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Abstract

Sustainability indicators have become essential tools to deal with compartmentalized resources planning and management
in cities. The development of water, energy, and food nexus (WEF nexus) indicators is a prominent goal of current research,
but the focus is mainly on economic issues and material flows. Attention to the local scale and context, social aspects, and the
inclusion of non-academic actors is mostly lacking. To address these gaps, this paper reports and reflects on the co-creation
of sustainability indicators related to the WEF nexus in the city of Sao Paulo, Brazil. With a transdisciplinary approach, non-
academic actors were included in the different stages of the process using the Urban Living Lab methodology, to improve
the usability of the produced indicators’ set. The case of Sdo Paulo concerned on-going actions in the peri-urban and rural
areas of the city which seek to improve environmental protection by stimulating more sustainable forms of agriculture.
Thirty-four indicators were developed through a sequence of interactive activities, such as workshops, meetings, and field
trips. The presented process aims to strongly enhance usability by actively involving users from the start, connecting the
nexus approach to previous knowledge and familiar frameworks, paying attention to the local scale and context, and to social
aspects, and by anticipating future use in various ways.

Keywords Sustainability indicators - Water—energy—food nexus - Transdisciplinarity - Usability

Introduction energy, and food, and the pressure of climate change on

these resources. Shifting the focus from the single sectors

The Water—Energy—Food nexus (WEF nexus) has been
widely discussed, both in the scientific literature and pol-
icy arena, due to the growing global demand for water,
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to the complex interactions between them is considered to
be extremely important for the sustainability and security
of human societies. Cities, more specifically, demand a sig-
nificant set of goods and natural resources to ensure water,
energy and food supply, which may result in a substantial
production of GHG emissions, solid waste, and pollutants
(Rosenzweig et al. 2018; World Climate Research Pro-
gramme 2019). Therefore, promoting actions addressing
water, energy, and food issues would be of great benefit for
the sustainability of cities (EC 2006; Yuan et al. 2021). Ini-
tiatives (e.g., a public policy) focused on only one of these
sectors could bring losses and unexpected impacts, or can
limit the efforts made in other areas (Bizikova et al. 2013;
Howells et al. 2013). The nexus concept was conceived as
an attempt to address the complex interrelationships between
water, energy, and food at different scales, strengthening syn-
ergies between sectors and minimizing trade-offs to ensure
more efficient, equitable and fair use of natural resources
(Hoff 2011; Bazilian et al. 2011).
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In the initial propositions presented by Hoff (2011) at
the Nexus Bonn 2011 Conference, the nexus emerged as a
way of addressing issues of efficiency and economy (e.g.,
green economy), and actions aimed at social (e.g., impacts
of urbanization, access to resources, and poverty) and envi-
ronmental issues (e.g., investments for ecosystems preserva-
tion and combating climate change). The nexus is directly
connected to the priorities of sustainable development poli-
cies, and the concept aspires to reconcile economic viability,
environmental protection, and social well-being (Brundtland
Commission 1987; Emas 2015).

To support cross-sectoral planning and management of
water, energy, and food resources, and to assess synergies
and trade-offs between economic, environmental, and social
impacts, sustainability indicators are considered essential
tools (Nhamo et al. 2018, 2020; Feng et al. 2020). Indicator-
based assessments of the nexus can serve to: (i) provide a
comprehensive view of current and future resource access
and availability, especially for developing countries experi-
encing resource scarcity (Cansino-Loeza et al. 2020; Feng
et al. 2020); (ii) monitor the anthropogenic and natural pres-
sures on natural resources; (iii) synthesize data to support
decision-making in favor of sustainability of natural and
social systems at different scales; (iv) communicate relevant
information and provide guidance for policy-making in a
concise, transparent, and effective way (Giupponi and Gain
2017; Yuan and Lo 2020).

Nexus indicators, mainly developed by scholars, are
becoming more prominent in the literature and tend to focus
on economic issues and material flows (Cansino-Loeza et al.
2020; Yi et al. 2020). Additionally, there is limited consid-
eration of the social and political dimensions of resource
availability, accessibility, and sustainability, while the indi-
cators consider the elements of the nexus mostly at larger
geographical scales (Cairns and Krzywoszynska 2016; Arti-
oli et al. 2017; Arthur et al. 2019; Dalla Fontana et al. 2020).

More specifically, there is a lack of studies on WEF nexus
indicators that consider: (i) the local scale and context in
which resource management essentially takes place (Wil-
liams et al. 2014; Giupponi and Gain 2017; Saladini et al.
2018; Feng et al. 2020); (ii) issues beyond flows and metabo-
lism, especially social issues such as impacts of urbaniza-
tion, access to resources and poverty (Hoff 2011), integrating
the pillars of sustainable development (economic, environ-
mental, and social dimensions) (Cairns and Krzywoszynska
2016; Dalla Fontana et al. 2020; Das et al. 2020; Wahl et al.
2021); and (iii) the usability of the information, producing
actionable knowledge for policy makers, by involving non-
academic actors and considering their needs (Dilling and
Lemos 2011; Urbinatti et al. 2020; van Gevelt 2020; Wahl
et al. 2021).

