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Abstract: Ecosystems degradation, and consequently biodiversity loss, has severe impacts on people around the
world. The Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES) is one of the international
initiatives that have emerged to inform policy makers and aid decisions to prevent further global biodiversity loss,
focusing on the interdependence between natural systems and human culture. IPBES promotes the use of scenarios
and modelling approaches as a fundamental tool to advance the understanding of the relationships between drivers
of change, Nature’s Contributions to People (NCP), and social systems. Local-scale case studies with a system
approach demonstrating how current knowledge can be used to inform decision-making are still scarce. Here, we
present a comprehensive conceptual model and a series of four scenarios under different policies for shea tree species
management, as a case-study of applying systems thinking and the NCP concept to a local-scale socio-ecological
system. We first characterized the central processes, NCP, drivers and pressures affecting the shea tree system, to
investigate the impacts of the multiple uses of the shea tree species on the system as a whole. We then described
potential policy options, developed four scenarios, and evaluated them by a Bayesian Belief Network (BBN). We
predicted qualitative outcomes of the proposed scenarios: Business-as-usual (BAU), “Conservation and fair trade”,
“Agroforestry and fair trade” and “Industrial development”. We found that the scenarios focussing on conservation,
fair trade and agroforestry, can improve the conservation status of shea trees, and enhance wellbeing in the local
communities. In this case study, we demonstrate that the development of a comprehensive conceptual model at a
local scale can be a useful exercise to identify opportunities for effective policy strategies and social innovation.
The shea tree case study can provide an example for modelling non-timber forest products in other regions around
the world that face similar drivers and pressures. Species for which this model could be adapted include Central
and South American species such as the Brazilian nut (Bertholletia excelsa), cocoa (Theobroma cacao), andiroba
(Carapa guianensis), agai (Euterpe oleracea) and the wax palm (Ceroxylon quindiuense). The model and workflow
applied here may thus be used to understand similar socio-ecological systems with local and international economic
value across the Neotropical region.
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Modelagem de cendrios para o manejo sustentavel de produtos florestais nio-madeireiros
em ecossistemas tropicais

Resumo: A degradagio dos ecossistemas e sua consequente perda de biodiversidade apresentam graves impactos
sobre as pessoas em todo o mundo. A Plataforma Intergovernamental de Biodiversidade e Servigos Ecossistémicos
(IPBES) ¢ uma das iniciativas internacionais que surgiram para informar tomadores de decisdo e o desenvolvimento
de politicas para evitar mais perdas globais de biodiversidade, com foco na interdependéncia entre sistemas
naturais e a cultura humana. O IPBES promove o uso de cenarios futuros e abordagens de modelagem como
uma ferramenta fundamental para avangar no entendimento das relagdes entre fatores motivadores de mudanga
(vetores), as Contribui¢des da Natureza para as Pessoas (NCP) e sistemas sociais. Estudos de caso em escala local
com uma abordagem de sistemas mostrando como o conhecimento atual pode ser usado para informar a tomada
de decisdo ainda sdo poucos. Neste trabalho, apresentamos um modelo conceitual abrangente e um conjunto de
quatro cendrios sob diferentes politicas para o manejo da arvore de karité, como estudo de caso para a aplicagdo
de uma abordagem de sistemas e do conceito de NCP em um sistema socioecoldgico em escala local. Primeiro
nds caracterizamos os processos centrais, os NCP, e os vetores e pressdes que afetam o sistema da arvore de
karité, para entdo, investigar os impactos dos multiplos usos da espécie no sistema como um todo. Em seguida,
descrevemos op¢des de politicas possiveis, a partir das quais desenvolvemos quatro cendrios e os avaliamos por
Redes Bayesianas baseadas em Crencas (BBN). Nos avaliamos os resultados qualitativos dos quatro cenarios
de manejo propostos: “business-as-usual” (BAU), “Conservagdo e Fair Trade”, “Agroflovesta e Fair Trade”, e
“Desenvolvimento Agroindustrial”. Verificamos que os cendrios que incluiam medidas de conservag@o e comércio
justo, assim como o que previa praticas agroflorestais indicaram potenciais melhorias no status de conservacao
das arvores de karité e aprimoramento do bem-estar das comunidades locais. Neste estudo de caso, demonstramos
que o desenvolvimento de um modelo conceitual mais completo na escala local pode ser util na identificagdo de
oportunidades para a proposicao de estratégias politicas efetivas e inovagdo social. O estudo de caso da arvore
de karité pode fornecer um exemplo de modelagem de produtos florestais ndo-madeireiros para outras regides do
mundo que enfrentam vetores de mudancga e pressdes semelhantes. As espécies para as quais esse modelo pode
ser adaptado incluem espécies da América Central e do Sul, como a castanha-do-brasil (Bertholletia excelsa),
cacau (Theobroma cacao), andiroba (Carapa guianensis), agai (Euterpe oleracea) e a palma da cera (Ceroxylon
quindiuense). O modelo e a proposta de trabalho aplicados aqui podem, portanto, ser usados para entender sistemas
socio-ecologicos semelhantes com espécies de valor econdmico local e internacional em toda a regido neotropical.

Palavras-chave: Biodiversidade e Servigos Ecossistémicos, Modelo conceitual; Vetores de mudanga; Karité,
Espécies de arvores tropicais.

