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The 2030 Agenda framework represents an opportunity for the co-
development of local indicators and shares the same principles of cross-
sectoral integration and universality as the water—energy—food nexus. This
research aimed to develop a quantitative-collaborative methodology for
constructing indicators and indexes for the sustainability of the Cerrado and
Caatinga Brazilian biomes, considering the connection and synergies between
the Nexus perspective and the 2030 Agenda’s SDG-target framework. The
study was applied in 2,512 municipalities that make up the total of the
mentioned biomes. The methodology consists of four major blocks: i)
identification and construction of indicators based on the association of
them with one or more 2030 Agenda’s targets, in a collaborative way from
expert groups; ii) generation of weights by an indicator considering leverage,
according to the number of target assignments, and importance, attributed by
experts for each indicator to the target; iii) generation of sustainable
development goal indexes, considering the performance of the SDGs; Nexus
performance, considering different weights between the SDGs; Nexus
synergistic, the standard deviation between the SDGs; and Nexus overall, a
combination of the last two; and iv) sensitivity analysis for performance indexes
considering the assignment of zero values to the governance indicators. In
general, the regions of MATOPIBA, northern and western of Cerrado and the
Caatinga, are, on average, the areas of greatest vulnerability. The targets that
respond to this inequality are related to eradicating hunger, sustainable and
climate-resilient production systems, universal access to water, water quality,
efficiency of multiple water uses, access to energy, and the participation of
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renewable energies. We found that in areas of better average nexus
performance, there is also greater inequality between nexus dimensions;
therefore, the Nexus overall index is penalized. The federal units and areas

with the worst Nexus dimension performances and with

insufficient

governance measures are north and northwest of Bahia and municipalities
bordering the State of Tocantins—food; Maranhao and Piaui, northeast of Mato
Grosso, northwest of Goias, Rio Grande do Norte and Paraiba—water; and
Maranhdo, extreme southeast of Para, and more sparsely in Paraiba—energy.

KEYWORDS

sustainable development, composite indicators, socio-ecological system, biomes,
governance, complexity

1 Introduction

Global environmental changes have proportions never
experienced by humanity, and they are increasingly affecting
critical resources such as water, energy, and food. The discussion
around the Anthropocene idea [1, 2] put in perspective the global
linkages between environmental changes and their associated
food, water, and energy securities [3, 4].

The Nexus agenda focuses on how to “deliver water, energy, and
food for all, and manage the synergies and trade-offs among them,
by understanding how these interactions are shaped by
environmental, economic, social, and political changes” [5, 6]. It
is an approach that interconnects many geographic scales and is the
key to understanding national sustainable development strategies,
including human, economic, and environmental sustainability
dimensions [7]. Therefore, Nexus could be understood as a
sustainability lens to prevent potential future risks [8].

There has been an increase in publications of Nexus research,
presenting case studies [3, 9, 10], methodological frameworks
[11-14], and a Nexus governance approach [6, 7, 15]. However,
the lack of data systematization culture and stakeholder
engagement toward policy planning and implementation
demands inter-multi-transdisciplinary strategies to
comprehend and synthesize the inherent complexity of socio-
environmental systems and their sustainability [16-18].

Since 2016, the 2030 Agenda has represented a milestone in
international sustainability governance. For the first time, the
international community has agreed on a comprehensive, binding,
and concrete system of goals and targets to guide global transformation
toward sustainability [19]. Although implementing the 17 SDGs has
many challenges (e.g., high diversity and complexity of SDG goals [20],
lack of governing capacity associated with policymakers, and lack of
tools and indicators to assess progress toward goals), there is an
opportunity to combine the SDG with Nexus approaches.

Integrating SDGs with the Nexus approach allows for co-
development of actionable knowledge toward problem-solving
while achieving multiple sustainable development goals (SDGs)
[14]. The Nexus approach and SDGs share the same principles of
cross-sectoral integration and universality, as achieving a target
cannot occur at the expense of another [21, 22].
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Although Brazilian research has leadership with Nexus
approach studies and SDGs, contributions to social sciences
remain marginal as it prioritizes other topics, such as
hydroelectric energy and biofuels, with works on efficiency,
optimization, and innovation
[23-25].

The literature highlights the necessity to use participatory

modeling, technological

and collaborative methodologies between local knowledge,
experts, stakeholders, and decision-makers [18, 26-29]. All
relevant stakeholders must work together to manage the
synergies and trade-offs among different management and
governance sectors (e.g., social, economic, environmental, and
institutional), while traditional “silo” approaches cannot
effectively address the linked challenges [14].

Brazil is one of the most vulnerable countries to climate
change as it heavily depends on agricultural and mineral
commodities. The implementation of SDGs and Nexus
approaches is particularly demanding in Brazil, where
“insufficiently understood interactions within the Nexus are
contributing to large-scale deforestation and land-use change,
water and energy scarcity, and increased vulnerability to
climate change” [30].

Brazilian Cerrado and Caatinga biomes are the ones that
have suffered the most pressure associated with fewer
conservation policies, such as, respectively, speculation on
agricultural frontiers, especially industrial agriculture and
cattle-intensive livestock farming [31, 32], and countryside
human density, lash-and-burn agriculture, overgrazing by
livestock, and firewood collection [33, 34]. The climate
change scenarios point to the replacement of tropical
forests by tropical savannas, expansion of the Cerrado, and
aridization of parts of Northeast Brazil, a region mainly
represented by the Caatinga biome.

This study aims to contribute to the literature by
presenting a quantitative-collaborative methodology for
constructing indicators and indexes for sustainability of the
Brazilian Cerrado and Caatinga biomes, considering the
connection and synergies between the Nexus perspective
and the 2030 Agenda’s SDG-target framework. This study
is part of a scientific project called Nexus [35].
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2 Materials and methods
2.1 Geographical study area

Biomes are large-scale ecosystems with uniformity of
macroclimate, physiognomy (vegetable and animal), soil, and
water, among other aspects [36]. In Brazil, there are six biomes:
the Amazon, Caatinga, Cerrado, Atlantic Forest, Pampa, and
Pantanal. The Cerrado and Caatinga biomes cover 34% of the
country’s total area [37]. In both biomes, the vegetation type is
the savannah, with physiognomies that reflect the water
conditions of the soil [38].

The Cerrado biome stands out for its modern agricultural
practices and extensive livestock farming [39], emphasizing the
production of soybeans, maize, and sugarcane [40]. Soybean
stands out as Brazil’s most important cash crop, with 48% of its
production occurring in the Cerrado biome [41]. Despite the
economic importance of large-scale agriculture, studies suggest
the negative impacts of this activity, for instance, on water

[42], as
Another concern for Cerrado

soil well as
[43].

sustainability is the irregular use of fire, which reduces above-

resources and on nearby rural

communities biome
ground and in-ground carbon and increases biodiversity loss
[44]. The Cerrado biome has already lost 50% of its original
natural cover [45], with 45% of its use related to agriculture,
which increased from 619,957 km? in 1985 to 901,514 km? in
2021 [46].