Although the scientific literature calls for collaborative
and transdisciplinary approaches (Tress et al. 2005; Howarth
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and Monasterolo 2017), these are still in an early stage in
nexus research (Albrecht et al. 2018; Wahl et al. 2021).
Despite that many nexus research articles claim policy rel-
evance, outcomes and impacts on policy are rarely assessed
or even considered (Urbinatti et al. 2020). Therefore, there is
an urgent need for studies that involve actors beyond scien-
tists (practitioners and/or other stakeholders) to co-develop
nexus initiatives (Cairns and Krzywoszynska 2016; Hoff
and Kasparek 2016), as this would enhance the credibility,
salience, and legitimacy of the produced information when
assessing sustainability issues at the nexus (Cash et al. 2003;
Bréthaut et al. 2019; Norstrom et al. 2020; Wahl et al. 2021).
This approach is also important to guarantee that social and
local aspects of sustainability are taken into consideration,
while giving the participants opportunity for self-reflection
(Giatti 2019; Dalla Fontana et al. 2020).

Such a collaborative approach can be organized as a
short-term process, with activities such as interactive
stakeholder workshops (Treemore-Spears et al. 2016; Cul-
wick et al. 2019), but it can also be organized as a longer
term process, utilizing methodologies like the Urban Liv-
ing Lab (ULL) (Bulkeley et al. 2016; Schépke et al. 2018;
Culwick et al. 2019; Wahl et al. 2021). An ULL provides
an interactive platform for researchers and non-academic
actors to jointly identify key issues affecting the locality,
assess knowledge gaps, and to co-design, co-produce, and
co-disseminate sustainable solutions (Mauser et al. 2013;
Bulkeley et al. 2016). In addition to being locally embedded,
the co-creation approach in ULLSs is also characterized by
involvement of end-users and real-life testing, and a focus
on learning from the co-creation process (Voytenko et al.
2016; Scholl et al. 2017).

This paper presents and discusses the process of co-crea-
tion of sustainability indicators related to the water, energy,
and food nexus, in the city of Sdo Paulo, Brazil, following
a transdisciplinary ULL approach, integrating academic
and non-academic actors. Despite being part of the larg-
est urban conglomeration in South America, the Sdo Paulo
Metropolitan Region, with 39 municipalities and over 20
million people (SEADE 2018), and having the largest GDP
of the country (US$ 142 billion), 15% of the city’s popula-
tion lives in precarious settlements and about 25,000 people
are homeless (SMADS 2019). Moreover, the city faces many
environmental problems, which are likely to be aggravated
by climate change (Assad and Magalhaes 2014; Margulis
2017). In this sense, the complexity of the megacity of Sdo
Paulo offers fertile ground for developing urban sustainabil-
ity experiments and to introduce the concept of the nexus
in a transdisciplinary collaboration with local practitioners.

We thereby aim to contribute to nexus research presenting
an integrative approach that considers aspects that are still
underrepresented in nexus indicators, namely: (i) the local
scale and context, (ii) social aspects, and (iii) the usability of
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the information, generating actionable knowledge for policy
makers. The goal of this study is not to establish the ultimate
roadmap for future nexus indicators research, but rather to
promote the discussion and further research on how col-
laboration between academic and non-academic actors can
enhance the usability of the information produced by nexus
research.

Methodology

The WEF nexus in Sao Paulo and the case study
“Connect the Dots”

Sdo Paulo is largely dependent on an external supply of
water, energy, and food, and there are multiple issues asso-
ciated with these resources. The urban growth process, for
instance, has led to intensive and irregular occupation of
areas where major water sources are located, resulting in an
increase of floods, lower water quality, and a reduction of the
water storage capacity of local reservoirs (Franco et al. 2015;
Sepe and Pereira 2015). While these local reservoirs, in the
south zone of the city, were originally designed to generate
hydroelectric power, they now serve multiple uses including
the supply of drinking water. However, the development of
residential areas (both legal and informal) on the reservoirs’
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surroundings contributes to the pollution of the waterbodies
that feed the reservoirs. As a strategy to maintain the water
quality, the water flow directed to the reservoirs has been
reduced, resulting in a decrease of their power generation
capacity (Sdo Paulo 2009). The urban growth also leads to
environmental degradation of natural areas, and increases
the pressure on local farmers who, in addition to other chal-
lenges such as aging and insufficient livelihoods, decide to
sell their land for the construction of new residential areas
rather than continuing to farm. Combined, all these aspects
have negative effects on the local food production (Duarte
et al. 2015; Amato-Lourenco et al. 2016). Furthermore, local
communities suffer from poor access to water, energy, and
food due to low income, housing conditions, schooling, gen-
der, age, and family structure (Sao Paulo 2016).

To address some of these issues, the city of Sdo Paulo has
initiated a series of actions motivated by its Local Agenda
21 and, more recently, by its Master Plan (Sao Paulo 2014).
For instance, actions are taking place in the southern peri-
urban and rural region of the municipality (Fig. 1) in the
districts of Parelheiros and Marsilac, home to more than 500
agricultural units, producing both conventional and organic
food (Ligue os Pontos 2020).

