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Earth Observation (EO) data can enhance understanding of human-environmental

systems for the creation of climate data services, or Decision Support Systems (DSS),

to improve monitoring, prediction and mitigation of climate harm. However, EO data is

not always incorporated into the workflow for decision-makers for a multitude of reasons

including awareness, accessibility and collaboration models. The purpose of this study

is to demonstrate a collaborative model that addresses historical power imbalances

between communities. This paper highlights a case study of a climate harm mitigation

DSS collaboration between the Space Enabled Research Group at the MIT Media Lab

and Green Keeper Africa (GKA), an enterprise located in Benin. GKA addresses the

management of an invasive plant species that threatens ecosystem health and economic

activities on Lake Nokoué. They do this through a social entrepreneurship business

model that aims to advance both economic empowerment and environmental health. In

demonstrating a Space Enabled-GKA collaborationmodel that advances GKA’s business

aims, this study first considers several popular service and technology design methods

and offer critiques of each method in terms of their ability to address inclusivity in complex

systems. These critiques lead to the selection of the Systems Architecture Framework

(SAF) as the technology design method for the case study. In the remainder of the paper,

the SAF is applied to the case study to demonstrate how the framework coproduces

knowledge that would inform a DSSwith Earth Observation data. The paper offers several

practical considerations and values related to epistemology, data collection, prioritization

and methodology for performing inclusive design of climate data services.

Keywords: earth observation, water hyacinth, climate data services, decision support systems, design

INTRODUCTION

Today, approximately 3 billion people, about half of the world’s 7.5 billion population,
live within 200 km of a coastline. Low-Elevation Coastal Zones, defined here as the
contiguous area along the coast that is less than 10 m above sea level, are home to 10
percent of the world’s population. This zone covers just 2 percent of the world’s land
area (McGranahan et al., 2007). In addition to their intrinsic value, these zones have
immense extrinsic value through the provision of benefits, known as Ecosystem Services.
Examples of ecosystem services that lake and coastal zones provide include transportation
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and access to trade, fishing, and temperature regulation. Clean
freshwater bodies may also provide an ecosystem service in
the form of water for consumption. This human-environmental
interaction is complex and dynamic because there are benefit
dependencies or competing interests in these ecosystems.
“Benefit Dependence” refers to the idea that the benefits an
individual or group are interested in will dictate their concept of
an ecosystem service. For example, water is sometimes used as
a dumping ground for waste disposal; this use of water could be
seen as an ecosystem service for one actor (Boyd and Banzhaf,
2007). On the other hand, other actors who interact with the
same water body and rely on fishing for subsistence, may find that
the waste disposal affects this important economic activity, which
could also be considered an ecosystem service. Another example
that illustrates this is the benefits derived from tropical rain
forests. At a global level, tropical rainforests are recognized for
their value in regulating climate through carbon sequestration.
Meanwhile, other stakeholders may perceive the primary value of
forests to be fuel. Since different stakeholders perceive different
benefits from the same ecosystem, the benefits can at times
be conflicting or outright antithesis (Turner et al., 2003; Hein
et al., 2006). These examples illustrate the complexity of theses
socio-ecological systems and the importance of “Environmental
Governance,” a concept in political ecology and environmental
policy that advocates sustainability as the supreme consideration
for managing all human activities-political, social, and economic.
“Environmental governance” is not equivalent to “government.”
Environmental Governance refers to the interventions aimed
at changing knowledge, decision-making and behaviors as it
pertains to the environment. The term is inclusive of actions
taken by government and non-government organizations,
businesses, communities, or individuals. International accords
like the Paris Agreement, legislation, local decision-making
structures and traditional cultural practices can all be forms
through which environmental governance is pursued. The
Sustainable Development Goals (SDGs), the 2030 agenda for
sustainable development adopted by all United Nations Member
States in 2015, is an example of Environmental Governance. The
SDGs set priorities that the member states choose to adopt in
order to advance global and local sustainability.

Complex human-environmental systems are important to
study because shifts or threats to the ecosystem services of
these coastal areas, and inadequate processes for environmental
governance can lead to social conflict and/or economic
devastation. Sea level rise provides excellent case studies of
the relationship between shifts in an ecosystem, anthropogenic
pressure, and socio-environmental impacts. For example, in
2019, the Indonesian President Joko Widodo announced that
the country would move its official capital away from Jakarta.
Factors motivating this move include rapid population growth
and environmental change due to sea level rise. The population
growth has put unsustainable pressure on the city’s urban
water supply which has led to over-pumping of the city’s
groundwater resources (Dsikowitzky et al., 2016). The over-
pumping combined with sea level rise has led to land subsidence.
The island is physically sinking at an estimated 25 centimeters per
year (National Public Radio, 2019). Currently, about 40 percent

of Jakarta is located below sea-level (Pratomo, 2016). Moving the
capital has dramatic economic implications, estimated to require
the equivalent of 32.7 Billion USD. Another example can be seen
in Louisiana among the Isle de Jean Charles, LA, band of the
Biloxi-Chitimacha- Choctaw tribe. Sea level rise and increased
flooding in Louisiana has caused the tribe to consider options
to either adapt or relocate. This has produced conflict around
desired outcomes within the community (Northern Arizona
University, 2008). One group feels culturally attached to the land
and would prefer an adaptive strategy, while another group feels
that the community carries the culture irrespective of the physical
location and wants to migrate. From these examples, it’s clear
how environmental change can lead to social conflict and/or
economic devastation. With population growth rising globally,
the pressure and tensions over resources in these already fragile
systems are exacerbated.

Design methods provide tools to help people understand
the world, their contexts, and to take initiative to design
products, technologies, or services to advance their needs.
Earth Observation technologies provide tools to quantitatively
understand the natural world and how to sustainably operate
within it (Martin, 2008). When design is combined with EO,
there is an opportunity to positively impact decision making on
Environmental Governance. These types of tools are commonly
called Decision Support Systems (DSS). There are two concrete
ways that EO data can improve environmental governance.
First, data can help to describe features of an environmental
phenomenon and potential positive or negative relationships
between multiple variables. If these relationships are revealed,
it is possible to react to those relationships with new policy
or management methods. Second, data can enable groups
to evaluate options for environmental governance and select
policies that meet stakeholder needs and concerns. Often there
are multiple viable choices to choose from in a decision. Data can
enable a decision-maker to model or forecast different choices
and select for a desired outcome.

NASA SERVIR provides several examples of DSS that
use EO data to improve environmental governance (SERVIR
Service Catalog). A joint initiative of National Aeronautics
and Space Administration and United States Agency for
International Development, SERVIR works in partnership with
leading regional organizations world-wide to help countries
use information provided by Earth observing satellites and
geospatial technologies for managing climate risks and land use.
For example, SERVIR has collaborated with the Ghana local
government to operationalize optical data showing deforestation
and burn signatures to identify and monitor charcoal production
sites, toward an overall effort for more sustainable environmental
planning (SERVIR Service Catalogue, 2018). SERVIR uses
satellite and GIS data to address other topics as well such as Food
Security and Flood forecasting. Work by SERVIR spans several
regions including South America, Himalayas, East Africa, West
Africa and Southeast Asia, empowering decision makers to act
on local issues.