Introduction

Increasing human activities are responsible for ecosystem
degradation, overexploitation of natural resources, climate change and
introductions of invasive species (Brook et al. 2008, Morris 2010),
which are considered the main drivers of biodiversity and ecosystem
change. The impacts of these changes also directly affect the provision
of services and benefits that people obtain from ecosystems (Diaz et
al. 2015). The alteration of ecosystems and the resulting reduction of
biodiversity are still accelerating in many places, with severe impacts
on people around the world (Ceballos et al. 2015). Savannahs and
tropical rainforests are among the world’s major terrestrial ecosystems,
and consequently experience marked impacts from human activities
(Shackleton & Scholes 2011). Indeed, savannahs and tropical rainforest
are subject to swift land-use changes due to rapid human population
growth and the resulting growing interest in cash-crop production,
infrastructure, grazing areas, and forest product harvesting (Wittig et al.
2007, Ouédraogo et al. 2010). The combined effects of these human
pressures and climate change contribute to savannah degradation leading
to biodiversity loss. Nonetheless, savannahs play enormous ecological,
economic, and social roles throughout their distributional range.

http://www.scielo.br/bn

For instance, they are one of the most important ecosystems providing
timber and non-timber forest products (NTFPs) in the West African
Sudanian region (Nacoulma et al. 2011), where local people depend on
these resources for meeting daily food, energy, medicinal, and cultural
needs, as well as for deriving income. Among savannah species, those
of higher socio-economic importance have been found to be declining
faster as a result of overexploitation and unsustainable harvesting
(Wezel & Lykke 2006).

The shea tree (Vitellaria paradoxa C. F. Gaertn.) is a tropical
savannah species catalogued as threatened with extinction since 1998
(IUCN 1998). It is one of the most socio-economically and ecologically
valuable species within its distribution area, providing numerous
ecosystem services promoting human well-being and biodiversity
conservation within the region. The shea tree is endemic to semi-arid
sub-Saharan Africa and grows in 21 countries with the total number of
trees estimated at 1.8 billion (Naughton et al. 2015). Growing naturally
(neither planted nor cultivated), the shea tree is a “semi-domesticated”
species growing in a wide variety of environments (Seghieri 2019).
Farmers select and protect certain trees within their fields to benefit from
the ecological and socio-economic value of the species (Elias 2012).
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Within agroecological communities, shea trees improve soil fertility
of croplands and make significant contributions to climate change
mitigation through their potential for carbon sequestration and water
regulation (Bayala et al. 2006, Sanogo et al. 2016, Dimobe et al.
2019, Seghieri 2019). Shea tree nectar, pollen, fruit pulp and seeds
are important sources of nutrition for many faunal species, including
pollinator insects, birds, and mammals (Stout et al. 2018). Shea trees
therefore contribute greatly to biodiversity maintenance within their
distribution area. The exploitation of shea products (both for local use
and industrial processing) supplements the livelihoods of more than
80 million people across the sub-Saharan Africa region (Boffa 2015,
Naughton et al. 2015). For instance, in Burkina Faso the market of shea
kernels and butter contributes to 12% of the total income of the poorest
households (Pouliot 2012). Because shea butter is frequently used in
the food and cosmetic industries, the export of shea tree products also
supports the national economies of shea-producing countries with annual
contributions estimated at 49 and 30 million USD in 2011 in Burkina
Faso and Ghana, respectively (APFNL 2012, Hatskevich et al. 2011,
Bup et al. 2014).

Despite their ecological and socio-economic importance, shea tree
populations are increasingly degraded, expressed through declining
tree density, low regeneration, rates and ageing of existing shea tree
populations (Okullo et al. 2003, Teklehaimanot 2004, Raebild et al.
2012). The Sudanian savannah zone, for instance, reached its largest
shea tree density in the 1940s, with a population of 230 trees per ha
(Chevalier 1946), but this has been reduced to 11 trees per ha on
average in more recent years (Nikiema et al. 2003). This decline is
mainly ascribed to (1) climate change; (2) habitat degradation due to
land use change, mostly cropland expansion; (3) overexploitation of
shea trees timber for firewood and charcoal production; (4) increasing
international demand for shea butter, leading to high harvesting pressure
on the species; (5) lack of clear policies for shea tree management;
and (6) underestimation of the potential production of the species at
local, national, and regional levels, as well as the associated economic
opportunities (Teklehaimanot 2004, Raebild et al. 2012, Boffa
2015, Gaisberger et al. 2017, Bondé et al. 2019a). Two main sets of
recommendations, based on scientific studies, have been formulated
to develop sustainable strategies for the species’ management.

Table 1. Key stakeholders in the shea sector.

The first suggests changes in land-use and forest policies by developing
local and national markets that break the long chain of middlemen
to improve farmers’ income, standardizing product quality at the
national level, and legalizing farmers’ access to market information
(Teklehaimanot 2004). The second recommends the involvement of
local people in shea tree management programs to ensure the inclusion
of indigenous knowledge, such as gender-specific considerations on
the species’ management and its particular challenges (Boffa 2015,
Diarassouba et al. 2008, Elias 2015). The implementation of the above
recommendations should allow shea tree restoration and population
recovery, but unfortunately, recent studies based on field data and expert
knowledge have shown that the species is subjected to “severe threat
levels” which led it to be among the most vulnerable food species in
the region (Gaisberger et al. 2017).

These findings suggest the persistence of the drivers of change in
the shea tree system and potentially signals the lack of implementation
of effective policies for shea tree management. Indeed, the shea sector
involves many actors affecting the species (Table 1). The weakness of the
system lies in the low levels of connection between actors and decision-
makers, which is one of the main constraints for the sustainable use of
shea tree resources. Domestic use of shea trees as timber (for charcoal
production and manufacturing of artisanal tools) is mainly connected to
farmers, who are also responsible for most land use conversion from forest
to croplands (Wittig et al. 2007). For the most part, men are in charge of
the management of shea trees and the land, while women sell and locally
process shea products. Neither of them, however, participate in decision-
making processes such as fixing prices or developing management
policies. These decisions are made at the industry-level, where exporters
fix prices and ensure the quality of shea products. Lack of transparency
hampers the ability of other actors and stakeholders to influence the shea
market. Export data, including prices and potential of products exported
by shea companies, are generally not accessible to other actors in the
shea tree sector, as highlighted by Rousseau et al. (2015). Those authors
indicated that many companies do not publish information on their export
volumes and purchasing prices for economic reasons such as competition
at the national level. This suggests that the shea sector is comparatively
less well-organized than annual crop sectors such as cotton, for which
purchasing prices are commonly known to producers.