Among these activities, the project “Ligue os Pontos”
(LoP—or “Connect the Dots”) has gained particular local
and international attention due to its innovative approach for

South Zone of Sdo Paulo

Park (0 Productive
Agricultural Unit
' | Municipal Natural
Park

P state Park N
B Indigenous land @

Environmental
Protection Areas

Fig. 1 Location of the city of Sdo Paulo and the main characteristics of the south zone of the city. Source: Ligue os Pontos (2020)

@ Springer



Sustainability Science

sustainable development (https://ligueospontos.prefeitura.
sp.gov.br/). Municipal practitioners involved in our study
were also involved in LoP, potentially making collabora-
tion easier and more fruitful. Conceived and coordinated
by the city of Sdo Paulo, through the Municipal Secretariat
for Urbanism and Licensing, the project received the 2016
Mayors Challenge Latin America and The Caribbean Award
established and supported by the Bloomberg Philanthropies,
and was active until 2021. The main goals of the LoP were
to: (i) contain urban sprawl in the south zone of Sdo Paulo
by maintaining the farmers in the area, (ii) promote sustain-
able resource use and agriculture, and (iii) preserve natural
ecosystems. The project operated mainly on three fronts:
(1) ‘Data and Evidence’, collecting data and information
about the farmers and agricultural properties in the region
through a census and mapping, to encourage and establish
data-based decision-making in rural development policies;
(2) ‘Strengthening Agriculture’, offering technical assistance
to farmers to promote the transition to organic and agro-
ecological agriculture and improve traditional techniques;
and (3) “Value chain’, seeking to improve market access for
farmers and the logistics of food production and distribution.

As critical results from the LoP, an extensive census was
done in the territory in 2019 and technical assistance has
been provided to farmers. There were also specific actions
to promote local entrepreneurship, connect the farmers
with other markets and expand the access of the peripheral
population to organic food directly from the producers. In
addition, virtual platforms were created to improve acces-
sibility to information and to support public policies, such
as: “Sampa+ Rural” (https://sampamaisrural.prefeitura.
sp.gov.br/), a platform that brings together information on
local agriculture, tourism, and healthy eating initiatives; and
“Sisrural” (https://sisrural.prefeitura.sp.gov.br/), or System
of Technical Assistance and Rural and Environmental Exten-
sion, which is a tool for consulting and collecting data in the
field, application of forms and monitoring of action plans
by authorized technicians. Also, georeferenced information
about the rural area was generated and added to the “Geo-
sampa” (http://geosampa.prefeitura.sp.gov.br/), a municipal
system that gathers georeferenced data on more than 350
layers relevant to the city (Ligue os Pontos 2020).

Indicators co-creation process

The Urban Living Lab approach was employed in this study
and it brought together several actors from science and the
public sector, including representatives of the Municipal
Secretariat for Urbanism and Licensing; the House of Eco-
logical Agriculture of the district of Parelheiros; the Envi-
ronmental Protection Areas in the south zone of the city; and
the LoP project. Cooperation in previous projects between
the researchers and one representative of the municipality
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was essential to initiate the process and to invite other par-
ticipants, who then invited others. This representative is a
Geologist from the Municipal Secretariat of Urban Develop-
ment, part of the LoP project, with experience in the area
of Urban Environment and Urban and Regional Planning,
while the other participants have diverse backgrounds, such
as biology, engineering, social sciences, international rela-
tions, architecture, and geography.

One of the activities of the ULL was the development
of sustainability indicators that can capture the impacts of
existing actions on the interface of water, energy, and food in
the territory. Particularly, the request for developing sustain-
ability indicators came from practitioners from the LoP, who
showed interest to have more data to assess their project’s
impacts on the territory, which was not foreseen in their pro-
ject proposal. The ULL approach was thus operationalized in
our case by embedding the co-creation of sustainability indi-
cators from a nexus perspective locally in the LoP project,
directly involving the end-users of the indicators from the
municipality in the process, real-life testing of usability by
including repeated reality-checks (e.g., on data availability),
and explicit attention for learning from the co-creation pro-
cess. Learning by the municipal practitioners focused on the
added value of the nexus perspective, whereas learning of
the researchers concentrated on how to enhance the usability
of the indicator set.

The indicators were developed through a number of activ-
ities (Fig. 2), which took place between 2018 and 2021. This
approach consisted of 22 steps organized in four phases:
design, identification, organization, and dissemination,
which were inspired by the process of knowledge co-creation
developed by Mauser et al. (2013). It should be noted that
the process has not followed a fully linear path, but has been
characterized by feedback loops made of feedback-discus-
sion-adjustments between different steps. This implies that
the interaction between participants did not have the same
intensity throughout the entire process, and academic and
non-academic participants played a more or less active role
at different stages of the project. Furthermore, the flexibility
of the ULL allowed some actors to leave due to administra-
tive changes, health and personal problems, while other par-
ticipants were included later, invited by current participants.

The four participatory workshops (steps 6, 7, 8 and
14, in Fig. 2) represent the main moments of active inter-
action between participants and were central in the co-
creation of the indicators. The most important issues that
were raised during the discussions were noted. Individual
interviews with five of the most active non-academic par-
ticipants were held to identify what they considered the
main insights and challenges of the process. Three non-
academic participants from the LoP, who were engaged
in most of the activities along the process, actively
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Fig.2 Roadmap of the co-creation process. Source: Elaborated by the authors
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sustainability”. To make a diagnosis of the local problem
context and the main actors and conflicts in the south zone
of Sao Paulo, the researchers participated as observers in
several municipal councils (of the Environment, Sustainable
Development and Culture of Peace; Sustainable and Soli-
dary Rural Development; Environmental Protection Areas)
and LoP meetings during 2019 (3), and made field visits
to the territory (4). A critical review of inputs (5) was then
performed based on (international) expertise of the group,
secondary data collection, end users’ demands, technical
approach, and institutional and political context.

Identification phase

The aim of the identification phase was to compile a pre-
liminary set of indicators. The first WEF nexus workshop
(6) was held to apply the WEF nexus concept to the study
area and included 15 participants (6 academics and 9 non-
academics). After a brief recap of the nexus concept (a more
detailed explanation was already delivered in the previous
meetings), participants identified, through a series of activi-
ties, the opportunities and challenges with regard to water,
energy, and food in the study area, and discussed whether
there were any missing issues and whether they agreed with
the lists of elements.