Despite these benefits and positive stories of DSS, data is
not always incorporated into the workflow for decision-makers
for a multitude of reasons from awareness, to interpretability,
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accessibility, and cost. Co-author Wood describes lack of funds,
expertise and equipment as other factors that can contribute to
a country or organization’s inability to use space technologies
(Wood and Weigel, 2014). The purpose of this paper is to
address financial, technological and informational challenges
that historically socioeconomically and environmentally-
marginalized communities face in designing and implementing
DSS for Environmental Governance. The study also aims
to demonstrate collaborative models that address historical
power imbalances between communities. This paper argues
that explicit consideration of design methods and collaborative
models can address barriers to inclusive DSS adoption. To
advance this argument, this paper develops a definition
of “inclusivity,” considers the many different methods for
product, service and technology design, and critiques the
methods for its applicability to Environmental Governance
design challenges. The design and collaborative approach
this paper recommends is then applied to a case study in
Cotonou, Benin.

MATERIALS AND METHODS

Addressing Research Objective 1, “Describe a process that a
community or organization could take to design a DSS” begins
with a literature review on existing design methods. There are
many design and engineering methods that are commonly used
in product, service, and technology development. These methods
fundamentally originate from different communities and schools
of thought including art, computer science, or engineering
communities. It is important to examine the different methods
because each method has strengths, weaknesses or biases in the
way information is gathered or analyzed. Thus, the same method
may not be reliable for different types of project pursuits or
contexts. This section discusses and critiques several different
types of Technology or Product Design Methods and provides
a rationale for the method selected - the Systems Architecture
Framework (SAF).

Review and Critique of Technology Design
Methods
IDEO, a design and consulting firm founded in 1991,
defines Design Thinking as “a human-centered approach to
innovation that draws from the designer’s toolkit to integrate
the needs of people, the possibilities of technology, and
the requirements for business success.” The five step Design
Thinking process includes:

1. Empathize – personify end-users to understand their
challenges and needs

2. Define – concisely summarize the end-user challenges that
need to be solved

3. Ideation – selecting solutions to prototype with end-users
4. Prototype – prototyping solutions with increasing fidelity

through iterations
5. Test – test the prototypes with end-users.

The Design Thinking methodology often uses tools and
techniques including sketching, mock-ups, post-it notes, journey
maps, storyboarding and role-playing (Johnson et al., 2007;
Diana et al., 2012). The Design Thinking process has had radical
success in changing the way that product and service ideas are
developed. It is particularly strong for rapid generation of creative
and innovative solutions to problems. However, a caution of
Design Thinking is that it can sometimes be used routinely
and without nuance or adaptation of the steps for the specific
application (Norman, 2005). Empathy can be pursued through
research methods that do not actually formally include the end
users in the design process. The Design Thinking process is not
inherently collaborative. It also, by encouraging “concision” and
rapid prototyping in its method description, does not necessitate
a robust formal description of the end-users and the systems
within which they exist or interact with.

Another design methodology, User-Centered Design, has
similar steps to Design Thinking but is often applied to
user interface design in particular. The User-Centered Design
process emphasizes improving the usability, accessibility, and
pleasure provided from interacting with a product or technology.
It, like Design Thinking, often includes steps of prototype
demonstration with the user group and processes that commonly
include flowchart construction as a means to communicate the
design of systems. Like Design Thinking, this process is not
inherently collaborative, nor does it encourage formal system
descriptions in the empathy phase of the method.

Community-Centered Design is an older method that looks
at the community of users from an observational standpoint.
The researcher or designer aims to generate viewpoints or
observations of the unanimous behavior of a community and
generate designs in response to those observations. A method
that has attempted to extend the class of design methods to see
the user community as not only users but designers themselves is
participatory design (Sanders and Stappers, 2008). Participatory
design is an approach that actively involves the people who are
being served through direct engagement with the stakeholders at
every step. Key techniques and tools used in this approach are the
use of workshops, storytelling and co-designed physical artifacts
to generate a shared design language among the designers
and stakeholders.

The Transition Design framework, developed by Terry Irwin
Gideon Kossoff and Cameron Tonkinwise at Carnegie Mellon
University’s School of Design, is an approach that emphasizes the
description and visualization of complex problems, improving
upon those weaknesses of Design Thinking and Participatory
Design (Irwin, 2015). It advocates design-led societal transition
toward more sustainable futures through the application of
four steps: (1) Vision; (2) Theories of Change; (3) Mindset &
Posture; (4) New Ways of Designing. Transition Design aims to
set intentions for radically different future systems and outline
actionable steps to achieve those futures. Of the approaches
discussed thus far, Transition Design is most explicit about
using visualizations to conceptualize and formally describe the
relationships and challenges within a community as a system.

The previously mentioned SERVIR initiative, jointly pursued
by NASA and USAID, uses a handbook called the Service
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Planning Toolkit that stems from a group of engineering design
methods that emphasize “system” (Service Planning Toolkit,
2017). This handbook walks users through the steps to gather
information about needs and to transform need into data-
powered tools. SERVIR encourages mapping and flowchart work
to properly describe the system of interest. While the SERVIR
approach has strength in its formality, the toolkit prescribes
that local collaborators should be chosen based on criteria
including “relevant technical knowledge” and “resources to fund
and maintain the service.” These criteria are explicitly exclusive
in who is considered to have knowledge and value in the design
process of a technology or product.

Systems Architecture stands apart from all of the described
design methods in that it emphasizes understanding the
organization of processes and relationships in an enclosed
system, while maintaining an open and inclusive approach
to knowledge generation and valuation. Systems Architecture
originates from a subset of the engineering community that
sought to address weaknesses in traditional engineering methods
by bringing more contextual and stakeholder thinking into
the engineering design process (Rechtin and Maier, 2010;
Cameron et al., 2016). Rechtin 1991 describes a System as
a “a set of different elements so connected or related as to
perform a unique function not performable by the elements
alone.” With this definition in mind, a system can be any
group of interconnected elements such as complex products
like a car, infrastructure systems such as the healthcare

industry, a company or organization, a set of countries in a
collaborative relationship etc. An architecture description is a
formal description and representation of the comprehensive
parts of a system. Crawley et al. define Systems Architecture
as an “abstract description of the entities of a system and
the relationships between those entities” (Crawley et al.,
2004). The Systems Architecture Framework (SAF) as adapted
by Dr. Danielle Wood is a generic model that captures
decision making and design for complex systems. It is
particularly useful for describing human-designed, technology-
enabled systems that provide public services such as access to
infrastructure or education. The SAF framework is marked by
6 steps:

1. Describe the Context at international, national, and local levels
2. Identify and categorize Stakeholders
3. Describe Stakeholder Needs, Desired Outcomes and Values
4. Identify Desired System Objectives
5. Describe current Functions and Form
6. Describe proposed Functions and Forms and evaluate them

according to the System Objectives

The zeroth step of the SAF involves describing a clear Boundary
of the System of interest. The System Boundary should be
large enough to fully encompass the System of Interest but
narrow enough such that the system is comprehensible to the
engineer or designer. The first step of the SAF Framework
begins with a need to critically understand the Context and