Activities

Actors controlling decision making

Reference

Land and shea tree tenure, tree management, Farmers

timber harvesting
Fruit and nut harvesting Women and children

Selling and local processing of shea products
level

Trade system including price fixing and

quality of products
Knowledge generating Scientists

Species protection

Women at both individual and association

Industries and exporters

Landowners (farmers) and Government

Boffa 2015; Seghieri 2019

Elias et al. 2006; Boffa 2015; Seghieri 2019
Elias et al. 2006; Boffa 2015; Seghieri 2019

Elias et al. 2006; Boffa 2015; Seghieri 2019

Boffa 2015; Seghieri 2019
Boffa 2015; Seghieri 2019

(Ministry of Environment, Green Economic

and Climate Change)
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Stronger connections between the various stakeholders and actors
in the shea product sector are thus crucial for ensuring long-term
species protection. Most studies and development activities involving
the species have focused on specific aspects of the shea tree sector and
have not employed a systems approach to address the sector as a whole.
The development of an integrative model, linking all aspects of the shea
tree social-ecological system has the potential to help understanding the
system dynamics and could, therefore, be greatly beneficial in securing
the sustainable use of shea tree resources as well as the ecosystems
services and biodiversity values associated with the species.

The Intergovernmental Platform on Biodiversity and Ecosystem
Services (IPBES) promotes the use of scenarios and modelling
approaches as a fundamental tool to advance the understanding of
the relationships between drivers of change and social systems to
inform decisions (Diaz et al. 2015, IPBES 2016). However, case
studies showing how these approaches can be operationalized at the
local level to identify opportunities for policy development or social
innovation at the local level (Vohland et al. 2011, Liu et al. 2015, Kok
et al. 2017) are still scarce. The IPBES highlighted the importance
of integrating scientific disciplines (natural sciences, social sciences,
engineering), diverse stakeholders (scientific community, governments,
international organizations, and civil society at different levels), and
different knowledge systems (science and indigenous knowledge,
local and practitioners’ knowledge) on conceptual models and scenario
building (Diaz et al. 2015). Even though a systemic and participatory
bio-economic modelling approach was already proposed to stimulate
shea parklands’ production (Seghieri 2019), the relationship between
drivers of change and shea tree abundance was not clearly included in
the model. Here, we detail a more comprehensive, integrative, modelling
approach, including both social and ecological drivers of change in
shea tree abundance to investigate how social-ecological modelling
can contribute to improving the management of the shea tree system.

The objectives of this paper were to: (1) develop and model scenarios
based on policy development for the sustainable management of the shea
tree system using a conceptual model exploring the relationships of the
different social-ecological elements affecting shea tree abundance; and
(2) assess the qualitative potential future outcomes of these scenarios
to inform policy decisions regarding the shea tree sector.

Material and Methods

The study presented here is the result of a workshop from the Sdo Paulo
School of Advanced Science on Scenarios and Modelling on Biodiversity
and Ecosystem Services to Support Human Well-Being, a course organized
by the Brazilian Platform on Biodiversity and Ecosystem Services (BPBES)
and funded by the Sao Paulo Research Foundation (FAPESP) in July
2019. We developed a conceptual model for the use of non-timber forest
products under the IPBES framework (Diaz et al. 2018), using the shea
tree as case study. The conceptual model was based on existing literature
and discussions during the workshop. First, we described the study system,
framed its products and processes as Nature’s Contributions to People (NCP),
and derived a conceptual model. NCP are defined as all the contributions,
both positive and negative, of living nature (diversity of organisms,
ecosystems, and their associated ecological and evolutionary processes) to
people’s quality of life (Diaz et al. 2018). Subsequently, we proposed four
scenarios for the system based on selected potential management options.

http://www.scielo.br/bn

Finally, we used a Bayesian Belief Network (BBN) to predict qualitative
outcomes of the proposed scenarios to inform policies for the sustainable
use of the shea tree.

1. Identifying pressures and drivers and building the conceptual
model

As a first step in evaluating the shea tree socio-ecological system,
we derived a conceptual model that included a focal component and
the NCP it provides, four direct drivers or pressures, and three indirect
drivers that modulate the intensity of those pressures (Figure 1). We
selected shea tree abundance as the focal component in the system.
We considered that shea abundance is a useful indicator because, (a)
it has a direct relationship with shea productivity and shea use by
local people, which makes it relevant to evaluate the contributions
of the shea tree system to human well-being at the local level (Cissé
et al. 2018), (b) it is easier to measure than alternative indicators
such as tree age or fruit production. For instance, fruit production is
highly variable and more difficult to estimate using the branch method
(Bondé et al. 2019a). Based on literature review and discussions, we
identified shea tree NCP that influence the state of the focal component
of the system, and classified these into three categories: regulating,
material, and non-material (Diaz et al. 2018). We also identified four
different direct pressures that affect shea tree abundance. In addition
to these, we recognized three main indirect drivers modulating the
impact of direct pressures on shea abundance. Lastly, shea abundance,
shea NCP, direct pressures and indirect drivers were integrated into
a conceptual model, where elements were linked to represent how
they influence each other.

2. From conceptual model to scenario modelling

2.1. Scenario development

We discussed policy options that countries within the shea tree
distribution could implement and that have potential to influence
shea abundance. These policies were later implemented as a set of
scenarios based on alternative policy options with the potential to
influence the state of shea tree abundance throughout the species
distribution range (Figure 2). These scenarios were designed to
present a broad overview of alternative outcome states of the system,
and to investigate the likely outcomes for NCP, and human wellbeing.
Scenarios illustrate how pressures and drivers can be modulated
through a combination of selected policies and are useful to record
the downstream effect on the system. These scenarios represent
only a subset of the pool of possible scenarios and were selected for
their potential contribution to illustrate the role of different policy
management options over the shea tree system.

