as an organic feedstock for biochar. In jaggery produc-
tion, this bagasse has been used until now to heat the cooking
vessels in which the jaggery is manufactured. Industrial sugar
production also creates bagasse, which is used for heating and
for electricity generation. However, large quantities of bagasse
from jaggery and sugar production remain unused (informa-
tion from jaggery house and sugar factory owners of Mandya
district).

In Manoor, rice hull husk could be an organic feedstock for
biochar production. Until now, either these residues have been
sold to a local fish factory as fuel or transformed to ashes,
which are partly used by farmers as soil inputs or dumped
on waste disposal sites, which are often located next to public
roads (information from rice mill and fish factory owners of
Udupi district).

2.2 Social-ecological system approach

To enable statements about adaptation barriers concerning a
biochar system implementation in these two research sites,
vulnerability, resilience, and sensitivity assessments were con-
ducted. The assessment methods were based on local knowl-
edge. We thereby have not applied a set of pre-defined fixed
indicators but used a conceptual framework in order to classi-
fy and compare the sampled qualitative data. This conceptual
framework was derived from the social-ecological approach:

Our understanding of a social-ecological system was in-
spired by the conceptual work of Gallopin (2006) and Adger
(Adger 2006; Adger and Kelly 1999; Moser 1998; Smit and
Wandel 2006). Whereas Gallopin’s (2006) conceptualizations
enhance understanding at the systemic level, Adger and col-
leagues’ conceptualizations (Adger 2006; Adger and Kelly
1999; Moser 1998; Smit and Wandel 2006) improve under-
standing at the individual level of a social-ecological system.
Our conceptual approach for this study combines Gallopin’s
(2006) systemic understanding with Adger’s (Adger 2006;
Adger and Kelly 1999; Moser 1998; Smit and Wandel 2006)
understanding of the individual level.

In this study, we considered the community of a vil-
lage as a social-ecological system with an inherent de-
gree of vulnerability and resilience. For Gallopin (2006),
a social-ecological system is characterized by a structure
and a function. In relation to Adger’s (Adger 2006;
Adger and Kelly 1999; Moser 1998; Smit and Wandel
2006) work, we defined the structure of the social-
ecological system as a construct of collective livelihood
practices and routines, which are themselves a product
of the overall availability and access to livelihood as-
sets, strategies, and actions. These assets, strategies, and
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actions can be tangible or intangible, such as human,
social, financial, physical, and natural (Moser 1998).
We presume that the greater the quantity of assets, strat-
egies, and actions and the better the access to these
assets, strategies, and actions, the lower is the inherent
vulnerability of the system. Or the lower the quantity of
assets, strategies, and actions and the lower the access
to these assets, strategies, and actions, the higher is the
inherent vulnerability of the system.

According to Gallopin (2006), the system’s function is a
result of the system’s resilience: its capacity to recover from
expected and unexpected external hazards, perturbations, and
stresses (Gallopin 2006). A system would stop functioning if
it were not resilient. With respect to Adger and colleagues
(Adger 2006; Adger and Kelly 1999; Moser 1998; Smit and
Wandel 2006), proxies for the inherent resilience of a working
system are those livelihood assets, strategies, and actions that
are particularly important for the functioning of the system.
The more a particular asset, strategy, or action is required for
maintenance, the higher is its relevance for the resilience and
vice versa.

However, systemic resilience is not static and can be
modified by external intervention. This transformation is
dependent on the sensitivity of the system to the type of
external intervention or the threshold to which a system
can be modified before it changes its function (Gallopin
2006). A proxy for the system’s sensitivity is its adap-
tive capacity (Berrouet et al. 2018; Gallopin 2006). A
highly sensitive system that is facing external interven-
tions, possibly caused by a failure of a biochar system
implementation, might has not enough adaptive capacity
to prevent a severe transformation of the system’s func-
tion. A system with a low sensitivity, on the other hand,
might has enough adaptive capacity to recover without
modification of the system’s function. With respect to
Adger and colleagues (Adger 2006; Adger and Kelly
1999; Moser 1998; Smit and Wandel 2006), we defined
the adaptive capacity of a system by its amount and
type of livelihood strategies available to prevent a se-
vere modification of a system caused by biochar failure.