The Caatinga biome is in the Brazilian semi-arid region. It is
susceptible to desertification, defined as land degradation in arid,
semi-arid, and dry sub-humid regions [47]. This region has larger
goat and sheep herds than other regions [40]. Extractive
activities, logging, and rainfed and irrigated agriculture are
typical activities of this biome [48]. The Brazilian semi-arid
region is a territorial delimitation based on climatic criteria
[49], which is one of the most populous semi-arid regions in
the world, representing almost 12% of the Brazilian population
[33, 50]. However, 16.7% of the Brazilian semi-arid region is in a
potentially degraded area, while 4% of the region is in a heavily
degraded area, resulting in high and very high degradation
trajectories [51].

Considering the magnitude of the consequences in the
Cerrado and Caatinga, we emphasize some socio-ecological
characteristics endangered by those impacts. The Cerrado is
an important global biodiversity hotspot with a high rate of
endemism [52], and with a significant contribution to the
maintenance of water resources in Brazilian hydrographic
basins [53]. The Caatinga is essential to the population’s water
security [54]. Currently, protected areas cover only 8.6% of the
Cerrado and 7.6% of the Caatinga [55].

The study area comprises municipalities totally or partially
covered by the Cerrado and Caatinga biomes, considering the
2005 delimitation of the MMA. It represents 2,512 municipalities
(45% of the total Brazilian municipalities). These municipalities
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are the unit of analysis for this work, considering the
2018 municipal grid of the IBGE.

The Cerrado overlaps all states of Brazil’s central-west region
and, to some extent, other regions like the northeast and
southeast. The Cerrado also contains part of the MATOPIBA
region, a new Brazilian agricultural frontier covering parts of
Maranhio, Tocantins, Piaui, and Bahia states [56]. The Caatinga
biome is present in northeastern Brazil and northern Minas
Gerais and is practically inserted in the institutional delimitation
of the Brazilian semi-arid region (Figure 1).

2.2 Indicator and index construction for
sustainability

In Brazil, there are some national initiatives to bring
sustainability indicators. The Brazilian Institute of Geography
and Statistics (IBGE) created the National Commission of SDGs,
by the Government Secretary of the Republic Presidency, which
assigns the role of permanent technical advice to the Applied
Economics Research Institute (IPEA). In 2018, the IPEA adapted
global goals to Brazilian reality, considering national strategies,
plans, and policies [24]. At a sub-national level, there is a third-
sector initiative with the Sustainable City Development
Index—Brazil (IDSC-BR) [25],
municipality progress and

which evaluates Brazilian
fulfilling the
2030 Agenda. However, deepening the understanding of the

challenges for
nexus in a broad and synoptic way is still a challenge for the
municipality scale in Brazil.

The construction of indicators is one of the main ways of
using Nexus analysis to assess progress toward targets, covering
25% of the study cases considered by (11). To this end, the
aggregation of qualitative and quantitative analysis, such as the
use of surveys for stakeholders, is recommended to provide a
broader and deeper understanding of Nexus interactions, but
only 19% of this approach has been used. Another issue to
consider is the lack of multidimensional data that deal with
the Nexus or sustainability. The nations endeavored to achieve
Tier 1-type indicators—which are conceptually clear and have a
methodology with international standards that are continuously
produced—for the 2030 Agenda’s SDGs.

Construction indicators are associated with a measurement
process. It requires a normative exercise: i) a robust conceptual
definition; ii) a collection of consistent observations; and iii) an
analysis of the relationship between the observed data and the
concept that the indicator is expected to measure [57]. Indicators
have purposes, which differ from variable data purposes, for
instance: i) synthesis of information, which is often complex (an
indicator always expresses something more significant and not
just its value); ii) standardization of communication for a specific
or broader audience; and iii) generally, they must have a
reference for comparison, whether this is a range of reference
values or targets to be pursued.
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FIGURE 1

Study area, composed of the Cerrado and Caatinga biome municipalities, with emphasis on the Brazilian semi-arid and MATOPIBA regions.

Indexes are latent variables of reality, and they are not the
result of direct observations. Hence, the literature mentions two
aspects of latent variables, namely, reflexive and formative [58].
In the reflexive perspective, the index concept determines the
choice and the construction of the indicators that generate it. In
the formative perspective, the index concept results from the
performance of the indicators that form it.

Sustainability indicators must observe the following
elements: i) measurable; ii) data availability; iii) clean,

transparent, and standardized methodology for their
construction; iv) financially viable collection; and V)
legitimized by decision-makers [59]. There is a broad

application of indices to assess socio-ecological aspects, such
as policy analysis and public communication to compare
countries [60], ecological quality [61],
poverty [62], and vulnerability to climate disaster risk [63], to
evaluate the Sustainable Development Goals (SDGs) of the
2030 Agenda [64].

In this work, the steps for constructing indicators and their

multidimensional

composition in indexes followed parts of the structure and
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chronology suggested by (66), which were i) theoretical
framework, ii) selection variables, iii) imputation of missing
data, iv) multivariate analysis, v) normalization of data; vi)
weighting and aggregation; vii) robustness and sensitivity;
(viii) back to the details; ix) links to other variables; and x)
presentation and dissemination. We propose reorganizing these
items into specific work packages to better understand the
collaborative, qualitative, and quantitative steps. Figure 2
illustrates these work packages and their interconnections,
which are detailed below in methodological terms.

Two team structures developed this study in the Nexus
and Development for Sustainability
(Ladis-lab)  (https://www.ladis-inpe.
com/) and the Nexus project’s research team. The first one

Project:  Analysis

Indicators Laboratory
was composed of eight researchers who were responsible for
development of activities and validation of results. The second
one was composed of about 30 researchers who were part of the
consulting expert body. They have some specialized expertise,
and some of them are distributed along the research or
educational institutions of the Cerrado and Caatinga.

frontiersin.org
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Work packages for composite indicators.

2.2.1 Conceptual framework

This section presents the definition of concepts that will
guide the selection and construction of indicators, semantic
values, and weights and their compositions in indexes. It
requires an abstraction process that must consider the socio-
cultural, geographical, and historical context [58]. Following
[58], the conceptual definition process will allow identifying
and defining: i) the model for data construction; ii) the spatial
and temporal ambit of observation; iii) the aggregation levels
(among indicators and/or among observation units); and iv) the
models allowing interpretation and evaluation.

This work uses the framework of the 2030 Agenda as the
basis for data construction, composed of SGDs, targets, and
monitoring indicators. We follow the adapted Brazilian targets
by the IPEA [24]. The spatial and temporal scales are the
2,512 municipalities, according to Section 2.1, and the
2010 decade. This time range considers the two more recent
Brazilian censuses, the 2010 Demographic Census and the
2017 Agricultural Census. The aggregation of indicators—the
composition indexes—follows three levels, namely, targets, SGD,
and Nexus. Considering that the 2030 Agenda indicators must
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meet the pre-established SDGs, this work brought a reflexive
approach to assembling indexes.