2.2. Scenario implementation

Modelling of outcomes of various scenarios was implemented
as a Bayesian Belief Network (BBN) using the Netica software
(version 3.07). BBNs are a stochastic modelling technique that
uses probabilistic dependencies between components of a model
as a common metric, allowing the integration of qualitative
information. Netica uses the Lauritzen and Spiegelhalter algorithm
(Lauritzen and Spiegelhalter 1988) to calculate binary pair-wise
correlations of all possible combinations of linked variables.

https://doi.org/10.1590/1676-0611-BN-2019-0898
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Figure 1. Conceptual model of the shea tree socio-ecological system including the focal component, drivers and Nature’s Contributions to People. The relationships
between system components are represented by arrows; a simple arrow implies an impact into the connected element, while a gray dashed arrow denotes a feedback
relationship between the interconnected elements. Blue dashed circles illustrate the potential policies and are connected to their targets by blue dashed arrows.

Figure 2. Visions of the four policy scenarios implemented in this paper. A) Business-as-usual, B) Conservation and fair-trade, C) Agroforestry, D) Industrial agriculture.

We used a BBN as a method of stochastic modelling to: (1) quantify the
relationships between variables affecting the shea tree abundance and
productivity and the potential scenario policies; (2) operationalise the
model; and (3) assess the effects of alternative development pathways.

The BBN was based on the conceptual model. Each element in the
conceptual model is included in the BBN as a node, and the relationships
between elements were considered causal relationships represented as arcs
between nodes. To reduce the complexity of the model, we did not include
separate shea NCP in this exercise. Belief about variables are expressed as
probability distributions that define the strength of the causal relationships.

https://doi.org/10.1590/1676-0611-BN-2019-0898

These probabilities were defined after group discussions, and are
therefore qualitative estimations based on expert criteria and existing
literature (Jensen 2001).

We first defined two discrete states for each variable (i.e. “low, high”).
Secondly, for each node that is affected by one or more upstream nodes,
we defined a conditional probability table to express the probability
for the states of the child node given the states of its parent nodes (see
Tables S1-S5). To decide these probabilities, the discussion group first
ordered parent nodes from lower to greater impact on the child node,
and classified them as small, medium or high (section 1, Tables S1-S5).
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These impacts were identified either as positive or negative on the state
of the child node. Impact order and relative magnitudes were set
based on group discussions and the literature. Then, those qualitative
impacts were translated into probabilities (section 2, Tables S1-S5),
and these were finally used to build conditional probability tables
for the node (section 3, Tables S1-S5). For instance, when a policy
option is thought to have a relatively small downstream impact, the
probability distribution for its two states was set to be relatively balanced
(e.g. P(high) = 0.65 and P(low) = 0.35 ), while for policy options with a
greater potential for downstream impact, the probabilities for its two states
was set to be more diverging (e.g. P(high) = 0.80 and P(low) = 0.20).
Because policies are additive, we allowed for their impact to sum
up to a P(high) < 0.95 (in the example before, if both policies were
applied simultaneously the resulting probabilities would be P(high) =
0.95 and P(low) = 0.05). Lastly, we defined the current initial status of
the policy elements following a similar procedure: we first classified
the level at which the policy is present across countries with shea as

Table 2. Principal nature’s contributions to people (NCP) provided by shea tree.

small, small-medium, medium, medium-large, large; and then translated
these categories into unconditional probabilities (Table S6). After the
BBN was characterised, we simulated the effect of the four scenarios
by manipulating the marginal probability distributions of the policy
elements.

Results
1. Conceptual model

1.1. Shea abundance and NCP

‘We compiled a comprehensive list of NCP provided by shea tree that
are affected by its abundance (Table 2 and Figure 1). These contributions
range from cultural uses in rituals or religion, to the consumption of
fruits and nuts as food and feed, the use of the timber for energy, and
as raw material for artisanal tools and construction.

NCP category Specific NCP  Description
Regulating NCP
Regulation of climate ~ Carbon Parklands with high densities of shea tree can stock carbon comparable to native vegetation (Dayamba
sequestration et al. 2016). Shea trees in the wild have high carbon storage (3.01 Mg ha') (Dimobe et al. 2019).
Regulation of Water Shea tree cover density influences groundwater recharge and superficial runoff improving water
freshwater quantity, regulation availability for people inhabiting seasonally dry tropics (Ilstedt et al. 2016).
location and timing
Formation, protection,  Soil Shea trees improve deep soils by increasing macroporosity due to litter inputs and the combination
and decontamination formation & of root, faunal activity, and microclimate. Soil fertility is enhanced by shea trees due to deposition
of soils and sediments  protection of organic matter, i.e. the husk of the seeds improves soil fertility by forming mulch and fertilizer
(Bayala et al. 2006, Bargués-Tobella et al. 2019).
Material NCP
Energy Fuel Shea tree timber is used to produce coal and fuelwood. The wood has high burning capacity and efficiency,
producing less smoke and ashes and a good amount of charcoal (Abdulrahaman et al. 2006).
Food and feed Food Fruit pulp constitutes an important source of nutrition for people living in the shea tree distribution
area. It has high contents of energy, micronutrients and vitamins (Hall et al. 1996, Maanikuu & Peker
2017). Oil is used for cooking in the majority of households (Gwali et al. 2012).
Feed Shea trees provide fodder (Poudyal 2011, Noma et al. 2019).
Materials, Construction Timber is used as building material (Poudyal 2011). Butter is used as a fixative and waterproofing
companionship and material in artisanal construction (Booth & Wickens 1988).
labor Cosmetic Butter is highly valued as an ingredient in luxury cosmetic (moisturizing creams, sun lotions, and soaps)
(Boffa 2015).
Medicinal, Medicinal Several parts of the plant alone or in mixtures with other plants are used as a remedy for a range of
biochemical and resources diseases. Leaves are used for the treatment of stomach-ache, fevers and headache, and eye problems.
genetic resources The roots in combination with the bark are employed to treat jaundice, diarrhoea, and stomach pains.
Bark infusion beverage are used to treat diabetes, leprosy, and as a child labour inductor (Maanikuu &
Peker 2017). Derivatives of shea such as oil are used for facilitating childbirth (Gwali et al. 2012).
Non-material NCP
Supporting identities Cultural Shea tree is considered sacred in numerous rural communities, is used in several cultural rituals and traditions,
Heritage and  including enthronement, marriages and wedding ceremonies, funerals, and war rituals (Hall et al. 1996,
Identity Gwali et al. 2012, Ouédraogo et al. 2010). For example, Dagaaba people from West Africa countries