Nonetheless, a systemic understanding of the inherent
vulnerability and resilience of a social-ecological system
alone is insufficient. As Adger and colleagues have
shown (Adger 2006; Adger and Kelly 1999; Moser
1998; Smit and Wandel 2006), a system can be resilient
even if not all individuals, groups, or housecholds within
the system are invulnerable. This is because not all of
them have equal access to livelihood assets, strategies,
and actions. For this reason, we considered not only the
systemic but also the individual level of a social-
ecological system, by taking into account in particular
the differences in access availability by individuals to
relevant livelihood assets.
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Fig. 2 The research design is based on the social-ecological approach.
First, the social-ecological systems of the two villages Chandagalu and
Manoor were modeled using data of the qualitative interviews and
cognitive mapping (green). Then, a small-scale (light blue), a large-
scale (dark blue), and a worst-case scenario (purple) based on the data

2.3 Research design

Our research design (Fig. 2) follows the social-ecological ap-
proach as previously described. To identify adaptation bar-
riers, we needed to assess how a potential implementation of
a biochar system would modify the inherent structure and
function of the social-ecological system of a particular village.
To identify this modification, we took four steps. First, we
defined the structure and the function of the social-
ecological system. Second, we defined which livelihood as-
sets of the system would be affected by different designs of
biochar system implementations (large-/small-scale). Third,
we assessed the relative impacts of the implementations on
resilience and vulnerability by evaluating how they would
alter the systems and affect the individuals: How important
is any specific livelihood asset for the function of the system
(resilience), and how accessible is the asset: Is it accessible to
everyone or just a few (vulnerability)? Fourth, we tested the
sensitivity of the social-ecological system by analyzing how
the systems and individuals respond to a worst-case failure
scenario, by assessing their adaptive capacity.

To operationalize our research design, we applied various
data sampling and data analysis methods. First, we reviewed
25 research and review articles about biochar technology, fo-
cusing on the elements, benefits, uncertainties, and risks of
biochar system implementation. Second, we conducted 59
qualitative interviews: 20 interviews with farmers in
Chandagalu, coded as C: P1-P20; 17 interviews with farmers
in Manoor, coded as M: P21-P37; 15 interviews with local
scientists, owners of a rice mills, a sugar factory, jaggery hous-
es, and a fish factory; and 7 members of the local government

of the qualitative interviews and a literature review was developed. For
the small- and large-scale scenarios, an assessment of vulnerability and
resilience was carried out (yellow). For the worst-case scenario, a
sensitivity assessment was performed during a focus group (yellow)

(panchayat, agricultural extension services). The interviews
focused on three main topics: (i) livelihood activities and strat-
egies applied to deal with expected and unexpected events, (ii)
expected and unexpected hazards, perturbations, and stresses
experienced while introducing and applying new agricultural
technologies and practices; and (iii) biochar systems and per-
ception of their adaptation potential. Third, we conducted four
focus groups with 15 participants in each (two in Chandagalu
and two in Manoor), where the participants were presented
with the potential risks of a biochar system, which we derived
from the literature review and the interview results. Each focus
group began with a trade-off-game, which was followed by a
brief individual standardized questionnaire and a group
discussion.

The structure and function of the social-ecological systems
were defined by a set of livelihood assets and their relation to
each other. We used the qualitative data of the interviews and
the cognitive mapping method to construct these social-
ecological systems. The cognitive mapping method is compa-
rable with the axial coding step of grounded theory, in which
core concepts, derived by a coding process from qualitative
interview data, are set in relation to each other. We chose this
method, because it has been argued that cognitive mapping is
especially useful for dealing systematically with large qualita-
tive data sets of individuals or groups perceptions of social
reality, without significantly reducing their information con-
tent (Eden 1994; Ozesmi and Ozesmi 2004). Furthermore, the
cognitive mapping method has so far often been used for
sustainable problem-solving and empowerment in decision-
making processes of local individuals and groups, not only
because of its potential to integrate local knowledge but also
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because of its ability to visualize social realities using graph
theory (Eden 1994; Ozesmi and Ozesmi 2004).

With the use of graph theory the cognitive mapping method
visualizes individuals and groups’ perceptions of social reali-
ties by mirroring them as a network of nodes and lines (Gray
et al. 2014; Ozesmi and Ozesmi 2004; Vanwindekens et al.
2014). Technically, a cognitive map consists of a binary ma-
trix that contains a number of relational and nonrelational
concepts (or nodes) (0 =no relation, 1 =relation) and is visu-
alized with a visualization software (such as fc mapper: avail-
able at http://www.fcmappers.net/joomla/). Usually, a weight
is identified for each connection (or line) (Ozesmi and Ozesmi
2004; Vanwindekens et al. 2014). In this study, the connec-
tions were unweighted; we chose not to weight the connec-
tions so as to stay as close as possible to the information
provided by the local individuals and prevent the inclusion
of bias arising from our prior knowledge. For Chandagalu, a
total of 813 of connections and 107 livelihood assets (or con-
cepts) were defined: 26 human assets, 32 social assets, 9 fi-
nancial assets, 29 physical assets, and 12 natural assets. For
Manoor, 862 connections and 105 assets were defined: 28
human assets, 28 social assets, 10 financial assets, 27 physical
assets, and 12 natural assets.