FIGURE 1 | The Systems Architecture Framework adapted by Wood can be used to design or evaluate a system created by humans with strong links to the

environment and technology. Credit: Danielle Wood.
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history of an organization, community or system. Context can
include local, country-level and international information. This
step can be addressed through a mixture of literature review
or strategies such as observation and interview. Stakeholders
can be separated into three categories: Primary, Secondary and
Tertiary. Drawing from work by Cameron et al. (2016), Professor
Wood defines Primary Stakeholders as those that make direct
decisions about the design of the System. Secondary Stakeholders
are those that have influence on the Primary Stakeholders via
authority or funding. Tertiary Stakeholders are those that exert
little or no control over the system but are impacted by it.
Once the Stakeholders in a system are identified, a variety
of research techniques such as flowchart creation, mapping,
and agent-based modeling can be used to describe Stakeholder
Needs and Desired Outcomes. Needs are defined generally as
anything a stakeholder is lacking, whether related to the system
or not. Desired Outcomes are the end states a stakeholder
desires to attain. Values, recorded from the perspective of each
stakeholder, are things that stakeholders hold as benefit in
relation to needs and desired outcomes. Next in Step 4, while
considering stakeholder Values, a set of System Objectives are
defined from the broader list of Desired Outcomes. To meet
System Objectives, Forms are allocated to execute Functions.
A Function is what a System does: its actions, outcomes, or
outputs. A Form is what the system is—the instrument of the
Function or the object that is transformed by the Function. For
the example of a car as a System, the engine (Form) executes
the Function of converting energy to move the vehicle. The
descriptions in Step 5 help to fully characterize the System and
its activities. Applications of the SAF commonly include visual
representations of the system parts described in Steps 3, 4, and
5. These visual representations are helpful for describing the
dependencies and structures of the different parts in a system.
Figure 1 shows an example of visualizing the relationships

between the System Boundary, Context, Stakeholders, Forms,

Functions and Stakeholder Objectives. The “Outputs” are the

emergent properties of the system. This can be a product, a
service, policy outcome etc. Step 6 of a Systems Architecture

Analysis proposes new Functions and Forms, which can be a new

system, policy recommendation or technology design to address

the desired System Objectives. The design can then be evaluated

according to the System Objectives. Figure 2 shows an example

of visualizing all of the steps of the SAF together.
This framework is helpful for identifying the themes, patterns,

and priorities of a system in an organized fashion which can lead
to a better engineering or design solution. Crawley et al. describes
four concrete strengths of a Systems Architecture approach

(Crawley et al., 2004):

1. “Architecture is a way to understand complex systems” –
An architecture can be used to understand the dependencies
within complex systems and the failuremodes within a system.

2. “Architecture is a way to design complex systems” – An
architecture can be used by designers to create systems with
desired behaviors and structures. Knowledge of a systems
architecture can enable a designer to more efficiently identify
opportunities to alter the system to behave with desired goals.

3. “Architecture is a way to design standards and protocols to
guide the evolution of long-lived systems” – An architecture
can be used to establish and communicate a baseline for how
similar systems should behave.

4. “Architecture is a way to manage complex systems” –
Complexity within systems can mean that there are hidden
or changing interconnections within a system. If these
interconnections are not revealed, managing the system can
be challenging and have unintended consequences emerge.

This section discussed a variety of art-based and engineering-
based methods for designing products and technology systems.
Some of the methods are particularly strong for rapid design and
creative solutions. While other methods are particularly strong
for understanding complex workflows and systems.

Selection of Technology Design Method
While the art-based design methods discussed in section
Review and Critique of Technology Design Methods certainly
have their strengths, they generally assume the user to be
individuals or groups of people with homogenous needs. The
SAF accounts for systems comprised of complex populations
and interactions between populations. As described in
the introduction, Environmental Governance can involve
conflicting Benefit Dependencies and social conflict related
to environmental shifts, which increases the complexity of
addressing any needs. Thus, for the application of designing a
DSS for environmental governance, the system is sufficiently
complex that the SAF is selected as the strongest design. The
SAF framework is applied to a case study of Lake Nokoué
in Cotonou, Benin, with local partner, Green Keeper Africa
(GKA). GKA is a social enterprise led by Managing Director
Dr. Fohla Mouftaou. GKA employs a combination of physical
removal and commercialization to manage the effects of the
invasive water hyacinth plant on Lake Nokoué (PRB, 2020).
While the SAF implicitly has an open approach to knowledge
generation, the authors begin the case study by defining
several shared Values for accounting for power imbalances
in order to explicitly build inclusivity into the research
with GKA:

• Both partners aim to set project priorities based on needs
identified within the host community. GKA spends time with
the community of Ganvié near Cotonou, Benin, to learn local
needs. Both Space Enabled and GKA share ideas based on the
resources, skills, technologies and network that we bring. We
iterate as a collaborative team to consider potential priorities
and we aim to set objectives that will be mutually beneficial
while meeting needs as defined by members of the local host
community. To understand these priorities, we’ve engaged
in five rounds of meetings – three in Cotonou and three
in Boston.

• Green Keeper Africa invites Space Enabled to contribute
to work in their community. Space Enabled trusts Green
Keeper Africa to advise about how to operate within the local
context and how to connect with relevant stakeholders. Space
Enabled asks for the advice of Green Keeper Africa on when
it is appropriate to interact with local communities, political
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FIGURE 2 | The Systems Architecture Framework provides six steps to design and evaluate a complex, socioenvironmental system. Credit: Danielle Wood.

leaders, and other potential colleagues. The team takes special
care when engaging with community representatives that may
have traditionally faced social disadvantage in areas that use
non-dominant languages, live in poverty, or live outside of
influential urban districts. When field work is necessary, the
preparation includes asking for permission from GKA and
requests that they join for the activity if possible.

• Both Space Enabled and Green Keeper Africa aim to learn

from the expertise of local organizations about the project

topic. Together the two teams spend time learning about the

work of local academic and government teams with related

knowledge. For example, the teams meet with hydrologists

from the University Abomey-Calavi and the National Institute

of Water that have extensively studied the Lake.
• Space Enabled and Green Keeper Africa make decisions

collaboratively regarding how to fundraise, speak publicly
about the work, spend funds, bring on new teammembers and
set project objectives. Space Enabled seeks permission from
GKA before taking outputs from the work in the field into
the community. Thus, if Space Enabled is giving presentations
or writing publications, the preparation includes asking for
permission from GKA and requests that they join as coauthors
or co-presenters if possible.

RESULTS

In this section, the SAF is applied to elucidate locally defined
priorities for a DSS to support Environmental Governance
on Lake Nokoué. For the zeroth step, we define the System
Boundary. The System of interest is Green Keeper Africa (GKA)
and their interactions with Lake Nokoué. It includes all aspects
of GKA’s business model, their interactions with the physical
environment, and their local objectives as a company. The SAF
is applied to understand the Context Green Keeper Africa works
within, the Functions and Forms of GKA organizationally, and
to elucidate the Desired Outcomes for environmental governance
from the perspective of GKA.

Step One: Describe the Context
Benin, formally the Republic of Benin, is a country in West
Africa. Benin borders Nigeria (East), Togo (West), Burkina
Faso (Northwest) and Niger (Northeast). Before the country
Benin was created, there existed the Kingdom of Dahomey,
which occupied a smaller extent than modern boundaries of
Benin. As Dahomey became established in West Africa, it also
became established in transatlantic slave trade (Monroe, 2011).
Europeans, such as the Portuguese and French, set up trading
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FIGURE 3 | Map of Lake Nokoue in Benin (A) with images of water hyacinth (B,C) and acadja fishing ponds (D). Credit: The Authors.

posts along the coast of cities such as Porto-Novo, Ouidah, and
Cotonou. The French became the protectorates of Dahomey’s
“main cities and ports” until becoming a French colony in 1872.
The Republic of Benin became an independent country in 1960.
Today, Benin is home to a population of 13 million, comprised of
primarily Fon, Adja, and Yoruba ethnic groups. The economic
capital is Cotonou, located on the southern coast (The World
Factbook, 2021).