celebrate the Bagre ancestral ceremony in which shea trees play an important role (Kuwabong 2004).
Shea trees are also an important element in the cultural heritage of Sudano-Sahelian women. Knowledge
about shea butter preparation is passed down from mothers to daughters (Elias & Carney 2007). Gwali et al.
(2012) provides extensive information on additional traditional uses of the shea tree.

http://www.scielo.br/bn
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1.2. Drivers of change and pressures

We identified three indirect drivers (Figure 1) that influence the
pressures that affect shea tree abundance, its survival and the type of
NCP it provides to the local community. The first driver is climate
change, which impacts biodiversity directly through effects of shifts in
temperature and precipitation that affect the phenology of the tree, and
its ability to grow and survive. In addition to the erosion of climate,
climate change also has the potential to erode other abiotic properties
of the environment of shea trees, including a role in the degradation of
soils (Evans 1996). Climate change also affects the biotic interactions
of the shea tree. These biotic interactions include pollinators and
dispersers, which are needed to maintain shea tree production (seed
production for regeneration) through effective pollination and increase
the shea distribution area by seed dispersion in different habitats. They
also encompass parasites and predators, which negatively affect shea
tree abundance by reducing physiological and phenological events of
the species, compromising seed production and their quality (especially
their germinative ability). The second driver is the international demand
for shea products, which influences shea tree abundance indirectly via
the overexploitation of the tree and its products with economic value.
This occurs through modulating local community decisions related
to shea tree exploitation and land management. The third identified
indirect driver of the shea tree abundance is the increasing demand
for agricultural land by local communities. This driver promotes land
conversion in areas previously covered by shea habitat into alternative
land uses such as agriculture and urban areas. A list with indicators that
can be used in the assessment of the elements of the conceptual model
can be consulted in Table S7 in the Supplementary Material.

2. Scenarios

2.1. Policies and scenarios

We identified six policies with the potential to influence the
drivers that have caused the current low abundance of shea tree: (1)
climate change adaptation, (2) promotion of fair trade, including
the development of more favourable commercialization options, (3)
increasing efforts to restore and reforest shea habitat, (4) expansion
of protected area networks, (5) promotion of agroforestry practices,
and (6) policies towards a transition to more agro-industrial schemes.
Climate change adaptation policies are those that seek to reduce the
local effects of climate change on habitats and soils. Some examples
of these policies include the use of nature-based solutions (NBS;
Cohen-Shacham et al. 2016) to increase carbon sequestration and
reduce soil degradation. Fair trade involves the arrangement of
commercial practices to help producers in developing countries reach
sustainable and equitable trade relationships. Despite its potential to
enhance the sustainable use and trade of shea tree products by local
communities, fair trade plays a small role on the trade of shea products.
Restoration policies could also increase shea abundance through the
direct plantation of trees and, indirectly, through the restoration of shea
habitats. A similar impact could be achieved through the expansion
of the protected area network, which could stop land transformation
and overexploitation of shea within reserve borders. Moreover, an
adequate management of protected areas could protect shea trees while
permitting the sustainable use of its products by local communities.

https://doi.org/10.1590/1676-0611-BN-2019-0898

Finally, we included two policies linked to agricultural practices that
have potential to influence shea abundance. The first of them is the
promotion of agroforestry practices, where cultivated shea trees are
combined with shade-tolerant crops. Lastly, agriculture practices could
promote industrial agricultural development based on crops such as
cotton, maize, and sorghum. These practices would displace shea and
cause a decline of shea habitat if they become extensive.

We grouped the above policies into four scenarios (Figure 2).
The first scenario is a “business-as-usual” (BAU) scenario, depicting
developments that result from the projection of the current state of the
system to the future. BAU is characterized by the unsustainable use of
shea tree products at the local scale. The second is the “conservation
and fair-trade scenario”, where policy reinforces shea tree protection
via enhanced area-based conservation of the species and its assisted
regeneration and reforestation, which would provide means for
climate change adaptation. The previous policies are combined in this
scenario with the promotion of fair-trade certification of shea products.
Third, in the “agroforestry and fair-trade scenario”, policy focuses on
promoting local-scale agriculture through agroforestry. We included
climate change adaptation in this scenario because agroforestry is often
recognized as a nature-based solution to combine food production and
local adaptation to changing climate. This scenario is also associated
with fair trade policies, because these trades are often associated to
production approaches that can be coupled with sustainable practices,
such as agroforestry. Fourth, the “industrial development scenario”
prioritizes the expansion of industrial agriculture in spite of seeking
the maintenance of the shea tree cover.