Each asset is defined by its centrality and its indegree and
outdegree values. The centrality is the sum of ingoing (=
indegree) and outgoing (= outdegree) lines. It is assumed that
the greater the centrality of the asset, the more central the asset
is for the structure and function of the social-ecological sys-
tem. We used this value to determine the specific conditions,
characteristics, and dynamics of the social-ecological systems.
The outdegree value is the sum of outgoing lines of a specific
asset. It represents the relative influence of this specific asset
on the system’s resilience. The higher the number of the out-
going lines, the more important the asset is for the inherent
resilience of the system, and the more pressure on this asset
may occur, the greater is the chance of an alteration in the
system’s resilience. The indegree value is the sum of the
ingoing lines of a specific asset. We used it as a proxy for
vulnerability. A low number of ingoing lines indicate that a
specific asset is not easily accessible or is only accessible to a
few people. A high number of ingoing lines, however, not
merely imply that the asset is easily accessible: it may also
indicate that this specific asset is of high relevance for the
farmers’ livelihood. Altering access to this asset or increasing
demand for this asset increases the chance of changing its
relevance. Depending on the type of alteration, this can have
a positive or a negative impact on the farmers’ vulnerability.

Since the social-ecological systems differ in the numbers of
assets and connections, we needed to standardize the central-
ity, indegree, and outdegree values to make them comparable.
We calculated the proportion in percentages of the resulting
values to a hypothetical social-ecological system where all
assets are interlinked with each other. In the results section,
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we indicated them as follows: C for Chandagalu followed by
the percentage and by M for Manoor followed by the percent-
age. To verify the results of the cognitive mapping method, we
traced back the paths of the most relevant assets and connec-
tions by reviewing the associated statements in the interview
transcripts.

To assess the adaptation barriers of a biochar system im-
plementation of these two different social-ecological systems,
we developed a small-scale and a large-scale biochar system
design and introduced them into each social-ecological sys-
tem. We thereby used the same kind of biochar system designs
for both villages to enable the comparison of the different
implementation scenarios. The biochar system designs are
defined by three phases as proposed by Sohi et al. (2015): (i)
a biomass phase, where biomass is produced and collected,
transported to the pyrolysis facility and prepared for pyrolysis,
for example by reducing in size and drying; (ii) a conversion
phase, where the biomass is transformed by pyrolysis to bio-
char and bio-energy products; and (iii) an application phase,
where biochar is transported to the farm and applied to the
field. By a combined consideration of the results of the liter-
ature review and the data of the qualitative interviews, we
defined for each of the designs (large-/small-scale) the liveli-
hood assets that are needed or affected by an implementation
(Table 1). To determine the outcome of the implementation
scenarios, we analyzed the identified assets as needed and
affected by small-scale and large-scale biochar system and
their relative relevance for the resilience and vulnerability of
the two social-ecological systems. For this assessment, we
again used the outdegree value as a proxy for resilience and
the indegree value as a proxy for vulnerability and verified
them by tracing back the outcomes and comparing them with
the associated interview data as we did to validate the social-
ecological system.

Since we conducted a pre-implementation study, it was not
possible to directly assess the sensitivity of a system
concerning the potential external hazards, perturbations, and
stresses, which could be caused by a biochar system imple-
mentation. Therefore, we assessed the differences of adaptive
capacities by presenting the farmers a worst-case failure sce-
nario of a biochar system implementation, followed by an
assessment of the perception of severity and type and amount
of mentioned strategies to cope with it. The worst-case failure
scenario is thereby also a product of the literature review and
the interview data analysis and is the same for both villages to
enable comparison between them.

Eight potential risks were defined by comparing the results
of the literature review and the perceived risks mentioned by
the farmers: (i) no good yield, (ii) unsuitable technology, (iii)
fertilizer costs increase, (iv) soil becoming spoilt, (v)
unsupportive governmental scheme, (vi) youngsters moving
to the city, (vii) no laborers, and (viii) increase in health costs.
In four focus groups (two in Chandagalu and two in Manoor),
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Table 1 Perceived potential impacts of small-scale (light blue) and
large-scale biochar (dark blue) systems for each phase (biomass phase =
B, conversion phase = C. and application phase = A) on the livelihood

practice of farmers in Karnataka, South India, based on a literature review
and qualitative interview data

Small-scale Large-scale
Impact to Access needed to Impact to Access needed to
B C A B c B c A B c A