2.2.2 Variables selection

The search for an initial set of variables concerns the direct
relationship of indicators with one or more Brazilian goals
adapted from the 2030 Agenda [24]. Starting from the
collaborative basis on which we developed this study, we seek
to involve a greater number of researchers in the Nexus project to
embrace a great diversity of areas of knowledge among the
researchers on the Nexus project’s research team.

The variable selection processes start with two meetings to identify
Thematic Expert Groups among the Nexus project’s research team.
This group identifies the variables that could respond directly to one
or more targets, writes the metadata for the variables, and makes them
available. Eight Thematic Expert Groups were proposed, namely,
water resources, agriculture, forest conservation and biodiversity, land
degradation, energy, socioeconomics, greenhouse gases and
biogeochemical cycles, and climate risks.

The researchers of the project Nexus produced variables from

secondary data or primary sources. The assignment of the targets
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underwent a review by the Ladis-lab group for conceptual
standardization. Each Thematic Group’s experts wrote
descriptions and metadata details for each indicator under
their responsibility (e.g., construction description, spatial cover
and spatial unit, temporal reference, and the source that
generates the data). The Ladis-lab group revised the metadata
with indicator usefulness for sustainability and information
about the type of indicator—whether of state or
governance—that will be used for the sensitivity stage.

2.2.3 Indicators datasets

This stage comprises the construction of variables to
indicators in a quantitative way. The Ladis-lab team carried
out the procedures for the quantitative construction of
indicators in this stage and the following stages. For that,
some pre-processing of the variables is necessary, such as i)
transformation of the value of the variables to the municipal
geographical limits; ii) treatment of outliers; iii)
transformation of highly skewed variables; and iv) pointing
out whether the ordering values are arranged in direct (higher
values mean more sustainable) or inverse (lower values mean
more sustainable) orderings. The data are from the
2010 decade as a time range, and the municipal limits are
from the year 2018, according to the IBGE municipal grid of
that year. Thus, the Thematic Expert Groups made the data
values available within this grid.

For the treatment of outliers, the winsorization technique
[66] was considered. It replaces outliers using two rules: greater
outlier values were assigned to upper fence values, while lower
outlier values were assigned to lower fence values. The upper
fence and the lower fence are defined as the third quartile (Q3)
and the first quartile (Ql), respectively, plus 1.5 times the
interquartile range (IQR) for both outlier fences, as shown in
Egs 1, 2, respectively. To transform highly skewed indicators,
logarithmic, exponential, or square root transformations were
tested.

Upper fence = Q3 + (1.5*IQR), (1)
Lower fence = QI- (1.5+IQR). 2)

Concerning the normalization procedure, two strategies were
applied: one for direct and another for inverse ordering [65]. Eqs
3, 4 present the calculations for the normalizations whose sense
of the indicator is direct and inverse concerning sustainability,
respectively. After these procedures, we had the indicator dataset,
whose values range from 0 to 1.

normalization with direct values

(unit variable — IQR's lower value)

= , 3
(IQ'Rsupper value — IQR's lower value) 3)
normalization with reverse values
(unit variable — IQR's upper value) @

- (IQR's lower value — IQR's upper value)’
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It is worth mentioning some exceptions: i) binary variables,
whose values were only “no” or “yes”; were mapped to values
such as 0.3 and 0.7, representing the lowest and highest values for
sustainability, respectively; and ii) some outliers were kept in a few
variables; otherwise, it would stress information that is far from reality.

2.2.4 Redundancy indicator analysis

Redundancy analysis was assigned in the statistical analysis
work package. The set of indicators was analyzed quantitatively
and conceptually. The quantitative analysis is the way to evaluate
pairs of indicators based on Spearman’s correlations, considering the
significance level of Student’s t-test. The redundancy analysis was
performed for the indicator dataset of each SDG, following this
order: i) identify pairs of indicators with correlations equal to or
greater than 0.6 or less than -0.6; ii) check the similar meaning
between the pairs of indicators identified within the same SDG; iii)
eliminate one of the two similar indicators, also considering the
lower consistency of the data that are part of the indicator (e.g., many
missing values) and the representativeness concerning the target.
Deleting an indicator from one SDG implies removing it from the
entire dataset and, consequently, from other SDGs as well.

2.2.5 Indexes composition

This stage focuses on the composition of information levels for
construction indexes. The proposed indexes are the following:
Target index, SDG index, Performance Nexus index, Synergistic
Nexus index, and Overall Nexus index. The composition of
indicators to create indexes in this work was performed by
assigning weights for each indicator and according to each target.
For this purpose, we computed a leverage weight for each indicator
and later assigned it for each indicator by targeting a response weight
for these specific assignments—target response weights.

The leverage weights were calculated from a frequency matrix
of assignments between the indicators and the targets. It can show
how important each indicator is for the entire set of indicators. The
more targets an indicator is assigned, the greater its importance in
terms of its leverage. It means that if their values are high, they tend
to affect the performance of more targets or SDGs. Weights from
0 to 0.4 were assigned to this type of importance for each indicator.
These leverage weights were given by the normalization between
the maximum and minimum frequency values (after treatment of
outliers by the winsorization technique) among all indicators and
multiplied by 0.4, according to Eq. 5.

Lever age weights

(unit target frequency—IQR's lower target frequency)

S = * 0.4,
(IQR's upper target frequency—IQR's lower target frequency)

(5)

1 This range was determined from observations of cutoff points with the
number of indicators that would be excluded, indicating that there
should not be many exclusions related to this factor.
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TABLE 1 Weights assigned to each SDG? in the performance Nexus index.

10.3389/fphy.2022.1060182

High (1)

Medium (0.6)

Low (0.3) ‘ ‘

The target response weights are associated with the indicator
response capacity to what the target proposes. In this case, the
Ladis-lab group, in consultation with the Thematic Expert
Groups, assigns weights from 0 to 0.6 for each indicator by
the target. Last, the total weight (w) of each indicator j was given
by the sum of the leverage weight and the target response weight.

We produced indexes for each target, SDG, and Nexus based
on the total weights. The target indexes were calculated by the
weighted average among the municipality values (x;) of each
indicator () and their respective weights for each indicator (w;)
that made up the target (t) according to Eq. 6 (target index).

ZL (wi*xi).
Z?:z (wi)

The indexes of each SDG (SDG Index) were calculated by the
average between their respective T1, followed by normalization

Target index (TI) = (6)

with winsorization outlier treatment, according to Eq. 7.