2.2. Scenario outcomes

In the “BAU scenario”, the BBN model shows that the
unsustainable use of shea leads to a general decrease of tree abundance
(high) = 0.282; Figure 3). Climate
change is expected to continue the erosion of the climatic and soil
crosion of climate and soil( LOW) = 0.77) and
(low) = 0.68). This negative
impact will be reinforced by the continued reduction of shea cover

and tree products (P,
requirements of the shea tree (P
of its biotic interactions (P .. .
as a result of agricultural expansion (P, (high) = 0.597) and, most
importantly, the unsustainable exploitation of the tree and its products
(Powmplomon(high) =0.875), which would lead to further deterioration
of the provision of traditional livelihoods. For the BAU scenario, we
set the state of each scenario to the current state as estimated in the
discussions. For the following scenarios we increased the level of all
involved upstream policies to “high”.

The “conservation and fair trade scenario” depicts a future where
the combination of activated policies leads to an improvement of the
shea tree abundance and the NCP it provides. Specifically, the BBN
projects a doubling of the probability of reaching a high shea tree
sbundancc igh) = 0.729; Figure S1), when compared to
BAU. The promotion of fair trade shea products would lead to a more
Dvcmploimmn(low) = 0.95), and the
subsequent development of local communities that harvest them. This,

abundance (P
sustainable harvest of shea nuts (P
combined with better conservation policies, would lead to a recovery

Lucthigh) = 0.485). In this scenario, there
would be an enhancement of the NCP that the shea tree provides for

of natural shea tree cover (P

local communities (Table 2).
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For the “agroforestry and fair trade” scenario, the BBN indicates
only a slight increase in the shea abundance (P . (high) = 0.633;
Figure S2). In this scenario, local communities’ economies might benefit
from the slightly increased shea abundance, products obtained from
planted and managed shea trees, and also from alternative shade-tolerant
crops cultivated alongside shea trees. The condition of the natural
landscapes dominated by the shea tree would have the opportunity to
partially recover as a result of reduced land use change (P .(high)
= 0.313). Changes in the use of shea products could lead to changes
or losses in non-material NCP (e.g., cultural heritage and identity).
However, policies only based on the promotion of agroforestry do not

achieve an increasing in shea tree abundance comparable to the previous
scenario, according to the BBN.

The “industrial development scenario” points to an impoverishment
of shea tree ecosystems (Figure S3). These policies lead to a marked
expansion of the land conversion, causing the loss of shea trees and
reducing the accessibility of shea products for locals. It depicts the
uc(high) = 0.448) and decrease
(high) = 0.322) of all analysed scenarios.

largest increase of land transformation (P
of shea abundance (P, .
As a result, most NCP provided by the shea tree would be reduced,
including those related to cultural values of local communities (Table 2).

Outcomes for all four scenarios are summarised in Table 3 and Figure 4.

Figure 3. Bayesian Belief Network model structure of the BAU scenario. Nodes in the upper row represent policies, whereas nodes in the second row represent pressures.
The probability distributions of policy nodes reflect the estimated current implementation of each policy.

Table 3. Summary of outcomes of four management scenarios for the shea tree system. Checkmarks represent the considerate policies for each scenario. The arrows
are horizontal when the probabilities are distributed equally between “high” and “low” states (P = 0.50 = 10). Arrows that point up have a distribution of probabilities
biased towards “high” states, whereas arrows that point down have a distribution biased towards “low” states. Arrow colour indicates whether expected changes
in pressures and states in each of the four scenarios can be considered positive or negative for the shea system: dark blue — strong increase; green — improvement;

red — worsening. CC adaptation: Climate change adaptation.

Scenarios
BAU Conservation and fair trade Agroforestry and fair trade Industrialization
Policies

Fair trade - v v -
Conservation - v v -
Reforestation - v - -
CC adaptation - v - -
Agroforestry - - v -
Industrialization - - - v

Pressures
Overexploitation 7 N - Ve
Land use change - - \ /7
Erosion of climate and soil /7 \ \ Ve
Erosion of biotic interactions /7 \ \ Ve
Abundance of shea tree \ /7 7/ \
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Figure 4. Summary of outcomes of four management scenarios for the shea tree system. Showing the probability that shea abundance will be high and pressures

will be low in each of the four tested scenario. Note: showing P (high); P

abundance

Discussion

The shea tree provides many NCP to the local community,
being a fundamental resource to their cultural, economic and social
development. However, only material NCP were connected with shea
tree abundance through a mutual feedback relationship. This is because
the supply of these NCP is linked with extractive processes that can
diminish shea tree populations. For example, the nuts are used to obtain
butter to produce cosmetics and personal care products, which are
traded for high profits in the international cosmetic industry. Although
some material parts of the shea tree are important for the supply of non-
material NCPs, cultural uses of shea trees mainly exist at the local scale
and are commonly associated with the implementation of traditional
conservation practices (Gwali et al. 2012). Abiotic factors (such as
climate variables, topography, and soil type) are other components
influencing shea tree abundance, tree morphological traits and fruit
yield (Lamien et al. 2008, Glel¢ et al. 2011, Aleza et al. 2018, Bondé et
al. 2019b). Shea tree requires specific environment characteristics such
as warm temperatures (24-32 °C average), seasonal rainfall (600-1500
mm per year with a dry season period of 4 to 8§ months), and elevations
up to 1500 m (Godin & Spensley 1971). Additionally, shea tree is not
compatible with some soil types, such as highly sandy and clayish soils,
areas temporarily flooded, and alluvial hollows (Boffa 2015). Abiotic
factors have been used to model the potential distribution of this species
under climate change scenarios (Platts et al. 2010, Naughton et al.
2015), suggesting that the species could expand its distribution range
northward and southward in response to predicted climate-change-
induced increases in precipitation and temperature (Boffa 2015).