Human assets
Farm management
Laborers

Trust

Mobility

Social assets
Government
Market
Scientists

Land rights

Financial assets
Income
Capital/ savings

Market prices

Natural assets
Irrigation system
Energy

Manure
Fertilizer
Organic waste
Transportation

Land size

Natural assets
Soil quality
Climate

Yield

Land

Sugarcane/ Rice

we first presented these risks to the farmers by introducing the
biochar technology through a trade-off game. This trade-off
game simulated a range of investment scenarios, including the
worst-case outcomes. In the subsequent discussions, we asked
the farmers about the reasons for their investment decisions
and the strategies they would apply if faced with a worst-case
outcome. We additionally distributed a standardized question-
naire to the participants of the focus group. With the help of
local agriculture students and agricultural extension service
workers, the farmers answered structured questions about
their perception of severity of potential risks that may are
caused by an implementation of a biochar system. We then
used the farmers’ estimation of their capacity to cope with a
substantial risk induced by a biochar system implementation
failure to identify the differences in sensitivity of each village.

3 Results and discussion

3.1 Cognitive mapping facilitates to detect similarities
and differences between the two social-ecological
systems

The cognitive maps of the social-ecological systems (Fig. 3)
show that certain assets have similarly high values for central-
ity in both social-ecological systems. In both villages, the
supply of laborers is perceived as not sufficient to meet de-
mand. Laborers (C 21.2%/M 24.5%) are needed by the
farmers for several activities, and demand is particularly high
during planting and harvesting. For some of the farmers,
shortage of labor availability and increasing wages have
forced them to give up farming (C: P14). As a result of this
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Fig. 3 Social-ecological systems
of (a) Chandagalu and (b) Manoor
that are generated using the
cognitive mapping method (as
described in the material and
method section). Each cognitive
map shows the distinct set of
livelihood assets (human, social,
financial, physical, and natural) of
each village and how they relate
to each other. The assets are
represented by colored circles and
the relations by arrows (or lines).
The larger the circle of an asset,
the higher is its centrality value
(or relevance for the system). The

a Cognitive map representing the social-ecological system of Chandagalu
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shortage, most of the farmers rely on the support of their
family members and neighbors. The social-ecological systems
show that this social asset aid (C 16.1%/M 16.4%) is relatively
important for the structure and function of the system in both
villages. Other important assets in both social-ecological sys-
tems are income (C 33.5%/M 33.2%), market prices (C
17.5%/M 20.2%), and yield (C 17.9%/M 20.7%). The high
centrality value of these assets is not surprising, because both
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social-ecological systems represent the livelihood of
agricultural-based communities.

Despite differing physical conditions, differences within
the social-ecological systems are greater for intangible assets
(human, social, cultural), such as farm management. Farm
management depends on the management capabilities of a
farmer. In both villages, a variety of farming practices were
mentioned (e.g., sowing, watering, observing, controlling
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weed, fertilizing, cropping, burning, and obtaining informa-
tion). Farm management (C 30.2%/M 39.4%) has a high cen-
trality value in both villages, but the centrality value of farm
management in the social-ecological system of Manoor is
9.2% higher due to a greater diversity of farm management
practices (e.g., use of slurry as soil amendment, use of nontra-
ditional agricultural technologies such as drum seeders, regu-
lar farmer meetings).

This is further reflected by the differences in centrality
value of technology (C 11.8%/M 22.6%), biogas plant (C
9.4%/M 20.7%), and soil quality (C 5.2%/M 15.4%).
Consistent with the greater diversity of general farm manage-
ment strategies, farmers in Manoor knew and applied a greater
range of farming practices to improve the quality of their soils.
Moreover, farmers in Manoor expressed greater openness to
the use of technology (M: P23), as is demonstrated by their
higher general valuation of biogas plant utility. The plant is
used not only to generate electricity; the residual slurry is also
used by many farmers as fertilizer for their fields (M: P21;
P22; P27). In Chandagalu, many biogas plants no longer op-
erate, and their utility is contested (C: P9; P11).

Farmers in Manoor, overall, had generally positive experi-
ences using nontraditional technologies. As a result, they
show a stronger tendency to trust than farmers in
Chandagalu, where trust is highly alterable (indegree value
of trust: C 28.3%/M 11.5%). This lack of trust in
Chandagalu has been caused, firstly, by negative experience
with the introduction of nontraditional technologies and the
belief that a yield failed because of new techniques (C: P20).
The second cause is a resource conflict: In Chandagalu, access
to an irrigation system (C 15.6%/M 8.7%) is crucial for prof-
itable cultivation. Over half of the cultivated area (56%) is
irrigated (ICAR Agriculture contingency plan: http:/www.
icar-crida.res.in/) by the Cauvery canal, (information from
local soil scientists) which is fed by the Krishnarajasagar
dam and reservoir. The Cauvery River rises in the Western
Ghats and flows through the Indian states of Karnataka,
Tamil Nadu, and Kerala until it reaches the Bay of Bengal.
In the last 800 years, water disputes between the border states
have frequently compromised the water security of
Chandagalu (Amjath Babu 2008). At the time of field work,
the canal was once more the topic of dispute, exacerbated by
canal repair work, which dried up this irrigation source for
many of the farmers (C: PO1; P04; P13; P14; P17; P18).