SDG Index = normalized (W) (7)

The performance Nexus index was calculated by a weighted
average between the raw SDG indexes, with the current weight
values but not normalized, the SDGy. Different weights were
assigned to each SDGr (wspg), following the frame scheme of
the distribution of SDG in relation to the Nexus according to
[16]. These authors identified the SDGs that can influence the
Nexus, directly or indirectly. The SDGs 2 (zero hunger), 6
(clean water and sanitation), and 7 (clean energy) are the ones
with higher influence on the Nexus; therefore, they were
assigned with weight 1. The SDGs with medium influence
are 9 (industry and infrastructure), 12 (consumption), 13
(climate), 14 (oceans), 15 (land), and 17 (partnerships);
therefore, they were assigned with weight 0.6. The SDGs
with lower influence are 1 (no poverty), 3 (health), 4
(education), 5 (gender equality), 8 (work and economy), 10
(inequalities), 11 (cities), and 16 (institutions); therefore, they
were assigned with weight 0.3 (Table 1). The assignment of
these weights with the SDGs follows Table 1, and the
Nexus Per formance index calculation is presented in Eq. 8
for each SDGg.

Frontiers in Physics

Z?:i,j ( WspG *SDGR)
Z?: 1 (Wspe)

Nexus Per formance index (NPI) =

For the analysis of the nexus approach, in addition to the
good general performance of the most relevant themes,
represented by Per formance Nexus index, it is necessary to
evaluate the balance of performance among the SDGs to
assess the synergy among the SDGs. For this purpose, we
applied the standard deviation (SD) to all SDGg, multiplied
by its correspondent weight (wspg), followed by inverted
normalization, with winsorization outlier treatment, according
to Eq. 9.

Nexus Synergistic index (NSI) = 1

—-normalized (SD (Z SDGR*WSDG))). 9)

n
i=SDG (

The Nexus Overall index (NOI) represents the join of the
NPI and the NSI. The NOI is a weighted average, being
attributed a greater weight to NPI (1.5) and a lower weight to
NSI (1.0), followed by normalization according to the previous
equations, as shown in Eq. 10.

NPI ;*1.5) + NSI
Nexus Overall index (NOI) = normalized <(—)+1)

2.5
(10)

2.2.6 Sensitivity analysis

Sensitivity analysis quantitatively investigates assumptions
and particular contributions that are attributed to the
composition of the indicators, which can significantly change
the variation of the final indexes [65, 66]. The following steps are
recommended [66]: i) identify the main uncertainties behind the
composition of indicators; ii) assess the impact of the
uncertainties on the output indexes or ranks to see which
assumptions cause the most uncertainty; and iii) explain the
reason for the results of the final indexes with changes in the
assumptions made. In this work, the analysis of uncertainties
related to the presence and absence of certain groups of
indicators was prioritized.
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According to Section 2.2.2—Variable selection—each
variable was assigned by state type, which represents the
current situation, or by governance type, which represents the
governance measures to improve the current situation. Such
improvement measures can have different dimensions, such as
economic, social, political, and/or institutional, but all of them, in
whole or in part, have governance aspects. We consider that the
governance aspect can be decisive in the trajectory to achieve
different targets of the SDG, and public policies in Brazil have
high volatility, according to interests and candidacy lobbies.
Therefore, indicators of this nature bring high uncertainty,
and, in this sense, the SDGy and the raw NPI—not
normalized—(NPIy) were evaluated for sensitivity analysis in
relation to the absence of governance by attributing zero values to
all governance indicators.

For SDGy, sensitivity analysis, SDGR with state and governance
indicators (SDGr) and SDGgr with governance indicator values
equal to zero (SDGSg) were considered, followed by the subtraction
of the first one by the second one for all municipalities, performing
the SDG sensitivity analysis to the governance indicators
(Sensitivit yspGiGov)» according to Eq 11.

SenSitiVitySDG/Gov = SDGR - SDGSR. (11)

For NPIp sensitivity analysis, we also considered the
subtraction between this index and the governance indicator
values equal to zero (NPISR), performing the sensitivity analysis
to governance indicators (Sensitivit y npxus/Gov) according to Eq 12.

SensitivityNEXUS/Gw = NPIy - NPISR (12)

The municipalities with the highest values of these
differences are those that would have the greatest loss of
performance in their SDG Index, NPI, and ONI because the
governance measures can make a higher contribution to their
performance.

Sensitivity analyses were performed using the following
patterns: i) existence of regional concentration of contribution
of governance indicators; ii) which regions have the highest
contribution of governance indicators to high-performance
indices for an SDG; iii) which regions have the lowest
contribution of governance indicators to low-performance
indices for an SDG; and iv) non-existence of patterns “i” and
“ii.” The first case deals with the verification of the contribution
of governance in a regional way. The second case informs about
the continuity of governance aspects because the governance
indicators are contributing to the SDG Index. The third case
informs about the need to implement better governance,
especially public policies, to improve the performance in the
SDG Index. In the latter case, we can discuss some assumptions:
i) the higher or lower comparative values in this SDG are being
justified more by indicators of state type than by governance type
or ii) few targets that refer to governance or targets with little
verification of governance indicators.
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2.2.7 Targets contribution proportions

This topic aims to evaluate the targets that most contributed to
the Nexus. For this purpose, we calculate the target contribution for
each municipality (7). For that, the target values of each municipality
(t;) were multiplied by the weight corresponding to the SDG (wspg)
that the target () is part of (f;*wspg). Later, a ratio was made
between these municipality weighted values (¢;*wspg) and the sum
of these values for each municipality, followed by multiplication by
100, according to Eq 13.

Tar gets contribution proportions (Pr 1;)

i*WspG
= e |*100. (13)
(Zi:,',t (ti*wSDG))

2.2.8 Diagnostics and presentation

This stage is based on how to present the information
obtained in a synthetic way and situate the results with
indicators and indexes that exist today. Maps were used to
visualize the performance of indexes and sensitivity analysis
for all municipalities, while graphs visualize the performance
of targets and proportionalities, in all municipalities. The
comparison of this work was carried out with another work
that currently exists in Brazil at the municipal level, the
Sustainable City Development Index—Brazil (IDSC) [25].
This analysis was carried out to investigate the main
performance differences between the two works and to
verify the positive points between the works. This analysis
contributed to assess future perspectives and challenges in
improving this work.

3 Results
3.1 Indicators dataset

Initially, a total of 137 indicators were identified and built by the
eight Thematic Group’s Experts with different quantities, as shown in
Figure 3. The groups with few indicators produced them from
geoprocessing or  biophysical ~modeling—primary  source
data—especially the GHG and BGQ cycles, land degradation,
climate risks and forest conservation, and biodiversity groups. The
Thematic Group’s experts produced 19 indicators as primary sources,
and other 118 indicators were built from secondary sources. This
result is coherent to the 2030 Agenda’s SDG as most of the targets
have social or economic aspects, which are decisive and transversal to
advance environmental and institutional dimensions, in addition to
the socioeconomics itself. The supplementary material contains all
indicators with their list, including name, short description, direct or
inverse sense to the sustainability, temporal reference, type indicator
(state or governance), targets related, institutional sources, type of
source (primary or secondary), list of acronyms, and values of
variables and of indicators.
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FIGURE 3

Construction indicator distribution according to Thematic Group Experts.