Lake Nokoué is directly north of Cotonou (see Figure 3A).
At an estimated area of 160 km2 during dry season, Lake
Nokoué is the largest lake in Benin (Weis, 2020). However, the
size of the lake varies seasonally. Lake depths range between
0.4 and 3.4m (Weis, 2020). The climate of the Lake Nokoué
area is tropical, with temperatures maintained between 24 and
32◦C year-round. Benin has two rainy and two dry seasons.
The principal rainy season is from April to late July, with
a shorter, less intense rainy period from late September to
November. Lake Nokoué faces several challenges relevant to
environmental governance. One challenge is with an invasive
plant species, the Eicchornia Crassipes, commonly known as
the water hyacinth (see Figures 3B,C). The water hyacinth
is one of the most problematic plants for water ecosystems.
The water hyacinth is native to the Amazon Basin in Latin
America (Barrett and Forno, 1982). In the 1900’s, it spread

throughout the Tropics and now reaches as far north and
south as the 40◦ latitudes (Center, 1994). At present the water
hyacinth has invaded 5 continents, including Africa (Lowe
et al., 2000). While the water hyacinth performs ecosystem
services such as reduction of suspended particles, dissolved
impurities and heavy metals like mercury and lead (Dunigan
et al., 1975; Verma et al., 2003), it is largely seen as problematic
because of the devastating impacts it has on other aspects of
an ecosystem. The plant is very competitive; two plants can
multiply to 120,000 in 3 months (Holm et al., 1969). The plant
grows in dense mats which can block transportation routes and
hinder photosynthesis of underwater plants by reducing light
penetration into the water (see Figure 3B) (Gichuki et al., 2012).
These mats of hyacinth can contribute to water volume loss
through rapid evapotranspiration - 2 to 8 times more than a
free water body surface (Holm et al., 1969). Other environmental
impacts include decline in water clarity, increased potential for
flooding and a decline in the diversity of aquatic life (Mailu
et al., 1998). When the plant dies, the decomposition process
absorbs exorbitant amounts of oxygen which can dramatically
alter fishing populations. Economic impacts experienced by
communities have included increases in transportation costs,
difficulties in electricity generation and water extraction, fewer
tourists and blockage of irrigation canals (Mailu et al., 1998).
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Due to the devastating impacts of water hyacinth
proliferation, many biological, chemical and mechanical
methods (all examples of environmental governance) have been
attempted to control its growth in different regions of the world.
In terms of biological control, six different arthropods, including
weevils, moths and mites, have been released around the world
to act as predators of the water hyacinth (Charudattan, 2001;
Julien et al., 2001). These biological methods have shown limited
success but often cannot achieve the necessary scales to eradicate
the water hyacinth on their own (Julien et al., 2001). Application
of herbicides has been largely ineffective and unsustainable.
The plant is resistant to most herbicides. Even for herbicides
that do kill the plant, the rapid mortality treatment causes the
plant to sink and disperse. Given that the plant proliferates
through seed germination, any plants that were not killed can
still spread throughout the water body and repopulate (Hill
and Olckers, 2000). Mechanical/Physical removal is possible
but requires large-scale labor and mobilization of resources.
Sometimes mechanical removal can negatively impact the
habitats and health of benign species (Mangas-Ramírez and
Elías-Gutiérrez, 2004). People have also tried to motivate water
hyacinth removal by commercializing the plant into products
such as paper, weaved baskets and more (Jafari, 2010). Variable
climate conditions, nutrient regimes and hydrological features
make the efficacy of these different solutions vary widely across
the world (Hill and Olckers, 2000).

To illustrate the scale of the problem in Benin specifically, in
1999 a survey was done in Benin that estimated the yearly income
of 200,000 people to be reduced by 84 million USD due to the
impacts of water hyacinth. Lost revenues were mostly in trade of
food crops and fish (De Groote et al., 2003). At the time, those

losses represented nearly 10 percent of the GDP contribution
from the city of Cotonou, the economic hub of Benin. Another
notable cost that the water hyacinth inflicts is the cost of control
measures. For example, the annual cost of biological control of
the water hyacinth on Lake Nokoué in 1999 was estimated at 2.09
million USD (De Groote et al., 2003). This problem continues
today with negative impacts across environmental and social
dimensions in addition to economic.

Another challenge that Benin faces with environmental
governance pertains to a traditional fish farming practice known
as “acadja.” Acadja are artificial systems of wood and brush aimed
at enhancing fish production by providing additional substrata
for development of plants and animals upon which the fish
will feed (see Figure 3D) (Niyonkuru and Lalèyè, 2010). The
acadja method was initiated by fishermen in Benin, more than
100 years ago with an original aim to replace the mangrove,
which was known to contribute to fish production, but was
disappearing due to deforestation driven by urbanization and
human consumption (Welcomme, 1971). The major advantage
of acadja is that the fish yield per unit area is much higher than
in open water (Welcomme, 2002). However, the intensification
of the acadja fishing practice in the last few decades has led to the
accumulation of tons of dry woods in Lake Nokoué. The decay
of the woods combined with the accumulation of water hyacinth
debris has contributed to lake depth shallowing and disturbed
the habitats of marine species (Djihouessi and Aina, 2018). The
disturbance to fish species occurs because the acadja are selective
for some fish species but not all resulting in a progressive shift
in the lake ecosystem system from freshwater species to marine
water species and from insectivorous fish to detritivorous fish
(Niyonkuru and Lalèyè, 2010; Djihouessi and Aina, 2018). In

FIGURE 4 | Aerial image of the village of Ganvié on Lake Nokoué. Credit: The Authors.
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addition, the nutrients contributed by the acadja increases water
hyacinth production (Welcomme, 1971). Some acadja actually
utilize mangroves, contributing to the destruction of important
mangrove habitats.

A critical part of understanding the Environmental
Governance challenges posed by the water hyacinth and acadja
is the interaction between the lake and local community. There
are human settlements that are built on the lake (see Figure 4).
These settlements date back to the slave trade era where people
escaped to Lake Nokoue to flee slave traders; the surrounding
swamp lands provided an ideal refuge for them (Soumonni,
2003). Today, this community is home to∼70,000 people. These
villages have experienced a growth in their touristic interest
leading to new services such as hotels and restaurants. The lake
is a vital source for conducting activities such as agriculture,
fishing, trade, sand extraction and transportation. Today, about
2 million people from the cities of Cotonou, Abomey-Calavi
and Porto-Novo interact with the lake through these activities.
Fishing is the most predominant activity done on the Lake. In
2005, the fish caught in Lake Nokoué was estimated at 50,000
tons per km2/year in 2005, making this ecosystem the most
productive lake in West Africa (Villanueva et al., 2006). Nutrient
loads that are produced from fishing activity and inadequate
sanitation are important to understand as they connect to water
hyacinth proliferation by creating ideal chemical conditions
for growth. A study of these communities determined that the
homes did not have adequate sanitation infrastructures. Thus,
it is assumed that 100 percent of wastewater and excretion are
directly rejected into the lake. Its nutrient load is estimated at 108
tons/year of total nitrogen and 18 tons/year of total phosphorous
(Djihouessi and Aina, 2018).

Another feature relevant to the Environmental Governance
issue is the lake hydrology. The lake has a canal that connects
the lake to the ocean. Prior to the arrival of French colonizers in
Benin in 1855, the lake was an isolated freshwater lake supplied by
the rivers Ouémé and Sô1. In 1855, the French dug a lagoon canal
connecting Cotonou’s ocean coastline with Lake Nokoué in order
to establish control over the port and maximize profits from the
slave trade. The canal was widened in 1960, creating a permanent
exchange of fresh and salt-water between Lake Nokoué and the
sea (Djihouessi et al., 2017). This exchange of fresh and salt-water
is related to the water hyacinth because salinity above certain
levels hinders water hyacinth growth.