Another striking difference highlighted by the cognitive
maps of the social-ecological systems of Chandagalu and
Manoor is the difference in dependence (C 25.5%/M
12.5%). Farmers in Chandagalu perceive themselves as highly
dependent, because they perceive that numerous livelihood
activities depend on governmental support (indegree value:
C 39.6%). Manoor experiences a different situation: farmers
perceive themselves as having more autonomy in their liveli-
hood activities (indegree value: M 9.6%), although the overall

relevance of dependence is higher for the system’s function in
Manoor than in Chandagalu (Outdegree value: C 11.3%/M
15.4%). These differences in perception of autonomy can be
explained by the experience of self-efficacy of farmers in
Manoor, who perceive themselves as more capable of control-
ling the outcome of their farm management activities than
farmers in Chandagalu (M: P22; P23; P24; P32). Farmers in
Chandagalu perceive themselves to be more dependent on
external influences, which they consider they cannot actively
change (C: P06; P14; P17).

Reviewing the statements in the interview transcripts and
tracing back the paths of the livelihood assets and connections
of the social-ecological systems validates the two social-
ecological system models. In this sense, the validity analysis
shows that the two social-ecological systems represent the
villages accurately. However, this also shows that they are
very place-specific and cannot be applied for other places.
This suggests that cognitive mapping is indeed a useful meth-
od for connecting information and knowledge from different
sources, such as 59 qualitative interviews (Ozesmi and
Ozesmi 2004), to reflect the conditions, dynamics, and char-
acteristics of a specific place. It also supports the selection of
the issues most relevant to the research foci without losing the
complexity of the context (Eden 1994; Ozesmi and Ozesmi
2004). Nevertheless, its construction and interpretation rely
strongly on local knowledge, which results in a lack of gener-
alizability and transparency for nonlocals.

3.2 A biochar system effects vulnerability
and resilience differently depending
on implementation size and the initial situation

In both villages and for both scenarios (small-/large-scale), a
generally positive outcome in resilience can be expected with
the introduction of a biochar system. Biochar can increase
resilience by increasing the soil quality and the yield, lowering
the dependence on irrigation systems, manure, and fertilizer
and by providing activities to mitigate climate change
(Table 2). Due to the differing climatic situations of
Chandagalu (Aw) and Manoor (Am), the effect on resilience
is higher for irrigation system (C 18.9%/M 9.6%) and climate
(C 17.3%/M 12.3%) in Chandagalu and for soil quality in
Manoor (C 7.6%/M 18.3%) (Table 2).

However, the resilience assessment shows that small-scale
biochar system implementation has certain advantages: A
small-scale biochar system is expected to have a greater pos-
itive impact on the diversity of farm management practices
and on income than a large-scale system would. These assets
are crucial for systemic resilience in both villages (Fig. 3).
Moreover, if the government promotes small-scale implemen-
tation by schemes perceived as supportive (C: P3; P6; P14;
P16; P17/M: P25), it can be expected to enhance systemic
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Table 2

Impacts of a biochar system dependent on the initial situation in each village.

a) Perceived effect of a biochar system on the resilience

b) Perceived effect of a biochar system onthe vulnerability

Small-scale Large-scale Chandagalu  Manoor Small-scale Large-scale  Chandagalu  Manoor
Farm management 20.8% 26.0% Farm management 39.6% 52.9%
Laborers 20.8% 19.2% Laborers 21.7% 29.8%
Government 19.8% ) 28.9% Trust 28.3% 11.5%
Income - 17.0% 16.3% Mobility 2.8% 0.0%
Irrigation system 18.9% 9.6% Government 3.8% 0.7%
Manure 8.5% 6.7% Scientists 0.0% 2.9%
Fertilizer 7.5% 6.7% Land rights 0.0% 0.0%
Energy 4.7% 3.9% Market 6.6% 1.9%
Soil quality 7.6% 18.3% Capital - 57% 77%
Yield 12.3% 14.4% Market price 13.2% 20.2%
Climate 17.3% 12.3% Land size 0% 1.9%
Transportation 8.5% 7.7%
Energy 4.7% 85%
Organic waste 4.7% 8.7%
Sugarcane/ Rice 16.0% 17.3%
Climate 0.0% 1.0%
Land 0.0% 0.0%
Soil quality 28% 12.5%

The colors indicate the expected relative alteration of the particular livelihood asset: brown = high alteration (> 5%), orange = medium alteration (1-5%),
yellow = small alteration (< 1%), red = exceptionally high value (= 7%). The numbers of column 3 and 4 show the relative relevance of each livelihood
asset for the inherent (a) resilience and (b) vulnerability in the social-ecological systems. More than 5% of observed difference between the villages is
indicated by bold numbers. The results of the table stand not on its own. These results are only valid while considering the qualitative interview data

resilience, particularly in Manoor (C 19.8%/M 28.9%)
(Table 2).