A second workshop (7), including 18 participants (7 aca-
demics and 11 non-academics), was held to categorize and
review the collected information. The participants critically
thought about new aspects to add, excluded duplications, and
analyzed and validated the entire set of information.

The third workshop (8), including 11 participants (5 aca-
demics and 6 non-academics), was held with the goal of
identifying and discussing specific interactions between the
previously identified aspects and, more broadly, other envi-
ronmental and social aspects. To do so, a combination of
flow and causal loop diagrams was used (Halbe et al. 2015;
Terrapon-Pfaff et al. 2018). This information was then at
the core of a preliminary list of sustainability indicators (9).

Organization phase

In the following steps, researchers looked for data availabil-
ity for the identified indicators (10) and provided forms to
be filled in with specific information for each of the indica-
tors (11). Data availability was checked in the literature, in
the municipality website, and in other documents from the
municipality, such as the census made by the LoP project,
which provided a robust set of data. Quality criteria were
applied to exclude some of the indicators (see INTARESE
2020). The indicator forms included information about
name, description, objective, measure, minimum periodic-
ity, data availability, limitations, source, formula, and ter-
ritorial unit.
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The application of the quality criteria and filling in of
the forms was done by a subgroup of the ULL participants
(consisting of four researchers and three practitioners from
the municipality involved in the LoP project), and led to the
exclusion of a number of indicators that had no data avail-
able. This resulted in an initial list of indicators (12), which
was further discussed within this subgroup through exchange
of e-mails and short video calls. From these interactions, it
has been clear the need of integrating the new set of indica-
tors with the existing expertise of the participants, in particu-
lar with respect to familiar sustainability frameworks (13).
The indicators and the chosen framework were presented in
the fourth workshop (14), including 18 participants (7 aca-
demics and 11 non-academics), allowing them to discuss if
there were missing or overlapping indicators. The aim was to
reduce the number of indicators to facilitate comprehension,
acquisition of data, and communication. A technical analysis
(15) of the content was done by the academics to review the
indicators and users’ demands, by applying once again the
quality criteria, filling in the forms, excluding overlapping
indicators and changing names of indicators.

Dissemination phase

To improve the usability of the information and promote
actual use of the indicator set, the group made preparations
for the dissemination of the final products and the evaluation
of their usefulness. This was done in steps 16, 17, and 18,
which concerned the development of a communication strat-
egy, making institutional agreements, and building capacity
for users, respectively. These steps considered administrative
rules for the agreement, the possibility to include material in
existing municipality online databases, and the distribution
of responsibilities for managing, updating and monitoring
the indicators.

The remaining steps (19-22) still have to be implemented,
due to the different timing between the research process and
the administrative process for the non-academic actors.
These actions are planned for 2022. It should be noted that
these steps need a greater involvement of the non-academic
actors, since they are the ones who are in the position to
add the produced indicators to the city’s existing online
databases. The pilot release (19) will be followed by the
publication and distribution of the indicator set to a wider
audience (20) and by the implementation and monitoring
of the indicators (21). The evaluation (22) will be of utmost
importance, to determine in the longer term whether imple-
mentation of the indicators has led to a broader application
of the WEF nexus concept in policy-making and to observe
the impacts of the LoP and other actions that are currently
on-going in the study area. The partners should also reflect
on the process and data produced and, if necessary, should
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return to step 15, technical analysis, and modify the indicator
set and framework.

The evaluation of the process, the implementation of the
indicator set and the impacts of the LoP project with the
entire group, may result in new research questions, which
can be jointly framed, initiating a new transdisciplinary
knowledge co-creation cycle.

Results

In this section, we present the results from the four interac-
tive workshops (steps 6, 7, 8, and 14) and the dissemination
phase, including observations on the co-creation process
itself.

WEF nexus elements (workshops 1 and 2)

In the first workshop, 57 elements were identified by all the
participants present. After the workshop, the researchers
worked through the list, following an inductive approach
to organize the identified elements in different categories,
which are closely aligned with the local context. The ele-
ments were clustered in tables for water, energy, and food.
The tables were presented to the group and discussed in
the second workshop to improve the quality of the informa-
tion. The group worked together, as part of a reflection and
validation process, to exclude duplications, add elements
that were missing and adjust the terminology, resulting in a
list composed of 55 elements (Table 1). The signs (+), (—),
and (=) in Table 1 represent the positive (opportunities),
negative (challenges), or neutral elements, respectively, in
the study area.

Concerning water, most of the identified elements belong
to the sociopolitical and natural resources categories. Even
though many barriers to better use of water in the territory
were found, the group also identified several opportunities,
connecting water with actions for the preservation of natural
resources, for the well-being of the population and for more
efficient water consumption in the residences and agricul-
ture. Actions to create a closer relationship with water (cul-
tural, sports, leisure, etc.) and inadequate land use of flood-
plain areas are examples of how the participants included
social aspects.

Identifying the connections of energy with water and food
was challenging. The current actions in the region are not
directly targeting energy consumption or production, and the
ULL participants were not very familiar with energy issues,
since these are usually approached in a sectoral manner and
are governed by federal policies. Even so, the group found
some important energy-related opportunities that could be
applied in the study area, in many of the categories. The pos-
sibility of integration between producers and communities

and the clandestine power connections in the area are exam-
ples related to the access to resources and social aspects
identified by the participants.