Step Two: Identify and Categorize
Stakeholders
While water hyacinth infestation and fish farming are problems
in many parts of the world, the case study is chosen in
Benin for two key reasons. First, Space Enabled was invited by
Green Keeper Africa, a social enterprise located in Cotonou,
Benin, to consider opportunities to start a project together.
Second, a need for more research of environmental governance
and DSSs in this particular location was identified. As water
hyacinth infestation and anthropogenic pressure on ecosystems

1Global Nature. Available online at: https://www.globalnature.org/en/living-lakes/

africa/nokoue-lake.

FIGURE 5 | Green Keeper Africa product derived from the water hyacinth

fiber. The fiber absorbs oil-based industrial waste. Credit: Green Keeper Africa.

are common around the world, the hope is that research done
in this case study can impact regions with similar environmental
and demographic characteristics.

Green Keeper Africa (GKA) is led by Managing Director
Dr. Fohla Mouftaou. GKA employs a combination of physical
removal and commercialization to address the water hyacinth
problem (Green Keeper Africa). At the time of this writing, GKA
has an office in Cotonou, a warehouse on the Eastern part of the
lake in Sô-Ava, the town in the land immediately northwest of
Lake Nokoué, and a manufacturing site in Sémé. The company
pays local community members to harvest the water hyacinth
from Lake Nokoué, on the southern coast of Benin. After
harvesting, the plant is transformed into a product that is highly
effective at absorbing oil-based industrial waste (see Figure 5).
In 2017, Dr. Fohla Mouftaou met Professor Danielle Wood,
Director of the Space Enabled Research Group at the MIT Media
Lab, during the Global Entrepreneurship Summit in Hyderabad,
India. Professor Wood presented about opportunities for
entrepreneurs to apply satellite earth observation and other
space enabled technologies as part of their business models.
Dr. Mouftaou invited Professor Wood to visit Benin in April
2018 to learn about the operations of Green Keeper Africa.
During this visit, Dr. Mouftaou and Professor Wood proposed
a multi-year collaborative project for their teams to develop a
locally operated observatory system to monitor and forecast key
environmental variables in the Lake Nokoué ecosystem using
data from satellites and other sensors. The teams involved in
the project include Space Enabled, Green Keeper Africa, NASA
Goddard, East Carolina University and the company Blue Raster.
Blue Raster is a company that works to develop interactive
mapping technology. The collaborators also include Beninese
Scientists Dr. Felicien Badou, Dr. Belfrid Djihouessi and Dr.
DaoudaMama, who all work in hydrology and remote sensing on
Lake Nokoué. Several of the scientists are or have formerly been
associated with the National Institute of Water (Institut National
de l’Eau, abbreviated as INE, in French) which was established at

Frontiers in Climate | www.frontiersin.org 9 September 2021 | Volume 3 | Article 717418

https://www.globalnature.org/en/living-lakes/africa/nokoue-lake
https://www.globalnature.org/en/living-lakes/africa/nokoue-lake
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org
https://www.frontiersin.org/journals/climate#articles


Ovienmhada et al. Inclusive Design of Earth Observation Systems

the University of Abomey-Calavi as a central knowledge institute
for water research and education. The lead author joined the
Space Enabled Research Group in Fall 2018 and has since been
the primary graduate student working on the project.

In this case study, GKA are considered the Primary
Stakeholders. GKA has resources and motive to make direct
decisions about the system via their harvesting practices. The
National Institute of Water (INE) are Secondary Stakeholders
because they produce science and recommendations for lake
management. GKA collaborates with the INE to understand and
contribute to management of the lake’s health. Consequently,
the work that the INE produces may influence GKA’s activities.
Secondary Stakeholders in the system also include GKA
investors and the National Government. There are at least three
government entities that may have authority to regulate lake
activities impacting GKA. These include the Ministry of the
Living Environment and Sustainable Development, the Ministry
of Agriculture, Livestock and Fisheries, and theMinistry ofWater
and Mines. Tertiary Stakeholders include GKA’s harvesters,
people that directly participate in activities with the lake, such
as fishing, acadja construction or boating, and the broader Lake
Nokoué community that live on or near the lake. This group
of Stakeholders have influence over the Lake Nokoué system in
that their activities can impact the health state of the lake both

positively and negatively. They do not directly have authority or
influence over GKA’s activities, but they can be impacted by their
activities. This group of Stakeholders can derive benefits from
the lake or be harmed by the ecological state of the lake. Table 1
summarizes the Stakeholders and their categories in this system.

Steps Three - Five: Describe Stakeholder
Desired Outcomes, System Objectives,
and Current Functions and Forms
The purposes of Steps 3–5 of the SAF are to describe Stakeholder

Desired Outcomes, identify System Objectives and describe
current Functions and Forms. These steps of the SAF are

applied with only Primary Stakeholder Green Keeper Africa.

This decision is made for several reasons. Many of the lake
communities speak local languages such as Fon and Yoruba

that the author and many members of GKA do not speak.
However, GKA has spent several years developing rapport with

the Lake Nokoué communities. There is a specific role in

the company dedicated to maintaining positive relationships

with the communities. This team member speaks the language,

convenes with community leaders, and aims to represent their

interests while also advancing GKA’s interests as a business. Space

Enabled does not possess the capabilities to directly speak with

TABLE 1 | Summary of stakeholders in the system.

Primary Secondary Tertiary

Description those that make direct decisions about the

design of the system

those that have influence on the Primary Stakeholders

via authority or funding

those that exert little or no control over the

system but are impacted by it

Stakeholders • Green Keeper Africa • National Institute of Water

• GKA investors

• Benin government ministries

• People who participate in Fishing or Acadja

practices

• GKA harvesters

• Lake Nokoue community and surrounding

cities

Stakeholders are described as Primary, Secondary, and Tertiary.

TABLE 2 | Summary of qualitative data collected to inform steps 3–5 of the SAF.

Data type Justification Collection method

Interview with GKA CEO, Dr.

Fohla Mouftaou

This data collection is necessary to understand the company’s

vision as defined by GKA’s leader, and the organizational

workflows that are active within GKA. An understanding of the

manufacturing process can help the collaboration team identify an

opportunity for the Decision Support Tool to support the high-level

critical functions of the organization.

Ufuoma conducted a virtual interview with Dr. Fohla Mouftaou in

March 2020 via Skype. The interview questions were prepared in

collaboration with Blue Raster. The interview included open-ended

questions on the following topics: GKA organizational structure,

company objectives, company priorities, company goals and

company metrics of success.

Observation of GKA harvesting

process

This data collection is necessary to understand the people

involved in GKA’s business model, local community methods used

in harvesting processes, and variability between harvesting

methods. An understanding of the harvesting process can help

the collaboration team identify an opportunity for the Decision

Support Tool to support this branch of GKA’s activities.

In January 2019, Professor Wood and Ufuoma Ovienmhada

traveled to Cotonou for 3 weeks. Ufuoma spent a full day

shadowing GKA employee Exacué Totin traveling by boat to

several of the communities that harvest water hyacinth. Ufuoma

asked Exacué questions directly and some to translate into the

community’s local language.

Observation of GKA

Manufacturing Process

This data collection is necessary to understand the series of steps

necessary to produce GKA’s commercial product and challenges

with the current manufacturing process. An understanding of the

manufacturing process can help the collaboration team identify an

opportunity for the Decision Support Tool to support this branch of

GKA’s activities.