A factor crucial to the implementation of a biochar system
is the relatively high demand on laborers. In both villages, the
need for laborers is perceived as high (Fig. 3). Since the im-
plementation of a biochar system might increase the pressure
on labor availability, this factor can be expected to produce a
potentially negative outcome for systemic resilience, especial-
ly for large-scale implementations (Table 2).

However, the vulnerability assessment relativizes the po-
tentially more positive outcome of a small-scale biochar sys-
tem implementation. Overall, it can be observed that a small-
scale biochar system requires that farmers (despite the need
for laborers) have more access to livelihood assets than a
large-scale biochar system (Table 1). Small-scale biochar sys-
tems demand more access to farm management, capital, gov-
ernment, scientists, and land rights than large-scale versions
(Table 1). This most probably limits the success of a small-
scale implementation, because apart from farm management,
farmers do not perceive that they have sufficient access to
capital, government, scientists, and land rights needed for suc-
cessful small-scale implementation (Table 2).

Market situation, market prices, land size, transport, cli-
mate, soil quality, and trust are equally important for both
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implementation types (Table 1). Access to trust and market
prices remains low in both cases (Table 2). Access to market
prices is perceived as alterable to a certain degree by the
farmers, because a farmer usually follows the market prices
and sells or buys at the best market prices. However, the mar-
ket situation is perceived as largely beyond the control of
farmers (Table 2).

Access to mobility, energy, organic waste, sugarcane, rice,
and topography of the land is perceived by the farmers of both
villages to be of lower relevance than other assets for a biochar
system implementation (Table 1). Nonetheless, the vulnerabil-
ity assessment shows that these assets are not easily accessible
by everyone. The differences in accessibility to organic waste
(or organic leftovers of sugar, jaggery, and rice production)
and sugarcane/rice are particularly interesting (Table 2).
Whereas sugarcane and rice fields are accessible to most of
the farmers, not all of them have access to organic waste
(Table 2). In Chandagalu, access to organic waste is even C
8.7%)/C 8.7%). In Chandagalu, the organic waste of jaggery
and sugar production, termed bagasse, is stored either at the
jaggery houses in the village or at the sugar factories in the city
(information from jaggery house and sugar factory owners of
Mandya district). Thus, only a particular group of people has
direct access to this bagasse. Moreover, they already have
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alternative uses for it, such as heating and electricity produc-
tion (information from jaggery house and sugar factory
owners of Mandya district). In Manoor, access to the organic
residues of rice production, termed rice hull husk, is also lim-
ited, although it is potentially accessible to more people. This
is mainly because, so far, rice hull husk has not been converted
into a profitable product. Much of the rice hull husk is con-
verted into ashes, which often remains unused and hence is
disposed of at the roadside (information from rice mill owner
of Udupi district).

The results of the resilience and vulnerability assessments
demonstrate that there are differences between small- and
large-scale biochar systems. The resilience assessment clearly
indicates that the implementation of a small-scale biochar sys-
tem could have a significant positive impact on the resilience
of the social-ecological systems. This result supports argu-
ments advanced by Barrow (2012) and McHenry (2009),
who in general recommend small-scale implementation di-
rectly in the village or its environs and not commercial or
industrial production. However, as the vulnerability assess-
ment shows, access to the assets required for a small-scale
biochar system is in particular difficult to achieve, which is
not the case for a large-scale biochar system, for which the
assets required are all easier to access except for laborers.

At first sight, the results of the resilience and vulnerability
assessment used in this study to estimate the potential for the
adaptation of biochar systems in the tropics confirm the often-
illustrated relation between economic profit and higher change
of adaptation (Mekuria et al. 2013). Where the potential ben-
efits of a biochar system, such as improved soil quality, in-
creased yield, and fertilizer substitution, positively affect the
farmers’ income, the system’s resilience would definitely in-
crease. However, in contrast to much existing biochar litera-
ture, our analysis of the social-ecological systems resilience
and vulnerability moreover shows that economic profits are
not the strongest requirement for an adaptation of a biochar
system. Adaptation barriers arise foremost due to procedural
aspects or the manner in which a biochar system is implement-
ed. The farmers of both places demonstrate a generally high
dependence on governmental bodies (Table 2), so the impact
of governmental decisions on the resilience of the communi-
ties is perceived as high (C 19.8%/M 28.9%). At the same
time, access to governmental decisions is perceived as very
low (C 3.8%/M 0.7%), which results in places where the per-
ception of dependence is high and pro-active attitude is low
(Robert et al. 2016), such as in Chandagalu. In contrast, equal-
ly dependent farmers who perceive themselves as highly self-
effective have a more pro-active attitude towards farming,
such as farmers in Manoor (Fig. 3). A community whose
farmers are rather pro-active may well find it easier to imple-
ment a biochar system successfully. Nonetheless, governmen-
tal schemes perceived as unsupportive may increase the per-
ception of dependence and lower the perception of autonomy,