TABLE 2 Selection and exclusion of indicators according to redundancy analysis.

Selected indicator Spearman’s Indicator deleted Targets involved
correlation
Average income 0.938 Low-income households 1.1, 8.4, and 8.5
Inadequate households 0.933 Population with adequate sanitation 14,3.2,33,39, 62,111,
and 11.5
Average income 0.844 GDP per capita 1.1, 8.4, and 8.5
Literacy rate 0.815 People over 25 with a high school diploma 4.2, 4.6,and 13.3
Protected natural areas 0.740 Natural vegetation under conservation units 6.6 and 15.1.1 br
Anthropization rate 0.681 Expansion of anthropized lands in relation to 6.6,8.4,11.3,12.2,and 15.2
population growth
Installed capacity of mini- and micro-distributed 0.673 Installed capacity in energy self-producers 7.2 and 7b
energy generation

3.2 Redundancy analysis and the
2030 Agenda’s indexes

All 137 indicators have at least one target. Therefore, the
redundancy analysis was performed using all of them. Seven
pairs of indicators have similar meanings and correlations greater
than or equal to 0.6 or less than or equal to -0.6, according to Table 2.
In these cases, the main criterion for their removal was their small
coverage compared to similar indicators in different targets. The
only exception was “installed capacity in energy self-producers,”
whose removal was due to its lower assignment of targets—all of
SDG 7—than their similar indicators.

After the redundancy analysis, 130 indicators are available to
construct indexes. Based on the frequency matrix of indicators by
targets, the leverage weights were computed, ranging from 0.06 (only
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one target assigned) to 0.40 (six targets assigned). The indicators
with the highest leverage aspect (0.4) are “scope of the Bolsa Familia
program,” “coverage of the Brazilian Cisternas program,”

»

“inadequate households,” “women in formal jobs with more than
five minimum wages,” and “measures for reduction of school
evasion.” It is noticed that government programs related to
eradication of hunger, access to water, and maintenance of
education, with adequate housing conditions and appreciation of
women’s work, are fundamental for sustainability, as they permeate
several goals of the 2030 Agenda.

The distribution of indicators in relation to SDGs and targets
is shown in Figure 4. No indicators or representative data at the
municipal level for SDG 14 (oceans) are available; therefore, this
SDG is not considered in this work. SDGs 2 (zero hunger), 3
(health), 1 (no poverty), 11 (cities), and 6 (clean water and
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FIGURE 4

Proportion of indicator assignment to 2030 Agenda’s SDGs (inside circumference) and targets (outside circumference).

sanitation) had the most coverage of indicators in their targets,
with around 17%, 13%, 10%, 10%, and 10%, respectively,
comprising 60% of the attribution of indicators to SDG
targets. The targets with 10 or more indicators associated with
them were 2.3, 2.4, 8.4, 11.5, and 13.1 because they are broad
targets, associating issues such as socio-environmental resilience,
productivity, environmental risks, and public policies to reduce
vulnerabilities. According to the methodology, the indexes were
processed according to the average among the targets, and thus
the number of indicators did not influence the index’s results.

3.3 SDG and Nexus indexes

Figure 5 presents the maps of the SDG indexes 2, 6, and 7,
which have the highest weight attribution to the Nexus. The
maps with other SDG indexes are in Supplementary Material
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S1. The SDG 2 targets most influenced are 2.1, 2.4, and 2.a,
which refer to aspects of eradicating hunger and affordability
of food, sustainable and climate-resilient production systems,
and increasing investment and technical assistance to family
farmers, respectively. The main targets of SDG 6 are 6.1, 6.3,
and 6.4, which refer to universal and equitable access to
water, water quality, and efficiency of multiple uses of
water consumption, respectively. Concerning SDG 7, the
Cerrado biome has more favorable energy security, apart
from the northern portions of the biome. The targets that
present the most similar patterns with this index are 7.1 and
7.2, related to access to energy services and participation of
renewable energies in the

national energy matrix,

respectively.

According to Table 3 and SDG maps (Supplementary
Material S1), some patterns have similarities for the
other indexes, with the Caatinga and the north and west of
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FIGURE 5
(A) SDG 2 index map, (B) SDG 6 index map, and (C) SDG
7 index map.

the Cerrado being the areas with worse political conditions
in the subjects of SDGs 1, 3,9, 11, 12, 13, and 17. Only SDG 10
(inequality reduction) presents the opposite pattern, although
there are many locations in the Caatinga with low
values. The highest performance areas of SDG 15 are in
mountainous regions or areas with less human occupation,
although not necessarily with adequate protection by
conservation units. Concerning the other SDGs [4, 5, 8, 16],
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there is not much uniformity among federative units or
biomes.

The NPI is shown in Figure 6. There are more vulnerable
areas in the Caatinga and in the entire northern and western
portion of the Cerrado, regarding a greater weighting on the
targets and SDGs involving the performance of water, energy,
and food security. The municipalities that comprise the federal
units (UFs) of Sdo Paulo, south and west of Minas Gerais, and the
Federal District are the areas with the best performance in these
factors.

Figure 6 presents the NSI. It shows the greatest discrepancies
between the dimensions of water, energy, and food security. This
synergistic mismatch is independent of good or bad overall
performance. However, greater Nexus dissonances can lead to
difficulties in systemic relationships between securities, an
aggravating factor for long-term sustainability among the
Nexus dimensions, which are tightly dependent. Some federal
units (UFs) in the Cerrado biome comprise the lowest ranges
(0-0.4) of the NSI: Minas Gerais (MG), Sdo Paulo (SP), the
Federal District (DF), and Goias (GO).

The NOI map, also shown in Figure 6, presents the
performance consortium (weight 1.5) and synergy (weight 1).
Areas of Minas Gerais and the Federal District lose their
performance because they have low synergy between the
dimensions of the Nexus. However, other UFs are benefited,
such as Mato Grosso, Mato Grosso do Sul, Bahia and Maranhio,
and Piaui. In the other UFs, it is not possible to observe
conclusive patterns, or the change is small. Even inserting the
synergy information, the lower performance pattern persists in
the Caatinga and in the entire northern and western portion of
the Cerrado, as they have the greatest vulnerability of the
study area.

We also performed a comparative analysis by the biome,
considering the performance ranges in each of the maps
produced (Figure 7). It is noteworthy that mostly the
lowest performances are found in the Caatinga. Only in
SDGs 2, 5, 10, and 15, this relationship is the opposite,
and in SDG 4 and 16, the differences are minimal. We can
associate the lower performances of Caatinga’s SDGs and
Nexus mentioned according to socioeconomic and climatic
issues. The Caatinga is located almost entirely in the
northeast region of Brazil, with some portions in the
The
development indexes (HDIs) are in the northern and the

north of Minas Gerais state. lowest human
northeast Brazil. The northeast region has predominantly
HDIs ranging from low (from 0.50) to medium (up to 0.69),
while in the rest of the country—Center-South—the
predominance is from medium to high (up to 0.79) [67].
The Caatinga is in a semi-arid climate region and, therefore,
demands actions and adaptations to live with this type of
climate. The SDG 13 presents targets to combat climate
change and its impacts, and according to the variables and

indicators constructed for these targets, the region has less
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capacity for action to reach these targets in relation to the
Cerrado.