Ufuoma spent the majority of the January 2019 visit working

alongside Florent Liaigre, the Manager of GKA’s Manufacturing

and Engineering team. Ufuoma interviewed Florent on all of the

steps used in the manufacturing process
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these communities to understand their priorities with depth.
However, in line with the collaboration model described in
Section 2.2, Space Enabled trusts that GKA, as a social enterprise,
has the harvester communities’ best interests in mind. Thus,
the data collection described below is performed under the
assumption that GKA is aware of and communicates the interests
of the harvesters and larger Lake Nokoué communities, with
the ultimate goal of enabling long-term sustainable use of the
lake. The authors recognize that this assumption could produce
research that is exclusive of minority viewpoints, however this
assumption is validated through direct observation as described
later in this section.

Steps 3-5 are addressed through virtual interactions and

physical visits to Cotonou where qualitative research was
conducted with the primary stakeholder, GKA. These field visits

further help to describe the context in Step 1. The inputs

to Step 3, 4 and 5 are populated through interview with the
GKA CEO, observation of the GKA harvesting process and

observation of the GKAmanufacturing process. Table 2 provides
a summary and justification of the qualitative data collected for

this step of the research. The data collected are then analyzed

and summarized through interview coding techniques and flow-
chart visualizations for Steps 3 – 5 of the SAF. In qualitative

research, coding is the process of labeling and organizing your

qualitative data to identify different themes and the relationships
between them. In summarizing the three sets of data, the author

used the following labels: Needs, Values, Desired Outcomes,

Functions, Forms and Challenges. Needs are defined broadly

as anything GKA perceives as a gap in a desired state, which

may include their own business needs, or needs of the broader

community context they work in. Values describe how GKA

wants to approach those needs and what types of tradeoffs
may be welcomed. The authors want to propose technology
designs that are in line with and advance these values. Desired
Outcomes are the present and future goals that GKA has for
themselves as a company. Functions and Forms are the activities,
tools, and techniques that GKA utilizes in order to achieve
their Desired Outcomes. Challenges are barriers to achieving the
systemDesired Outcomes. Summaries of the analysis of each data
are in the following section.

Interview With GKA CEO
Interview with GKA CEO: The interview was conducted
on March 25th, 2020, using Skype. The interview was a
duration of 1 h and 3min. It was recorded and transcribed
for coding analysis. The lead author conducted the interview.
The author summarized the findings of the interview using the
aforementioned labels.

Needs - Green Keeper Africa is a for-profit company. While
holding onto social and ecological impact goals, GKA must
remain profitable. This has consequences for their activities.
Harvesting, transporting, manufacturing, and storing the water
hyacinth all require costs. As a result, the capacity GKA
has to harvest the water hyacinth is dictated by demand for
their product and services. GKA must have a market for
the transformed water hyacinth product in order to maintain
operation as a company. In addition to demand, GKA must
have a labor supply local to where the water hyacinth appears.
Challenges – GKA prefers not to employ harvesters to harvest
in communities that the harvesters are not from because this
presents a series of logistical challenges including drying space
and transportation. Sometimes GKA wants to harvest in an area

TABLE 3 | Summary of the system stakeholders, forms, functions, and desired outcomes (from the perspective of GKA).

Organizational team (forms) ID Functions

Supply chain F.1 Set water hyacinth raw material price

F.2 Recruit harvesting communities

F.3 Organize supply transportation

Manufacturing F.4 Secondary drying process

F.5 Process water hyacinth raw material into commercial products

Research and development F.6 Explore and experiment with new commercial futures for the water hyacinth product

Commercial F.7 Identify customers

F.8 Marketing

F.9 Inform production

Finance F.10 Product purchases

F.11 Transportation of products

F.12 Storage of products

F.13 Technology purchases

Social impact F.14 Monitor social impact

F.15 Monitor economic impact

F.16 Monitor environmental impact

F.17 Train community in entrepreneurship activities

Management F.18 Identify new markets

F.19 Oversee entire company business

Green Keeper Africa allocates Forms which execute Functions that meet their Objectives.
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but there is not a labor supply either because there are better
income alternatives or because the ecological and socioeconomic
value of water hyacinth removal is not well-understood and
quantified. Values - While GKA is a for-profit company, they
also self-describe as a “social enterprise.” A social enterprise is
a cause-driven business whose primary reason for being is to
improve social objectives and serve the common good. They go
beyond the motive of maximizing profit for the company. Rather,
there are a set of stakeholders (which includes the company
itself) whose benefits they aim to maximize. Thus, they approach
meeting theNeeds of the companywith several values. First, GKA
wants the company to be “a development tool for the country,
demonstrating low-tech approaches to local innovation.” Fohla
described a desire to show that innovation can be accessible for
varying levels of technological capabilities. Second, GKA wants
to involve the community members in the business model. GKA’s
business model employs local community members and GKA
aims to develop products that improve the environment of the
community members. Thus, GKA’s activities should not only
bring economic benefit to harvesters through the employment,
but also economic, social and health benefit by removing the
threats to their ecosystem services. It is important to GKA that
the need for profit does not betray social and environmental
objectives. Desired Outcomes – Green Keeper Africa has three
high-level desired outcomes.

1. Designing the Harvesting Strategy: Green Keeper Africa

wants to harvest water hyacinth in a way that has the most

environmental and social impact. This desired outcome relates

to both local strategy and strategy for new facility sites in

different locations. For example, GKA wants to consider

creating a new facility in Ivory Coast, a country in West

Africa that faces similar challenges with the water hyacinth.

GKA wants to be able to characterize the hyacinth availability

and behavior of the water hyacinth in this area. To provide

another example, a community has requested that GKA

consider beginning activities on the River Mono in Benin.
They currently do not have the ability to efficiently assess the
viability of their business model in this region. Challenges –
Achieving environmental and social impact must be done in
a way that is cost-effective and profitable. GKA currently does
not possess capabilities to quantitatively forecast the viability
of their efforts in different regions.

2. Technology Capability Building: It is important to GKA
to advance their technological knowledge and capabilities
in order to advance local innovation and environmental
governance. GKA wants to be a local provider of scientific
information such as water quality or the impact of acadja
practices that can be used by community members or
authorities to improve lake management. For example, GKA
would like to be able to characterize the acadja practice
for government entities like the Ministry of the Living
Environment and Sustainable Development, the Ministry of
Agriculture, Livestock and Fisheries, and the Ministry of
Water and Mines. Challenges – GKA has limited exposure
to the applications of certain technologies. For the acadja
application specifically, there are no formally documented

methods for applying satellite Earth Observation for the
acadja management. Water quality sensing is generally
expensive and time-intensive to pursue

3. Local entrepreneurship support: GKA wants to partner
and empower the community, in particular women
and young people, to develop their own innovative
businesses that harvest the water hyacinth material, or
other sustainable materials.

Forms and Functions – GKA has seven discrete teams within
their larger organization. Each team (form) is responsible for
a set of functions that are pursued to address the company
needs, values and desired outcomes related to harvesting,
technology capability building, and local entrepreneurship
support. Table 3 summarizes the functions of GKA’s different
organizational departments.