which seems to be a requirement for pro-active behavior for
these farmers (C: P3; P6; P14; P16; P17/M: P25). This shows
that it remains especially important to develop governmental
schemes that are perceived as supportive, as has similarly been
pointed out by Jeffery et al. (2015) and Latawiec et al. (2017).
Developing these governmental schemes for biochar systems
through inclusive and participatory approaches may be one
possibility to fulfill this requirement and at the same time
would lower the perception of insufficient access to govern-
mental decisions and thus could enhance instead of reducing
the resilience of a village (Adger 2006).

3.3 Low reactive strategies facing risks of a biochar
system implementation in both villages

Despite the more pro-active attitude and consequently poten-
tially easier implementation of a biochar system in Manoor,
the worst-case scenario indicates that this village has a higher
sensitivity to a failure than Chandagalu. Farmers in Manoor
might have more pro-active adaptation strategies (Robert et al.
2016) available to prevent risks (e.g., higher number of farm
management practices and soil quality enhancement activi-
ties), but a worst-case scenario is perceived as more intrusive
by the farmers of Manoor than of Chandagalu (average value
of perceived impact of a worst-case scenario: C 3.1/M 3.7)
(Fig. 4).

As demonstrated, the shared perception of autonomy is
particularly important for the resilience of a social-ecological
system. However, the reactive strategies (Robert et al. 2016)
applied, while facing a worst-case scenario, tend to reduce
rather than increase autonomy. These include the following:
taking governmental aid, taking a loan, asking extension ser-
vices for advice, doing nothing, striking, and asking the au-
thorities for help. The reason why farmers in Chandagalu per-
ceive the worst-case scenario as less intrusive than do farmers
in Manoor, although they report the similar reactive adaptation
strategies, might be because they continuously face negative
experiences, perceive themselves as highly dependent, and are
therefore less motivated to maintain a certain level of autono-
my (Fig. 3). Farmers in Manoor perceive themselves as highly
self-effective, so the loss of autonomy induced by a failure ofa
novel technology would make them more vulnerable and as a
reaction to the increased dependence, less pro-active.

Indeed, the results of this sensitivity assessment have to be
judged with caution: First, because of the limited number of
workshop participants and, second, because of the low con-
sideration of ecological sensitivity in our applied social-
ecological approach (Berrouet et al. 2018; Thiault et al.
2018). Ecological system sensitivity was not yet assessed in
both villages by applying biogeochemical measurements or
experiments. The potential threats of a biochar system failure
scenario were derived from an estimation based on farmers’
knowledge. Hence, there might be the possibility that the
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Fig. 4 Perceived threats of an
implementation of a biochar
system and their perceived
severity of impact on the
livelihood of farmers in
Chandagalu and Manoor (1 =
none, 2 =low, 3 =medium, 4=a
lot, 5 = huge). The solid, dark red
line represents the results from
Chandagalu (N =28). The
dashed, purple line shows the
results from Manoor (N =26)

Unsuitable technology

Fertilizer costs increase

Soil becoming spoilt

ecological system is reacting differently than expected to a
biochar application, which might materialize different threats
and different required adaptation capacities (Berrouet et al.
2018).

Nonetheless, this sensitivity assessment exemplarily shows
that social-ecological systems differ in their ability or sensitiv-
ity to change, which in particular has to be considered while
designing a biochar system and its implementation. In this
study, the system (Manoor), in which farmers might be easier
to get convinced to implement a biochar system, can be con-
sidered to be more prone to negative system change, whereas
the system (Chandagalu) in which a biochar system adoption
might be slower, is very likely more robust while facing tech-
nology failure. This confirms that for a successful biochar
system implementation, more than simply technology accep-
tance or adoption are needed to consider but also the adapta-
tion capacity or the ability of individuals and communities to
cope with, prevent, and react to potential risks and dynamic
changes (Robert et al. 2016; Smit and Wandel 2006; Tang
et al. 2013).