Conversely, the Cerrado presented lower performances
related to the SDGs corresponding to food security, gender
reduction of inequality, and the
The targets of SDG 2 recommend the
production of food in a sustainable way, and despite the
high this
characteristic has not been evidenced among the indicators

equality, terrestrial

environment.

Cerrado having a agricultural  production,

that meet such targets. The Cerrado is home to one of the
largest agricultural commodities in the world, soybean, in
addition to others, such as beef, maize, cotton, sorghum, and
sugarcane. Publications have emphasized that the expansion of
agriculture in the Cerrado has been highly mechanized and
accelerated in recent years, especially in the MATOPIBA
region, and in addition to that, 60% of the pastures are in
degradation, systematically harming ecosystem services that
ensure proper maintenance of agriculture [31, 68, 69]. This
land use expansion pattern justifies the lower performance of
SDG 15, when compared to the Caatinga, whose average annual
deforestation has been 8.6 thousand km® between 2010 and
2021 [70].

Concerning reducing inequality issues, the Cerrado biome is
more unequal, considering the questions of gender (SDG 5) and
socioeconomics (SDG 10). For SDG 5, all UFs in the Cerrado,
except for MATOPIBA and Sao Paulo, show a predominance of
values from 0 to 0.4. The indicator that most contributed to this

2 Short SDG descriptions: Goal 1: Poverty eradication—end poverty in all
its forms everywhere. Goal 2: Zero hunger—end hunger, achieve food
security and improved nutrition, and promote sustainable agriculture.
Goal 3: Good health and wellbeing—ensure healthy lives and promote
wellbeing for all at all ages. Goal 4: ensure inclusive and equitable
quality education and promote lifelong learning opportunities for all.
Goal 5: Gender equality—achieve gender equality and empower all
women and girls. Goal 6: Clean water and sanitation—ensure the
availability and sustainable management of water and sanitation for
all. Goal 7: Affordable and clean energy—ensure access to affordable,
reliable, sustainable, and modern energy for all. Goal 8: Decent work
and economic growth—promote sustained, inclusive, and sustainable
economic growth, full and productive employment, and decent work
for all. Goal 9: Industry, innovation, and infrastructure—build resilient
infrastructure, promote inclusive and sustainable industrialization, and
foster innovation. Goal 10: Reduced inequalities—reduce inequality
within and among countries. Goal 11: Sustainable cities and
communities—make cities and human settlements inclusive, safe,
resilient, and sustainable. Goal 12: Responsible consumption and
production—ensure sustainable consumption and production
patterns. Goal 13: Climate action—take urgent action to combat
climate change and its impacts. Goal 14: Life below
water—conserve and sustainably use the oceans, seas, and marine
resources for sustainable development. Goal 15: Life on land—protect,
restore, and promote sustainable use of terrestrial ecosystems,
sustainably manage forests, combat desertification, and halt and
reverse land degradation, and halt biodiversity loss. Goal 16: Peace,
justice, and strong institutions—promote peaceful and inclusive
societies for sustainable development; provide access to justice for
all; and build effective, accountable, and inclusive institutions at all
levels. Goal 17: Partnerships—strengthen the means of implementation
and revitalize the Global Partnership for Sustainable Development.
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result is “violence against the LGBTQI+ population,” meaning
the number of violence notifications against the LGBTQI+
population for one hundred residents, between 2015 and
2020. In relation to SDG 10, the Bolsa Familia public policy
indicator [71], “scope of the Bolsa Familia program,” is the one
that most contributes to the lower performance in the Cerrado,
and this indicator considers the total number of households with
a monthly household income of up to half the minimum wage
between 2012 and 2016. It is worth noting that despite the greater
need for the Bolsa Familia program application in the most
vulnerable regions of the northeast of the country, this public
policy could be more comprehensive for other areas of the
country, especially in Minas Gerais, at least within the
temporality of the data. Conversely, the Gini index indicator
“Gini index variation,” which considers the percentage of
variation between the Gini index between the years 2000 and
2010, the Caatinga and the northeast have a predominance of
distribution of low intervals (0-0.4), that is, there is greater
income inequality.

3.4 Sensitivity analysis

Table 4 presents an overview of sensitivity analysis results for
each SDG.

According to Table 4 and the maps (see Supplementary Material
for all maps), SDGs 5 and 16 do not present patterns of geographic
concentration, which can be inferred that such SDGs have
governance capabilities that are more closely linked to the
municipality than federative units or Brazilian regions. Also,
SDGs 9, 13, and 15 do not present patterns of relationship
between the performance of the SDG index and the sensitivity
based on the exclusion of governance (SenmsitivityngxusiGov)-
Checking the targets and the number of indicators that can be
responsible for governance in these SDGs, it is possible to affirm that
more governance indicators should be added for the sensitivity
analysis to be better measured. In general, better associations of
patterns of the high-performance SDG index in relation to the
governance indicators, than with the low-performance SDG index
values, were found. It is also possible to verify that there is a little
more predominance of the governance contribution in areas further
north of the study area, such as northern Cerrado, Caatinga, semi-
arid region, and northern part of Minas Gerais, which are related to
SDGs 1, 2, 4, 7,9, 10, and 17. The other SDGs, 3, 6, 11, 13, and 15,
have more dispersed governance contribution distribution patterns
in the southern and western regions of the study area. The maps with
the
(Sensitivit yngxusiGov) for SDGs 2, 6, and 7 are presented in

sensitivity ~ analysis  of  governance  indicators
Figure 8. For SDG 2, governance indicators have played a greater
role—substantially improving this SDG—in the State of Piaui,
northern Minas Gerais and southern Bahia, Paraiba, and Alagoas.
On the other hand, the portions that have fewer governance

mechanisms together with low sustainability values in this SDG
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TABLE 3 presents the patterns of geographic concentration of underperforming SDG indexes. The supplementary material contains all figures as maps of SDG

indexes, Nexus indexes, and sensitivity analysis.