Observation of GKA Harvesting Process
On a Saturday in January 2019, this observation began with a
drive to Porto-Novo with Exacué Totin who is the lead for GKA’s
community engagement with Ganvié. Forms and Functions -
Exacué’s job as Procurement Officer (form) is to manage the
entire supply chain of the water hyacinth (function). This role
involves interacting with village leaders, recruiting workers,
overseeing the supply quality, and organizing transportation of
the raw material to the main GKA manufacturing site. The trip
began in the morning at ∼9A.M. Upon arriving at a dock in
Porto-Novo, Ufuoma (first author) and Exacué entered a boat
with several drivers. For this trip, Ufuoma carried a water quality
sensor kit to practice taking measurements on the Lake. The
boat would stop in certain places to take water measurements.
The purpose of this was not for robust measurements but
to understand how mobile the sensor kit prototype was and
any challenges with collecting data in this fashion. Throughout
the trip, Ufuoma asked Exacué questions to understand his
responsibilities as a Procurement Officer. They traversed the
river Ouémé and docked the boat at several communities in
the town of Aguégués. Aguégués covers an area of 52 square
kilometers. The most recent population count in 2002 estimated
that the community is home to 26,000 people. Naturally, this
population may be larger 18 years later. At each community,
Exacué was greeted by the village leaders and many other
community members. Values - It is important to GKA to have
a strong rapport with the communities that they work with.
Exacué is respected by and offers respect to the leaders in each
community they work in. Forms - At the beginning of each
harvesting cycle, a fixed price is set for the water hyacinth raw
material by weight. This price is adjusted for different levels of
quality. Upon arrival in a harvesting site, the village leader would
lead Ufuoma and Exacué to a holding site for the hyacinth. The
hyacinth were bound together into bushels using the hyacinth
roots themselves. The holding sites were typically in open-air
buildings for the water hyacinth to dry. In some cases, the holding
sites were partially indoors for drier, transport-ready hyacinth
material. The village leaders would show Exacué examples of
the dried water hyacinth to examine quality. Exacué would offer
feedback on the quality of the samples, then discuss timelines
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and logistics for transporting the dried bushels to the GKA
manufacturing site in So Ava. GKA primarily employs women
as harvesters because they are a population that would otherwise
not have a consistent source of income. At some communities,
there were women actively engaged in removing water hyacinth
from the water. No technologies were observed in the process.

At intervals guided by the village leaders’ input, Exacué
organizes large boats to procure the bushels from each harvesting
community and transport large shipments to the manufacturing
site in So Ava. When GKA has specific orders placed, they call
the local leaders to estimate water hyacinth presence and amount.
Upon arrival, the bushels are weighed and inspected for quality to
calculate the value of the raw material to pay the harvesters. The
only observed technology used in the harvesting process is the
scale. Challenges – relying on in-person observation to estimate
water hyacinth amount is not precise and can be time-intensive.

Observation of GKA Manufacturing Process
Ufuoma spent the majority of the January 2019 trip working
alongside Florent Liagre, GKA’s Technical Manager who oversees
the manufacturing process. Florent is trained in Mechanical
Engineering. GKA’s manufacturing site is strategically located
close to the Lake and harvesting communities. Ufuoma and
Florent traveled to So Ava three to four times during the January
trip. Forms - The site at So Ava is a multi-unit partially enclosed
building with a large uncovered open area. Functions - The open
area is used as a home to the bushels transported from the

harvesting communities. The bushels are left alone for several
days for a secondary drying period. No technologies are used
for drying. Thus, drying varies widely depending on the local
weather conditions. Half of the building contains heavy-duty
machinery that is used to transform the hyacinth from the raw
material. During these visits, Ufuoma asked Florent to walk
through each of the machines used in the process. In total,
there are seven steps of the process from raw material to the
commercial product phase. Weight and quality measurements
are taken at multiple steps of the process. Ufuoma observed
a live manufacturing process from start to finish. The other
half of the building is used as storage for sale-ready product.
Generally, because the water hyacinth is so prolific and the
harvest is done in seasons, GKA has more supply of product
than demand. In addition, GKA has undergone several stages to
improve the quality of their products, thus some of the supply is
of previous versions.

System Objectives
Sections Interview with GKA CEO–Observation of GKA
Manufacturing Process identified the Needs, Values, Desired
Outcomes, Functions, Forms and Challenges for the system
comprising Green Keeper Africa and Lake Nokoué. In the
SAF, there are often multiple sets of Desired Outcomes from
one stakeholder or based on different stakeholders. The Space
Enabled Research Lab has a high-level Desired Outcome to
“advance justice in Earth’s complex systems using designs enabled

FIGURE 6 | Summary of the system Stakeholders, Forms, Functions and Desired Outcomes (from the perspective of GKA). GKA allocates forms which execute

functions that meet their objectives. Credit: The Authors.
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by space” that comes from the lab mission statement. System
Objectives are down selected from shared Desired Outcomes
among the different Stakeholders considered in this analysis.
Considerations for the down selection are time, cost, and
expertise constraints. Based on Shared Desired Outcomes and
considerations of constraints, the System Objectives identified
for the technology design are (1) Profitable Harvesting Strategy
that advances socioeconomic and ecological impact and (2)
Technology Capacity Building. Figure 6 shows a visual summary
of this information, excluding the Values and Challenges.

Step Six: Describe Proposed Functions
and Forms and Evaluate Them According
to the System Objectives
The previous section identified the Needs, Values, Desired
Outcomes, Current Functions and Forms, System Objectives and
Challenges for the system comprising Green Keeper Africa and
Lake Nokoué. Connecting the stakeholder System Objectives
to the Challenges enables the Systems Architects to identify
areas where new Forms and Functions may better address the
Stakeholder Objectives. From the observational research with
Exacué and the interview with the CEO, it seems that the
harvesting strategy is currently driven primarily by the locations
of communities that want to engage in the harvesting practices.
However, the CEO hopes that it could be driven by other factors
as well such as mitigating the environmental and economic
harm posed by the hyacinth. Enabling this requires a method
for water hyacinth detection and forecasting, combined with
geolocated demographic information. This SystemObjective also
requires an ability to monitor where and how much GKA has
harvested, an estimate of the value of the ecosystem services
protected as a result of harvesting and framing all of this
information to recruit harvesters. The Stakeholder Objective
of building GKA’s technology capacity requires an exploration
of technologies and methods that contribute to the scientific
knowledge of Lake Nokoué. The two priorities for this are defined
by GKA as monitoring the acadja practice and water quality.
Table 4 summarizes this information.

As shown in Table 4, there are several Forms that could
advance GKA’s System Objectives. These Forms should improve
upon or execute new Functions andmeet Stakeholder Objectives.
Figure 7 depicts how these Forms would interact with the system
to meet Stakeholder Objectives and improve the overall human-
environmental system. All of these Forms are enabled by Earth
Observation measurements including satellite, in-situ and aerial
data. Water quality measurements use a combination of low-
cost sensors designed specifically for the Lake Nokoue context.
Water Hyacinth detection uses historical satellite data from
the Landsat series, combined with spectral analysis and change
detection techniques. Acadja detection uses Synthetic Aperture
Radar data from Sentinel-1 and a Random Forest Machine
learning algorithm. Developing these methodologies was not a
straightforward process. It included literature review of the state
of the art, challenges with data availability or applicability for the
Cotonou context, and a constant effort to minimize costs. The
full technical specifications of each of these Forms for the DSS

are described in further detail in Ovienmhada (2020) and will
be expanded on in future publications. While the DSS is not yet
complete, it is regularly evaluated against the System Objectives
as required by Step 6 of the SAF.

Values in Action
As outlined in section Selection of Technology Design Method,
the authors developed four collaboration values to conduct an
inclusive process that explicitly accounts for power imbalances.
This section offers a reflection of how these values were relevant
at different points in the collaboration.

The first value, “both partners aim to set project priorities
based on needs identified within the host community,” was about
the approach to needs identification. We took an expansive
approach, aiming to have as many in person exchanges as
possible, and multiple ways of knowing through different
types of data collection. The priorities were thus informed by
multiple viewpoints.