The resilience, vulnerability, and sensitivity assessments
confirm the place-specificity of any sustainable biochar sys-
tem implementation (Jeffery et al. 2015; Smit and Wandel
2006; Tang et al. 2013) that is dependent not only to physical
or economic (Abiven et al. 2014; Mekuria et al. 2013) but also
to social and cultural conditions, characteristics, and dynam-
ics. The assessments show that different adaptation barriers to
a biochar system implementation persist in each place, and
their relevance varies, which is why different biochar system
designs and implementation approaches have to be considered
in dependence of a combined consideration of the specific
place characteristics, conditions, and dynamics, instead of on-
ly focusing on physical or economic aspects. In Manoor, in
particular, a small-scale biochar system implementation de-
sign that is emphasizing the enhancement of nutrient
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availability in soils might be most suitable, because accessi-
bility to required livelihood assets, such as organic waste,
capital, farm management, labor, and trust, is perceived to be
higher than in Chandagalu. In Manoor, it might be easier to
find farmers who want to try a biochar system, because of their
more pro-active tendency. However, because they show reac-
tive strategies to failure, which would increase rather than
decrease vulnerability, a biochar system should not be imple-
mented too quickly or too broadly. We suggest here to imple-
ment systems step-by-step, certainly not on the land of an
individual but rather on a shared piece of community land
and to develop governmental schemes to support implemen-
tation in an inclusive and participatory manner.

The farmers of Chandagalu report less pro-active strategies
than those of Manoor and also few reactive strategies, but
nonetheless, the farmers of Chandagalu perceive themselves
as less sensitive to failure. This is mirrored by the perception
of being highly dependent on external circumstances, which
they perceive to be unchangeable and thus to be endured.
Given by the general low pro-active strategies and low trust
in new technologies, the social and cultural barriers to imple-
ment a small-scale biochar system are particularly high in
Chandagalu. However, the resilience assessment showed that
a biochar system nonetheless might have the potential to im-
prove the resilience of Chandagalu, for instance, by decreas-
ing dependence on irrigation. A sustainable implementation
therefore should be conducted in a manner that enables
farmers in Chandagalu to increase their perception of self-
efficacy and autonomy. Since they show an overall lack of
trust in governmental bodies, it might be more suitable for
Chandagalu to introduce a large-scale biochar system, in
which farmers form cooperatives with regional industries.

The knowledge of the biochar research community about
the physical requirements for successful biochar production
and application for specific places is already quite advanced
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(Camps-Arbestain et al. 2015). Only few studies yet consid-
ered the economic, social, and cultural requirements and those
who did often reproduce the imperative of economic return as
the most important success factor (Gwenzi et al. 2015;
Latawiec et al. 2017; Mekuria et al. 2013). In this research
study, we could illustrate that a holistic concept, such as the
social-ecological system combined with methods that enable
to assess and integrate local knowledge, has the potential to
support design considerations of biochar systems that inte-
grate not only acceptance or adoption but also potential adap-
tation barriers. It may also direct future research on biochar
system implementation, and novel technology implementa-
tion in general, to consider above all procedural aspects, be-
cause they seem to have a particular effect on the resilience
and vulnerability of individuals and communities independent
from place or type of technology.

4 Conclusions

The multi-tiered theoretical and methodical approach that we
used in this research study enabled us to consider several
aspects of implementing a biochar system in a tropical and
developing region, which were seldom studied yet in an inte-
grative and radically local knowledge-based manner by the
biochar research community. We were able not only to show
which are the most relevant aspects to be considered for the
sustainable implementation of a biochar system in these re-
gions but also to deduce specific design indications that em-
bed the specific place conditions, characteristics, and dynam-
ics of the selected research sites.

We showed that the potential exists to increase the systemic
resilience of farming-based villages in Karnataka, South India,
especially by implementing small-scale biochar systems.
Nonetheless, a small-scale biochar system might not be the
best option for every village. Perceptions of livelihood asset
access and dependence and trust on governmental bodies
should be considered, and a large-scale system may be pref-
erable in some communities.

Our approach is a completely new angle on the implemen-
tation of biochar systems and on new technologies in agricul-
ture in general. While many studies consider yield improve-
ment or economic return to be the only lever to consider, we
show here that a more holistic investigation is needed. In our
study, while positive impacts of a biochar system implemen-
tation on the soil quality and yield of both villages are likely,
the past experiences of the community and their relationships
to their resources and their government completely change the
conditions required for sustainable biochar system develop-
ment. The approach we proposed here, while relatively time
consuming, appears to be a successful method for investigat-
ing the complexity of the economic, social, and cultural struc-
tures of specific places. Combined with agronomical and

biogeochemical evaluations, our new approach could provide
the basis for sustainable implementation of biochar in
agriculture.
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