SDG index

Large patterns of geographic concentration of underperforming SDG indexes

1 no poverty

2 zero hunger

3 health

Southeast extreme of Pard (PA), Tocantins (TO), Maranhdo (MA)—part of MATOPIBA—and the Caatinga biome, except Paraiba
(PB) and Rio Grande do Norte (RN)

In the Cerrado: all Federal Units, except Sdo Paulo (SP), Minas Gerais (MG)-except the municipality of Jodo Pinheiro and its
surroundings, central area of Goids and northern of Maranhao (MA). In the Caatinga: all Federal Units, except Paraiba (PB) and parts

of Pernambuco (PE)

Caatinga, except Paraiba (PB) and Piaui (PI), and municipalities scattered along the Cerrado

4 education
5 gender equality

6 clean water and sanitation

No geographic concentration
No geographic concentration

Municipalities in the eastern part of the Caatinga, near the Sao Francisco River in Bahia (BA), the middle section, and in the northwest
of Mato Grosso (MT)

7 clean energy

Southeast extreme of Pard (PA), northern of Cerrado, part of MATOPIBA, semi-arid Region and Caatinga, except Ceara (CE) and
central area of Piaui (PI)

8 work and economy
9 industry and infrastructure

10 inequalities

Northern and northeast of the Caatinga and municipalities of Minas Gerais (MG) and Goids (GO) near Bahia (BA)
Northern and east central of the Cerrado and Piaui (PI) and major part of MATOPIBA

Most of the Cerrado, but without agglomeration pattern, and even more spread out in the Caatinga, being in Ceara (CE), Piaui (PI),
and Bahia (BA)

11 cities

Most of the northern and west Cerrado, in addition to the states of Piaui (PI), Paraiba, and Rio Grande do Norte (RN), and major part
of MATOPIBA

12 consumption

13 climate

Northern Cerrado, west of Bahia (BA), and east northern Caatinga

Caatinga, semi-arid region, northern Cerrado, and the south of Mato Grosso (MT)

15 land

16 institutions

Sao Paulo (SP), South of Goias (GO), east and northern parts of the Caatinga, middle of Bahia (BA), and Maranhao (MA)

No geographic concentration, except Parafba (PB) and Alagoas (AL)

17 partnerships

Caatinga, the northern part of the Cerrado, and the northern part of Minas Gerais (MG)

and therefore would require more government attention are the
north and northwest of Bahia, Mato Grosso, some parts of
Tocantins, northern Goids, and extreme southeast of Para.

For SDG 6, the areas with the most investment in governance
mechanisms, improving this SDG, are in the Cerrado biome,
especially in the states of Sdo Paulo, Minas Gerais, and Goids,
in addition to the Federal District. In Caatinga, the State of Ceard,
and in a more distributed and less evident way in Bahia, positive
governance contributions have been made to the improvement of
this SDG. On the other hand, the portions that have fewer
governance mechanisms together with low sustainability values
in this SDG and therefore would need more governmental
attention are the north of the Cerrado, the states of Maranhio
and Piaui, northeast of Mato Grosso, and the northwest part of
Goids; and in the Caatinga, the states of Rio Grande do Norte and
Paraiba.

For SDG 7, the areas with the most investments in
governance mechanisms to contribute to the improvement of
performance in this SDG are in the Caatinga biome, in Ceard, and
in the central-eastern area of Piaui. On the other hand, the
portions that have fewer governance mechanisms along with low
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sustainability values in this SDG and therefore would need more
governmental attention are in the State of Maranhio, extreme
southeast of Para, and more sparsely in Paraiba. It is interesting
to note that the low values in the north and center of Bahia are
not associated with governance indicators. However, it is worth
noting that for this SDG, only one governance indicator is
presented for target 7.b, the “percentage of public investment
in infrastructure in relation to GDP.”

In relation to the sensitivity analysis of governance
indicators to the NPI, especially the Caatinga and areas of
Piaui, Ceard, Tocantins, Bahia, and northern Minas Gerais
present a spatial concentration of the highest governance
indicator contributions, Paraiba, Pernambuco, and Alagoas
middle
concentrations (Figure 9). Piaui and Ceard are the only

also have governance indicator contribution
areas with better SDG index performance associated with
governance indicator contributions. This sensitivity analysis
does not verify association patterns of main areas with
worsening SDG index performance without contributions
this the

importance of the governance aspect for the maintenance

from governance indicators. For reason,
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FIGURE 6
(A) NPI map, (B) NSI map, and (C) NOI map.

of the sustainability of the two mentioned federal units should
not be discarded.

3.5 Target contribution proportion
analysis

This work found indicators associated with 82 targets of the
2030 Agenda. After calculating the proportion of targets to the
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Nexus of each municipality,

Targets contribution proportions (Prr;), we compute the
average proportion of each target considering all municipalities
in the study area to know the most representative targets.
Figure 10 presents a set of boxplots of the 20 most representative
targets. They are 7.1, 64, 6.2, 6.1, 2.5.1 br, 6.3, 24, 2.a, 2.1, 2.2, 7.b,
6.5,2.3,15.1.2br,7.2,6.b,13.3,12.4,7.3,and 12.2. Most of the targets
are represented by SDGs 6, 2, and 7, which are consistent with the
weights assigned to the type of Nexus of the study—WEF. The first

six targets, as shown in the figure, maintain the median around 3%.

4 Discussion

4.1 Nexus water—energy—food on the
2030 Agenda

The Nexus is an approach capable of supporting sustainable
development and efficiently implementing the various SDGs and
their synergies [72, 73]. However, few works focus on the
challenges of sustainable development at the local level, with
much of the Nexus analysis being on national or global scales,
which underestimates the most significant challenges that occur
at minor scales [74]. The present work promotes the discussion
of the nexus in a more localized way, focusing on the
municipalities that embed the two most climate vulnerable
and susceptible to degradation Brazilian biomes. The
evaluation of collaboratively built indicators considers the
targets and SDGs of the 2030 Agenda framework. Such an
approach becomes especially relevant considering the Brazilian
context of population growth combined with factors such as lack
of infrastructure and investments, unemployment, and human
pressure on ecosystems, which restrict the paths and political
actions capable of guaranteeing sustainability under scenarios of
strong demand for natural resources. The SDGs 2, 6, and 7 are
the ones that most directly address this issue in the Nexus
approach and, therefore, received greater weight in the present
analysis.

SDG 2 represents the duality of the Brazilian development
model, in which the conversion of vegetation cover to agriculture
(crops or pasture) on a large scale is synonymous with economic
and social progress. However, this type of conversion is not often
reflected in better socioeconomic indicators [75, 76]. It is
interesting to observe the spatial distribution of SDG 2,
pointing out that the areas of agricultural expansion,
especially cattle and monoculture agriculture for export, such
as soy, cotton, and maize, are also the least sustainable and
perform worst in terms of food security, nutrition, and hunger
(northern and western parts of the study region). MATOPIBA is
the most recent frontier of intensive agriculture in the Cerrado,
which was promoted by federal programs, projects, and actions
based on the Agricultural Development Plan for the region,
pursuant to Decree No. 8,447/2015 [77] and is a great
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Distribution of performance ranges in each of the maps produced by biomes.

exponent of contradictions. A study on inequality and wealth in
MATOPIBA between 2011 and 2018 analyzes indicators related
to demography, GDP, poverty, life
expectancy, and infant mortality to define four types of
municipalities. This study shows that of the 337 components
of MATOPIBA, only 45 made up group A, in which high
agricultural production was accompanied by an expansion of
wellbeing [78]. D the most
numerous—196 municipalities have low production and social
indicators. In addition to the MATOPIBA region, Mato Grosso
and west and north of Bahia also have the worst performance
values despite having a high agricultural production.