Concerning food, the identified elements were mostly
clustered in the sociopolitical, logistics, and production
categories. The participants found many opportunities for
the local population to improve agricultural practices and to
promote organic production, but there were also challenges
identified, often related to the supply chain and the particu-
larities of food production. Participants included social and
environmental aspects, such as the high labor cost and lack
of skilled labor in the territory, and the importance of main-
taining the rural landscape through food production.

It is important to note that not all the identified elements
were used in the next steps. The lack of data that can be
used to measure whether or not that indicator is being met,
for instance, which is often an issue for the development of
indicators (Cansino-Loeza et al. 2020), has proven to be a
problem in our case as well. Although many of the data were
found in the municipality and LoP database, there was a lack
of information for a few indicators. It was therefore neces-
sary to turn to literature, which is not ideal. In fact, data that
are found in the literature must be avoided if possible since
they are usually not context-specific and do not account for
local specificities.

In addition, non-academic participants, who were not
familiar with the concept of the nexus, began to better under-
stand it, including its potential to undertake more integrated
action:

“Talking about energy and also remembering water,
for example, was very strategic and brought a gain to
the point where we took a deeper look at some public
policies that were being built in the secretariat and pro-
grams, such as the LoP and other plans” (participant
of the municipality).

Flow and causal loop diagram (workshop 3)

The third workshop was held to work on the flow and causal
loop diagram, with the intention of integrating the elements
previously identified in workshops 1 and 2, and adding other
relevant elements. A first version of the diagram was devel-
oped by the researchers in two parts: (i) the flow diagram,
before and after the LoP project; and (ii) the causal loop
diagram, before and after the LoP project. Both scenarios
were made, so the participants could better comprehend the
connections between the elements and the impacts of the
LoP. Then, a diagram contemplating both flow and causal
loop components with the LoP actions was presented to the
group. Participants analyzed each of the interactions one
by one, identified errors, clarified misunderstandings, added
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Table 1 Water, energy, and food elements identified in the WEF nexus workshops

Water
Socio-political

Infra-structure

Uses
Source
Natural resources

Production
Energy

Socio-political

Infra-structure

Logistics
Uses
Source
Natural resources
Production

Food
Socio-political

Economic

Uses
Logistics

Natural resources

Production

1. Create a closer relationship with water (cultural, sports, leisure, etc.) (+); 2. Water is not valorized in the territory (—); 3.
Irrigation and licensing (—); 4. Payment for environmental services (+)

5. Lack of sanitation (—); 6. Sanitation technologies (low cost): cisterns, banana cycle, septic tank (=); 7. Need for new
technologies (lack of opportunities) (=)

8. Waste (—); 9. Low use and consumption (+)
10. Rainwater harvesting for irrigation (+); 11. Water reuse (+)

12. Inadequate land use of floodplain areas (—); 13. Intervention in the Environmental Protection Areas: diversion of water
sources, dams, grounding, etc. (—); 14. Water production for cities (+); 15. High availability of water sources (+); 16.
Preserved vegetation (+); 17. Pollution (by pesticides, water pits, etc.) (—)

18. Soil conservation (good practices, etc.) (—)

19. Little political interest in rural sustainability (—); 20. Non-subsidized energy (—); 21. Possibility of integration between
producers and communities (+)

22. Low technical production (irrigation-water machines and implements) (—); 23. Inefficient irrigation systems (—); 24.
Waste of energy due to lack of structure (—); 25. Clandestine power connections (—); 26. Low cost irrigation systems (+);
27. Water wheel—gravity irrigation (4)

28. Diesel use and impacts related to production and runoff (—)

29. Low demand, lower costs: favor alternative systems (+); 30. Misuse of energy (—)

31. Solar energy and irrigation (+); 32. Wind, solar biogas for supply (+)

33. Optimize existing natural resources in the production unit (+)

34. Organic fertilizers to avoid spending on chemical fertilizers from outside the production units (+)

35. Increasing visibility of local food production/consumption (+); 36. Producers connected with the territory feel they
belong (+); 37. High labor cost and lack of skilled labor (—); 38. Dissemination of healthy and sustainable food produc-
tion (4); 39. Organic production has government support (=)

40. Organic niche market (=); 41. Low added value of products (vegetables) (—); 42. Competition with the production of
other municipalities (—)

43. Uncontrolled use of water on the food production (-)

44. Proximity to the largest consumer market in the country (Metropolitan Region of Sdo Paulo) (+); 45. The chain of
services/products/inputs for producers remains to be structured (—); 46. Lack of consolidation of the organization in pro-
duction and trade (—); 47. Proximity to the consumer market (+); 48. Lack of local warehouse (—); 49. Logistics =60% of
the final price (—)

50. Maintaining the rural landscape through food production (+)

51. Food production is good land use (+); 52. Ways of soil conservation (=); 53. Lacks adequate inputs for production (-);
54. Unsuccessful food production cycles and migration to flowers production (—); 55. Production method (technique and
use of agrochemicals) (=)

or excluded information and modified names of variables,
resulting in the final version of the diagram (Fig. 3).

farmers in the area, which in turn helps to avoid urban sprawl
in the south zone.