The growing demand for non-timber shea products on international
markets offers an increasing source of foreign earnings to producer
countries as well as an opportunity for agricultural development and

https://doi.org/10.1590/1676-0611-BN-2019-0898

erosion of climate and soil

(IOW), Pbiotic m(eractions(low); anerexplnimlmn(low); and PLUC(IOW)'

the empowerment of their rural societies, especially women (Ingram
et al. 2015). Therefore, international trade is an important socio-
economic driver in the shea tree system, which not only relates to
fluctuating international demand and prices for shea butter (and the
possible resulting overexploitation), but also to speculation on the
production of mixed crops (cotton, maize, sorghum, yam, cassava)
in shea tree agroforestry parks (Noma et al. 2019). This speculation
can lead to agricultural intensification that requires large-scale forest-
clearings to create production areas, causing land-use to change and
consequently affecting shea tree abundance. As described in this study,
links between local actors in the shea tree system are weak, making
effective conservation of the species difficult. In addition, there are
gender and cultural issues that play a role at the local scale. Decisions
to conserve and manage the shea tree are strongly gender dependent.
Harvesting, processing and local selling of shea are locally considered
as activities for women (Elias & Carney 2007), while men are a key
component in the local-scale decision-making process. Men have the
final decision regarding management and conservation of the shea
tree due to the fact that they are considered the landowners (Poudyal
2011). Man can choose whether to plant alternative crops as a better
source of income or implement management activities to enhance
shea tree nut production and income for their families (Okiror et al.
2012). Opinions of women and direct management actions, such as
planting trees, are considered in some places as a usurpation of male
power (Okiror et al. 2012), because planting is traditionally done by
men (Boffa 2015). Besides, local population growth drives urban
expansion in the shea tree distribution area, causing not only land-
use change and depletion of the species, but also the transformation
of livelihoods in local communities (Dapilah et al. 2018). This can
also entail potential reductions in the supply of NCP by the system,
particularly in the non-material category.
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Interaction with other species was identified as an important biotic factor
affecting shea tree abundance. First, pollinators such as bees (Hypotrigona
gribodoi (Magretti 1884) and Apis mellifera adansonii (Latreille 1804) (Stout
et al. 2018) and dispersers such as flying foxes (Chiroptera: Pteropodidae)
mammals (elephants, bats) (Djossa et al. 2008) and primates (Ontl 2017)
were included in the model as a pressure with feedback to shea tree
abundance due to their interdependence. Pollinators and dispersers play a
crucial role in the species regeneration and distribution. Animal pollination
is necessary in the life cycle of many plant species and play a crucial role
in the long-term maintenance of biodiversity and natural ecosystems (Ratto
et al. 2018), while seed dispersers significantly affect plant demography,
dynamics and succession in tropical ecosystems (Petre et al. 2013). This
emphasizes the need for the development of efficient strategies to ensure
the conservation of pollinators and dispersers that support shea tree
populations. Second, predators and parasites were linked as a pressure
on shea trees because they gradually weaken the trees and can reduce
nut yield. Caterpillars (Cirina forda) (Westwood 1849) and stemborers
(Neoplocaedaerus sp) (N’Djolosse et al. 2012) primarily defoliate new
leaves of shea trees, affecting all stages of the shea tree growth cycle, from
seedlings to mature trees. Parasites like plants of the genus Tapinanthus
(Boussim et al. 1993) and mistletoe (Loranthaceae) (Houehanou et al.
2011) heavily infest the trees, though at higher intensities in parklands
compared to protected areas. In addition, larvae of Mussidia nigrivenella
Ragonot 1888 and the Oriental fruit fly Ceratitis silvestrii Bezzi 1912 also
affect mature shea trees by feeding on the pulp (Okiror et al. 2012). The
biotic interactions affecting shea tree abundance are influenced by climate
change. For instance, studies have suggested that climate change is one
of the drivers behind the global decline of pollinators (Potts et al. 2010).
However, more studies are needed to fully understand the actual impact of
climate change on broader sets of species interacting on complex ecological
networks. Moreover, its impact on the above described species that have a
directly effect on the shea system is still largely unknown.

Our findings suggest that the integrative modelling approaches
developed here can provide useful insights for non-timber forest products
in other regions around the world that face similar drivers and pressures,
such as low recruitment, slow growth, slow maturation, decreasing climate
suitability, and high international demand. Examples of species in Central
and South America that might be part of an equivalent system with similar
unsustainable situation are the Brazilian nut (Bertholletia excelsa O.
Berg), cocoa (Theobroma cacao L.), andiroba (Carapa guianensis Aubl.)
acai (Euterpe oleracea Mart.) or the wax palm (Ceroxylon quindiuense
(H. Karst)). The case of the wax palm is particularly similar to that of the
shea tree, as this palm species is used not only as part of local economies
but also for tourism, while also relevant for its cultural value. All these
examples of plant species are to some extent threatened by land use
change, fire rates, decrease of pollinators, international demand and fare
exchange with local people (Bertwell et al. 2018, Porcher et al. 2018).
As in the case of the shea tree, the sustainable use of these plant resources
and their conservation should be sought through bold strategies that aim at
addressing the different drivers that place pressure on them.

The four proposed scenarios are imagined to unfold over varying
time horizons. The business-as-usual scenario might materialize
over a shorter timeframe than the alternative scenarios. Following
the nomenclature in Sardar and Sweeney (2016), this scenario is
within the ‘extended present’ type of future. The conservation and
fair-trade scenario is thought to be achievable within a ‘familiar
future’ that is further into the future than BAU, but not by much.

http://www.scielo.br/bn

The transformations that substantiate this scenario are extensions of
policies that exist today, but which have yet to take (large-scale) effect.
The last two scenarios (agroforestry and industrial development) belong
to the class of “‘unthought futures’, which lie in the unforeseeable future.
These two scenarios require large-scale transformations that can only
be achieved over a long timeframe.