The second value, “Green Keeper Africa invites Space Enabled
to contribute to work in their community. Space Enabled trusts
Green Keeper Africa to advise about how to operate within the
local context and how to connect with relevant stakeholders,”
is about operating respectfully in a different context. This value
was particularly relevant during the interactions with Exacué
and the harvesting communities. We took our cues from Exacué
on appropriate questions to ask and what types of greetings to
offer considering the language difference. Green Keeper Africa
helps the collaboration team accomplish our shared goals by
introducing us to relevant local organizations and professionals.

The third value, “Both Space Enabled andGreen Keeper Africa
aim to learn from the expertise of local organizations about the
project topic” is about valuing local knowledge generation. We
draw on literature from Beninese scientists, Dr. Djihouessi and
Dr. Badou, and collaborate with them directly to get feedback on
our approaches and results. Reviewing local research took more
effort than most literature reviews done in Western contexts
because much of the work is in French. However, if we had not
valued local research, we may have produced redundant results.
We brought together the latest Beninese academic work, with
expertise from NASA, MIT, GKA, ECU and Blue Raster to push
forward the application of satellite data for water hyacinth and
acadja detection.

The fourth value, “Space Enabled and Green Keeper Africa
make decisions collaboratively regarding how to fundraise, speak
publicly about the work, spend funds, bring on new team
members and set project objectives.” This project is made
possible by several sources of funding which are all reviewed
for how best to support the collaboration teams. In publishing,
parties from all teams are considered for co-authorship and have
an opportunity to contribute to academic writing, such as in
this paper.

DISCUSSION

The authors began the study by describing the complex nature
of human-environmental systems and challenges to effective
Environmental Governance. There are many concrete ways
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TABLE 4 | Summary of challenges related to stakeholder system objectives and proposed forms that could address these challenges.

System objectives Challenge Potential form

Profitable harvesting strategy that advances

socioeconomic and ecological impact

Historical understanding of water hyacinth Method for water hyacinth detection

Forecasting water hyacinth Historical understanding of water hyacinth and

parameters that can be used for prediction

Measuring GKA socioeconomic and ecological

impact

Ability to monitor where and how much GKA has

harvested

Quantitative understanding of lake health including water

quality and acadja

Value of Ecosystem Services

Harvester supply Local benefit of water hyacinth removal

Technology Capacity Building (e.g., Acadja Detection,

Water quality sensing)

Limited exposure to the applications of certain

technologies.

Explore and train GKA in remote sensing applications

No documented methods for Acadja Detection Method for acadja detection

Water quality sensing is time-intensive and

expensive

Design of a low-cost water quality sensor

FIGURE 7 | Summary of the proposed forms which will execute functions that meet stakeholder system objectives. Credit: The Authors.

in which Earth Observation data can be applied for societal
benefit, in particular as it relates to Environmental Governance,
to support human decision- making in complex systems. The
authors cited several challenges that prevent the communities
that need it the most from harnessing the benefits of space
technologies. With these challenges in mind, the author set
out to simultaneously address the needs for Environmental

Governance and the challenges to implementation. The Research
Objective, “Describe an inclusive process that an organization
could take to design a DSS” was about exploring high-level
frameworks, methodology, ways of thinking, and levels of
collaboration. The research in section Materials and Methods
explored these high-level topics by examining and critiquing
different design methods that can be used for technology,

Frontiers in Climate | www.frontiersin.org 15 September 2021 | Volume 3 | Article 717418

https://www.frontiersin.org/journals/climate
https://www.frontiersin.org
https://www.frontiersin.org/journals/climate#articles


Ovienmhada et al. Inclusive Design of Earth Observation Systems

product, or service development. Due to the complexity of the
system of interest comprising Green Keeper Africa and their
interactions with Lake Nokoué, the author determined that the
SAF was the most relevant design method for the application.
The authors strengthened the SAF through an explicit definition
of principles to guide the collaboration model between Space
Enabled, Green Keeper Africa, NASA Goddard, the Benin
National Institute of Water and Blue Raster. Then, Steps 1–6 of
the SAF were applied to generate descriptions of the Context,
Stakeholders, Stakeholder Needs and Desired Outcomes, Desired
System Objectives, and current Forms and Functions of the
system. The first Stakeholder System Objective is that GKA
wants to be able to design a profitable harvesting strategy that
advances socio-economic and ecological impact. The second
Stakeholder Objective is that GKAwants to develop technological
capabilities to advance the innovation of their companies work
and to support Environmental Governance of Lake Nokoué. The
priorities for technological capabilities are monitoring acadja and
the water quality of Lake Nokoué. These descriptions enabled
the authors to construct a visual representation of the system
relationships and opportunities for new Forms to better address
the Stakeholder’s System Objectives. The proposed new Form
that would address System Objectives is a Decision Support
System that contains information about the water hyacinth,
acadja, and water quality.

This case study highlights several important findings study
for those seeking to be inclusive in their climate data service
design. First, all design methodologies are not created equal.
A design method is not necessarily inclusive by virtue of
valuing “empathy” in the design process because different design
methods make implicit or explicit assumptions of who the
designer should be empathizing with. This study offers ideas for
several characteristics to critique when evaluating a technology
design methodology for a particular context or application.

A second important finding is that inclusivity benefits from
reflexivity, where reflexivity refers to the examination of one’s
own beliefs, judgments and practices during the research process
and how these may have influenced the research (Finlay, 1998).
The authors demonstrate reflexivity in the recognition that
the SAF as a collaboration model could be bolstered through
explicit definitions of guiding values for processes related to
data collection, presentations, and fundraising. These guiding
values have been and continue to be relevant in carrying the
project forward in an inclusive manner. Reflexivity is also
demonstrated in the acknowledgment of assumptions made in
the application of the SAF. Acknowledging assumptions allows
one to be aware of areas that may require additional context, in
our case of the assumption made about GKA’s relationship with
harvesters, additional context was garnered through informal
data collection.

Overall, the study demonstrated how the SAF could be
used to summarize locally-defined priorities for a DSS from
the viewpoint of a primary stakeholder. As described further
in Ovienmhada (2020), this qualitative work enabled the
collaboration team to develop EO methods that address GKA’s
priorities for water hyacinth and acadja detection and water
quality measurements. Since the SAF is a cycle, the methodology

sets up the team with a clear high-level rubric with which to
evaluate the DSS.

Future analysis could aim to perform more in-depth
analysis of Stakeholder Needs and Desired Outcomes.
Specifically, it would be helpful to analyze viewpoints
from other members of GKA, The National Institute of
Water, and from people engaged in the acadja practice or
community members at large. Interviews with the latter
category should be pursued in collaboration with GKA in
line with the collaboration principles outlined in section
Selection of Technology Design Method. These interviews
could further help to elucidate opportunities for new Forms
to meet System Objectives from the viewpoints of these
other Stakeholders.

This research has several broader implications. The
multidisciplinary approach in this thesis produced scientific
knowledge in response to locally defined priorities, while
valuing local knowledge and emphasizing routine exchange
as a form of research. New and Improved techniques
were developed that directly address Stakeholder Needs
related to Environmental Governance. In this process, the
Primary Stakeholder, Green Keeper Africa, was exposed to
a class of technologies that may potentially advance their
capabilities and impact as a company. GKA and team Space
Enabled have valued bringing in local Beninese students
into the project to be trained in new skills. Thus, this
work also contributes to the educational development of
local students. Lastly, many coastal cities are facing similar
challenges as Lake Nokoué with population pressure,
environmental change and Benefit Dependencies amongst
different Stakeholders that interact with the same environment.
The authors hopes that the framework, principles, and ways
of thinking demonstrated in this thesis will benefit these
other communities around the world facing Environmental
Governance challenges.
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