External funding acquisition (bottom right of the dia-
gram) is an important aspect to be considered, since it
allowed the municipality to implement the LoP. The LoP
project has three main work fronts, “data and evidence”,
“strengthening agriculture”, and “value chain”. Those work
fronts comprise different actions that have positive or nega-
tive impacts on different elements of the diagram. “Natu-
ral resources preservation” and “water quality” are central
components of the diagram, as they both are connected with
many other components. This is due to the fact that the main
goal of the LoP project is to protect the natural areas and
improve the water quality in the region, by maintaining the
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Socioeconomic and urbanization aspects were decisive
in considering the actions in the region, and are closely
connected to the relations established between the nexus
elements. In this sense, participants considered some criti-
cal aspects such as: the implementation of public poli-
cies (payment for environmental services); the relevance
of technical assistance to improve traditional methods of
food production; issues related to farmers’ and irregular
housing and its implications for water quality and natural
resources preservation; and aspects of training and edu-
cation, which result in new business models and have an
impact on local markets and the labor force. Beyond-local
impacts were also considered in the diagram to visualize
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possible broader impacts of the local actions. Possible
impacts on GHG emissions and absorption, for instance,
were identified in the system, which could ultimately have
an impact on climate change. This could help the practi-
tioners to identify opportunities to improve the local GHG
absorption or reduce GHG emissions (e.g., transportation;
water pumping).

Another result was the fact that participants left this
workshop with a better understanding of the nexus concept
and how their actions have broader and systemic impacts.
Being able to visualize these interactions while working

on the diagram was fundamental to this process of learning
and understanding:

“With the discussions in the workshop, everything
became clearer, the diagrams and flows workshop
was good, because you end up aligning your own
way of thinking. It's good, because it is necessary
for people to understand what is being said, good
visuals help in schematic logic” (participant of the
municipality).
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Sustainability indicators and PSIR framework
(workshop 4)

The fourth workshop was held to work on the sustainability
indicators’ framework identified by the ULL participants,
the Pressure-State-Impact-Response (PSIR). Such a frame-
work had already been applied in a previous municipality
action with Environmental and Urban Management Indica-
tors (Sepe and Gomes 2008), so it was considered positive
by the group to take advantage of practitioners’ previous
knowledge and, by that, improve the usability of the indi-
cators. The first list of indicators, produced by the group
in the previous steps, was then adapted to an empty PSIR

¥ 1 Type of productive agricultural units
¥ 2 Area of the productive agricultural units
@ 3 Sanitation
¥ 4 Production: quantity
¥ 5 Production: types of products
@ 6 Water consumption in production
@ 7 Water consumption in the residence
@ 8 Water source
@ 9 Irrigation system
@ B 10 Consumption of chemical fertilizers and pesticides
Q 11 Electricity consumption in the properties
Q Q 12 Fuel consumption for transportation of production
Q 13 GHG emission
¥ 14 Irregular land use
¥ 15 Land value
B 16 Labor force

@® 17 Water availability

framework, making it possible to identify new elements that
were not identified previously (Fig. 4). The PSIR framework
encapsulates the answers to four guiding questions, namely:
What is happening? What can be done? What is being done
about it? And, what will happen if there is no immediate
action? (UNEP 2002). The PSIR framework was then pre-
sented and discussed with the participants in the workshop.
The first columns were added with symbols of water, energy,
and food, respectively, to remind the participants the connec-
tions of the indicators with the nexus elements.

There are 34 indicators in this framework that cover the
content of the flow and causal loop diagram, with a few addi-
tions that arose in the discussion during the fourth workshop

@ 25 Treated waste water
Q @& B 26 Technical Assistance and Rural Extension
& B 27 Payment for Environmental Services
Q & B 28 New local businesses
#B 29 Actions for training and education
Q 30 Producers in associations
¥ 31 Disposal of solid waste
¥ 32 Local production of compost and biofertilizers
Q @ 33 Irrigation with solar energy

@ 34 Rainwater harvesting system

Q@& % 21income
@ ¥ 22 Population with food and

Q 6 3 18 Water quality
® B 19 Soil quality
Q: é %2 Vegetal cover

| waterborne diseases
Q 23 GHG absorption

Q & B 24 Well-being index

LEGEND
& Water
¥ Food

Q, Energy

Fig.4 Sustainability indicators in the PSIR framework. Source: Elaborated by the authors
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(e.g., population with food and waterborne diseases). The
reflection and discussions between the ULL members were
helpful to improve the indicator set in the areas that were not
covered by the flow and causal loop diagram. The inclusion
of the Response and Impacts categories made it possible
to consider broader components that were not necessarily
considered previously, such as income, diseases, well-being,
and the number of farmers in associations. These aspects
are normally not considered in nexus indicators studies, as
these usually focus on the material and flow components of
the nexus (Arthur et al. 2019; Dalla Fontana et al. 2020),
considered mainly in the Pressure and State categories.

While the use of indicators for the planning and manage-
ment of public policies is a consolidated activity in several
secretariats in the city of Sdo Paulo, working with sustain-
ability indicators from a nexus perspective was perceived as
innovative and motivating. The ULL participants’ expecta-
tion was that the nexus approach could encourage a more
integrated view of the complex relationships between human
action and the natural environment. On a higher level, work-
ing in an ULL was seen as an unprecedented opportunity to
establish a different form of partnership between academia
and local government, with an effective and active participa-
tion of municipal practitioners.

Another important result of this workshop was the rec-
ognition by the participants that the process of working
together to find a better format to present the indicators
resulted in a more usable final product:

“It is very important to identify and consider the prior
knowledge of institutional actors, as what was built in
the past must be valued and what is being built in the
present for the future must have applicability” (partici-
pant of the municipality).