Through scenario-analysis, we demonstrated how a variety
of policy implementations could affect the shea tree system and
highlighted a few potential management strategies that could
contribute towards improving the sustainable management of shea
tree habitats. First, we identified actions that the local population
could implement to reduce the negative effects of land use change,
and one of the main drivers of shea tree abundance declines. For
instance, the plantation of shade-tolerant crops and the adoption of
a culture of agroforestry could help mitigate the loss of shea tree
abundance. Shea and other trees improve soil fertility and contribute
to mitigate climate change effects at both, local (by regulating water
flows and maintaining suitable microclimatic conditions) and global
scales by increasing carbon sequestration (Van Noordwijk et al.
2014). The use of shea trees in agroforestry systems would benefit
from the exploration of improved domestication practices (Seghieri
2019). The implementation of land tenure policies to ensure clarity
on land (and tree) ownership could be a viable additional policy
to implement to reach a sustainable planning for the local demand
for agricultural land (Seghieri 2019). Second, to mitigate negative
impacts of overexploitation and human population growth, policies
related to assisted regeneration could be an important strategy. These
include the promotion of tree-planting, and the improvement of
seedling care practices. However, it is important to consider that the
shea tree has a low growth rate (1-6 mm/year) (Serpantié et al. 1996),
and that regeneration is a difficult long-term process that requires
policy support. Finally, to adapt to growing international demand
and international trade, a strategy to reinforce fair-trade certification
could be implemented (Greig 2006). In order to achieve a better
future for local communities and promote the sustainable use of the
shea tree, pragmatic policy proposals may include not only fair-trade
certification but also local legislation to regulate shea nut prices and
support shea tree restoration. Indeed, in the use and management of
commercial non-timber forest products, people are able to concentrate
their efforts on management activities that provide the highest
rewards (Belcher et al. 2005). Therefore, shea tree products need to
be purchased at profitable price for local communities. Finally, the
scenarios screened in this study showed that no single policy option
might have the potential to restore high shea abundances on its
own. Instead, multidimensional scenarios that address the different
indirect drivers of the system seem to be required for a substantial
recovery of shea habitats. In this regard, the “conservation and
fair trade scenario”, which combined addressing the problems of
overexploitation (through fairer trade of shea products), accelerated
land conversion (through protection and restoration of degraded
lands) and decrease of environmental suitability (through climate
change adaptation to restore and maintain biotic and abiotic systems
supporting shea habitat), is predicted as the most likely to succeed
at enhancing shea conservation and its provision of NCP to people.

The BBN developed here used a qualitative approach based on
experts’ criteria, since the lack of quantitative data on this system
prevented the development of a more precise quantitative representation.
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While the current approach can provide valuable insights and can
constructively inform the discussion on alternative policy actions and
their potential to influence the shea tree system, we emphasize the need
to gather and systematize comprehensive, quantitative data to develop
more sophisticated models to further our knowledge on this system in
the future.

Conclusion

This study highlights the efficacy of a social-ecological modelling
approach in shea tree management. Indeed, the conceptual model
based on social-ecological drivers of change in shea tree abundance,
enables deeper understanding of the relationship between these drivers
and their effects on shea tree dynamics. The development of the four
scenarios provided insight into the suitability of different policy options
to improve shea tree management in the future. From this study, we
conclude that the policy options enabled in the “conservation and fair
trade scenario” might have most positive effects on shea tree abundance
and local provision of NCP. Overall, we can highlight three main
points from this study. First, we demonstrate that framing a case study
at a local scale by identifying principal components and subsequently
developing a conceptual model can be a useful exercise in identifying
opportunities for effective policy strategies and social innovation. Such
an approach can further guide IPBES in capturing the social-ecological
dynamics of biodiversity and NCP at varying scales. Second, through
the development of a conceptual model, and identifying key processes
and products as NCP, we were able to generate a better understanding
of potential policy options, which consequently allowed us to develop
possible socio-ecological scenarios. Third, modelling scenarios can be
a powerful tool to communicate with society more broadly, to raise
awareness of current situations and potential futures, and to better
explain the necessary interventions for a more sustainable future.

The model and workflow applied here may thus be used to
understand similar socio-ecological systems with local and international
economic value across the Neotropical region (Guariguata et al. 2017)
in order to assess the qualitative potential future outcomes of the
scenarios proposed, and could be useful to inform policy decisions for
the sustainable management. We would like to stress that the presented
alternative states represent broad generalisations of possible outcomes
for the system. Before application of this model in practice, case-
specific system states should be identified in collaboration with local
stakeholders using appropriate social science techniques.

Supplementary material:

The following online material is available for this article:

Figure S1 - Bayesian Belief Network model structure of the
“conservation and fair trade” scenario. Nodes in the upper row represent
policies, whereas nodes in the second row represent pressures. The
probability distributions of policy nodes reflect the estimated current
implementation of each policy.

Figure S2 - Bayesian Belief Network model structure of the
“agroforestry and fair trade” scenario. Nodes in the upper row represent
policies, whereas nodes in the second row represent pressures. The
probability distributions of policy nodes reflect the estimated current
implementation of each policy.

https://doi.org/10.1590/1676-0611-BN-2019-0898

Figure S3 - Bayesian Belief Network model structure of the
“industrial development” scenario. Nodes in the upper row represent
policies, whereas nodes in the second row represent pressures. The
probability distributions of policy nodes reflect the estimated current
implementation of each policy.

‘Table S1 - Overexploitation.

Table S2 - Erosion of climate and soil.

Table S3 - Erosion of biotic interactions.

Table S4 - Land use change (LUC).

Table S5 - Shea tree abundance.

Table S6 - Current policy.

Table S7 - Potential indicators for Nature’s Contributions to People
in the conceptual model of the shea tree social-ecological system.
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