Beyond the scope of the fourth workshop, we also found
that the entire co-production process was very much appreci-
ated by the non-academic actors participating in the ULL,
who did not regard themselves as mere receivers of the infor-
mation, but as active co-creators, which is likely to have
resulted in more credibility and legitimacy of the produced
knowledge:

“It is very important from the beginning to feel part of
the project and not just as a data provider” (participant
from the LoP project).

Moreover, participants revealed that the interaction within
the ULL allowed a better interaction among different Secre-
tariats of the municipality, which improved in comparison
to the communication they had before:

“Among us (municipality) there is also a distant rela-
tionship, so the ULL was cool because it made us
closer to the activities and actions with the LoP. Thus,

this was advantageous so that we could strengthen our
relationships, with a maturation between the parties”
(participant of the municipality).

Dissemination of the results

Several actions were taken in the ULL to improve the usabil-
ity of the co-created indicators’ list to support the actions
in the municipality. A cooperation agreement was signed
between the researchers’ university and the Municipal Secre-
tariat of Urban Development and Licensing, at the beginning
of the project. This agreement was revised several times due
to changes in the municipality administration that occurred
throughout the project, which affected the access to data,
the relations with the actors, and the dissemination of the
outcomes.

The next step is linking the indicators and the PSIR
framework to an existing municipal online database, the
Observatory of Indicators of the City of Sdo Paulo, the
“ObservaSampa” (https://observasampa.prefeitura.sp.gov.
br/), which is a virtual system that aggregates several types
of indicators about the city to support the municipal practi-
tioners in the elaboration of new policies. While the mem-
bers of the Municipal Secretariat of Urban Development
and Licensing are committed to add this information to the
system and are responsible for the monitoring of the con-
tent, changes in the administration and local government in
2021 impacted directly on the positions of the practitioners
involved in the ULL and their partners in different Secre-
tariats. This has jeopardized the possibility to include some
indicators in the city's observatory in the short-term, as pre-
viously planned.

Discussion

There is a tendency in the use of nexus indicators to at most
quantify the flows between the elements (Cansino-Loeza
et al. 2020; Yi et al. 2020). However, this brings along the
risk of overlooking local characteristics and specific needs,
such as typical production and consumption patterns and
possible related environmental impacts (Arthur et al. 2019).
Our research showed how local characteristics and specific
needs can be taken into account through active collabora-
tion with local stakeholders and, in doing so, enhance the
saliency and legitimacy of the knowledge produced (Dalla
Fontana et al. 2021).

The focus on a local case and constant interaction and
feedback between academics and non-academics fostered
a critical reflection on the importance of including social
aspects when discussing the nexus, which were considered
as relevant aspects in the nexus research by Hoff (2011).
This distinguishes our work from others that mainly focus
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on efficiency and material flows (Saladini et al. 2018; Feng
et al. 2020). The necessity to go beyond the mere interac-
tions between water, energy, and food was clear since the
first workshop and was agreed upon by all participants.
Inclusion of issues such as the importance of maintaining
the rural landscape through food production, avoiding urban
sprawl, the implications of irregular housing for water qual-
ity and natural resources preservation, and aspects of train-
ing and education were identified only through interaction
with the local practitioners.

The flow and causal loop diagram was recognized as an
important step for the ULL participants, since it provided
a visual exercise to look for the main connections between
the identified elements, which helped them to better compre-
hend the nexus concept, and to identify other components,
especially those related to socioeconomic and urbanization
aspects, which are still underrepresented in nexus research
(Arthur et al. 2019; Dalla Fontana et al. 2020). Participatory,
qualitative systems modeling also provides space for learn-
ing, which helps to increase legitimacy and agency between
the different actors, producing new knowledge, awareness
and skills (Bréthaut et al. 2019).

The use of the PSIR framework, in this specific study,
had the advantage that it prompted academics and non-
academics to reflect on the inclusion of indicators that
were not identified from the flows and causal loop diagram
(Cansino-Loeza et al. 2020; Yi et al. 2020). Components of
well-being, health, and farmers’ associations were identified
during the inclusion of the indicators in this broader sustain-
ability framework, especially in the Impact and Response
categories. By adopting this broader framework, actions to
support the local food system were considered for their con-
tribution in improving the socioeconomic condition, health,
and general well-being of the local farmers, and encouraging
the coexistence of agricultural land use and preservation of
natural areas rather than leaving room for urban sprawl and
irregular settlements. The use of a framework already famil-
iar to the local practitioners facilitated the process.

Thus, we argue that: (i) prior knowledge and expertise
of local practitioners are something to be valued and built
upon, improving the credibility, salience, and legitimacy of
the generated information (Cash et al. 2003; Norstrom et al.
2020; Wahl et al. 2021); and (ii) linking nexus indicators to
more systemic sustainability frameworks can be beneficial,
since it provides new insights into how WEF interactions are
interrelated with broader social issues, improving the rele-
vance and usability of the new knowledge generated (Dilling
and Lemos 2011; Urbinatti et al. 2020; van Gevelt 2020).

We recognize the importance of the nexus indicators
being produced in many projects internationally (Cansino-
Loeza et al. 2020; Yi et al. 2020). However, we think that
adjusting those indicators to fit into a framework more famil-
iar to the users, in our case the PSIR framework, may be key
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to increase the understanding and facilitate prompt use of
the produced knowledge. Even with the possibility of losing
the novelty of the nexus framework by going back to a more
standard framework like PSIR, we believe that we gained in
usability of the produced information. Although the inclu-
sion of specific local characteristics and needs will probably
reduce the transferability of the set of indicators produced, it
increases the chances of the indicators being locally of use
and used (Williams et al. 2014; Giupponi and Gain 2017;
Saladini et al. 2018; Feng et al. 2020). The main outcome of
this study that can be utilized in other contexts therefore con-
cerns the lessons learnt from the process of co-creating the
indicators, and not the indicators themselves, that are very
context-specific. The inclusion of different actors from dif-
ferent backgrounds would have brought different results for
the project, which underlines the need for transdisciplinary
approaches to carefully select relevant actors to enhance the
usability of the nexus information produced and ensure that
innovative sustainable actions are taken (Howarth and Mon-
asterolo 2017; Wahl et al. 2021).

We also argue that the local orientation and bottom—up
process that we followed increased the legitimacy and sali-
ence of the indicator set, since it was not the result of a
top—down imposition, but rather a result of a more organic
process that revealed real local needs (Cairns and Krzywo-
szynska 2016; Hoff and Kasparek 2016). Researchers took
a greater role in many of the activities of the ULL; however,
this fact does not mean that the non-academic actors were
mere receivers of information. Instead, they were involved
since the beginning, jointly identifying the need for new
indicators to assess the sustainability of current actions in
the city. The intention was not to have an equal level of
participation of all actors involved throughout the process.
Academics, for instance, were more active in the organiza-
tion of the information from the workshops and filling the
indicators’ forms, while non-academics had a more promi-
nent role in the dissemination phase. The constant feedback
and interactions between academic and non-academic actors
were decisive, allowing the group to self-reflect (Giatti 2019;
Dalla Fontana et al. 2020), and to explore the information
gathered by the LoP project, which provided a robust set of
data that could be used for the indicators, along with infor-
mation already present in the municipal online database.

The process of engagement was mainly between academ-
ics and practitioners. However, we recognize that a greater
involvement of local communities (Dalla Fontana et al.
2021), and in particular of local farmers in our case, would
have been valuable to bring different insights. This was also
reported as one of the flaws of this project by the repre-
sentatives of the municipality and the LoP project. In fact,
a few farmers participated in some meetings and activities,
and workshops were planned to be held in 2020 exclusively
dedicated to the engagement of local farmers. However, due
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to the COVID-19 crisis, further contact with farmers and
other local actors was hampered, both by the need for social
distancing and the lack of Internet access in the region to
engage in online meetings.

The dissemination phase is also challenging. Usu-
ally, studies that develop nexus indicators generate a large
amount of information and knowledge, and emphasize how
the information generated is relevant for decision-making
(Wahl et al. 2021). Nonetheless, most of these studies fall
short in evaluating how the generated knowledge is actu-
ally used and whether and how it influenced the decision-
making processes (Urbinatti et al. 2020). This type of
evaluation can only be conducted a few years after these
measures are taken. In our case, this step should be taken
in the following years after the end of the LoP, to assess
its long-term impacts. However, this may be difficult if the
ULL is no longer running or the participants do not have the
opportunity to work together, and changes in the municipal
administration can impact on the relations between the ULL
participants. To anticipate this, we paid attention to dissemi-
nation and monitoring of indicators already from the start
of the process in the design phase (Mauser et al. 2013), to
ensure regular updating of the indicator information and to
promote its use by the practitioners. Moreover, maintaining
good relations and communication throughout the process
and preparing a dissemination plan might facilitate an active
uptake of the indicator set and continued collaboration to
update or revise it.

Conclusions

We have given great attention to the local context by focus-
ing on the activities of the LoP project to promote sustain-
able agricultural practices and natural resources preservation
in the rural south zone of Sdo Paulo. As a result, the devel-
oped indicators are usable to the local government (Dalla
Fontana et al. 2021) and can support current and future sus-
tainability projects in alignment with local needs and priori-
ties, rather than aspiring to abstract and decontextualized
sustainability standards (Urbinatti et al. 2020). Practitioners
from the municipality expect that the set of indicators can
help to assess whether the LoP actions will consolidate as
long-term public policies contributing to economic devel-
opment, social inclusion, and environmental preservation.
Furthermore, while the indicators have been developed
around the elements of the nexus, they capture other envi-
ronmental and socioeconomic issues as well, which are still
underrepresented in most of nexus research (Cansino-Loeza
et al. 2020; Yi et al. 2020). Thus, the co-creation process,
the use of a broader sustainability indicators framework, and
the inclusion of social aspects increase the information’s
relevance and usability, and help to broaden the discussion

regarding the nexus and to incorporate the concept into cur-
rent policies and actions (Cash et al. 2003; Norstrom et al.
2020; Wahl et al. 2021).

The use of the integrative nexus approach helped, on one
hand, to reveal interactions and issues that are normally not
on the radar of a local administration. In this sense, adopt-
ing the nexus approach is something innovative that brings
a new and different perspective. On the other hand, it is also
important to build on existing knowledge and instruments
that are already familiar to practitioners and users, to facil-
itate the comprehension and improve the usability of the
information (Wahl et al. 2021). Also, practitioners have only
a certain capacity of managing data, so to consider and use
previous experiences and knowledge may be advantageous
for the decision-making process (Dalla Fontana et al. 2021).

The ULL setting was advantageous for the involved local
practitioners who gave us positive feedback, and revealed the
importance of working together with academics to co-create
salient information, taking into consideration local expertise.
We argue that the main lessons taken from this interactive
experience can help future nexus research to bring concrete
benefits to the cities, and avoid producing more data that
end-users may not use.
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