An important cause for these geographical patterns
according to the 2030 Agenda, which in this study has greater
adherence to targets 2.1, 2.4, and 2.a, is the issues of affordability
to food for the most vulnerable people and food production in a
more sustainable, diverse, productive, and sustainable way. Its
characteristics cover mostly small properties and often family
farms. The SDG 2 presents more closely related patterns with
SDGs 1, 9, 11, and 12, which means these regions also have

similar problems of poverty, infrastructure, and value addition in
and sustainable

income, inequality,

Group is

production, adequate urban conditions,
production. In areas where the performance of the SDG is
low and at the same time there is little input from
governance, greater attention from public policies is needed

for these, as presented in the results (north and northwest of
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Bahia, Mato Grosso, some parts of Tocantins, northern Goids,
and extreme southeast of Pard).

Despite the recognition of Brazil as having significant water
availability, this distribution is very unequal, either because of the
very particular environmental and social conditions or because of
the inefficiency of access in more remote regions or the lack of
sewage treatment or losses in water distribution in urban centers
[79]. Although the rate of water consumption in Brazil has decreased
in the last 2 decades, its increase is still constant, especially for water
consumptive uses when there is no guarantee of returning the water
to be used again [79]. Water consumption that has grown the most is
for irrigated agriculture and, more recently, the use of thermoelectric
plants. Consumptive use for livestock, which is associated with
irrigated agriculture, is also very significant and represents 80% of
the total consumptive use in the country. The increase in human
supply, especially in basic sanitation, has not grown in the same
proportion as the agricultural, energy, and industrial sectors [79, 80].

The SDG 6 index presents a more uniform map than the
SDG 2, with most of the study area at average performance
(0.4-0.6), but it is still possible to verify the coincidence of
areas with low performance. SDG 6 index with areas where the
access to the water supply system and basic sanitation still
need to improve, such as the regions of the northeast of the
country (including the major part of the Caatinga, semi-arid
region, and MATOPIBA) and areas to the west of the Cerrado.
The SDG 6 presents more closely related patterns with SDGs
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TABLE 4 Sensitivity analysis patterns for governance indicators for each SDG.

SDG index

1 No poverty

2 Zero hunger

Spatial concentration of the highest
governance indicator contributions

in relation to the SDG
index—sensitivity analysis

Caatinga and north of Cerrado

North of Cerrado and semi-arid region

Main areas with better SDG index
performance associated with
contributions from governance
indicators

West and center of Bahia, in most part of
Piaui, Paraiba, and Rio Grande do Norte

State of Piaui, north of Minas Gerais, south of
Bahia, Paraiba, and Alagoas

10.3389/fphy.2022.1060182

Main areas with worsening SDG
index performance without
contributions from governance
indicators

No verified association pattern

North and northwest of Bahia and
municipalities bordering the State of
Tocantins

3 Health

South of Cerrado and parts of Mato Grosso, and
Paraiba e Piaui (central area)

States of Paraiba and Piaui (central area)

Caatinga, except Paraiba, and north-central
Cerrado, except central Piaui

4 Education

Caatinga and north and west of Cerrado

Caatinga and semi-arid region

Association in municipalities dispersed in all
UFs, except in Sdo Paulo and Mato Grosso
do Sul

5 Gender equality
6 Clean water and
sanitation
7 Clean energy
8 Work and
economy

10 Inequalities

11 Cities

No geographic concentration
Center-South of the Cerrado and more distributed
in the States of Bahia and Ceara
Caatinga and semi-arid region
Without governance indicators identified

Caatinga, semi-arid region, and north of Cerrado

Minas Gerais, Distrito Federal, Sao Paulo, and
Mato Grosso do Sul and more distributed in the
Caatinga and north of Cerrado biomes

Federal District

In the Cerrado, especially in the states of Sao
Paulo, Minas Gerais, and Goids, in addition to
the Federal District

In the Caatinga, especially in Ceara and in the
center-east of Piaui

Without governance indicators identified
Caatinga and semi-arid and northern Cerrado
but little evident
Minas Gerais, Distrito Federal, Sdo Paulo, and

Mato Grosso do Sul and more distributed in
the Caatinga and northern Cerrado

No verified association pattern

States of Maranhdo and Piaui, northeast of
Mato Grosso, northwest of Goids, Rio
Grande do Norte, and Paraiba

State of Maranhdo, extreme southeast of
Pard, and more sparsely in Paraiba

Without governance indicators identified
Central-south and west of Cerrado, but less
evident

No verified association pattern

12 Consumption

13 Climate

15 Land

It presents a lot of mix of contributions between
the federation units, and only Mato Grosso do Sul
presents greater cohesion for a greater
contribution

Sio Paulo, Minas Gerais, and Distrito Federal and
distributed municipalities in Mato Grosso, Ceard,

and Bahia

No geographic concentration

Scattered and with low influence across the
study area

No verified association pattern

High association between SDG performance
values and governance indicators, but there
are no geographic concentrations

Scattered and with low influence across the
study area

No verified association pattern

Low and scattered association

16 Institutions

17 Partnerships

1,3,4,11,and 12, which means the SDG 6’s vulnerable regions
also have similar problems of poverty; health and wellbeing;

inclusive,

urban conditions; and sustainable production. In the
northeast region, especially in the northern portions,
they present a high water risk, especially due to the low
water recharge of reservoirs due to long periods of

equitable,

No geographic concentration

Caatinga and north of Cerrado, especially in the
States of Tocantins, Maranhio, Piaui, and Paraiba

and quality education;

adequate

Moderate association and scattered
throughout the study area

Associations among municipalities of Goids,
Tocantins, and Maranhio

Low association dispersed throughout the
study area

Largest pattern in the Caatinga and semi-
arid region

2017 [81]. It is worth mentioning that this region has been
one of the most affected by climate change in the country,
with trends of increase in dryness, temperature, and dry days
that will be prevalent in the second half of the 21st century
[82]. Also, south of the Amazon, where the Cerrado is
predominant, is one of the areas that tend to suffer more
climatic changes in Brazil, especially in terms of rainfall

regime. The northeast region had high investments in
the 2010s to with
consequences of social and economic impacts [83], and

drought—a fact that between 2003 and 2017, 78.5% of the

municipalities declared a state of emergency [80]. The 2010s mitigate  water-related  risks

were especially severe, with extensive drought from 2011 to
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(A) Map of sensitivity analysis to governance indicators for

SDG 2, (B) map of sensitivity analysis to governance indicators for
SDG 6, and (C) map of sensitivity analysis to governance indicators
for SDG 7.

there are expectations that there will be a greater water
support capacity for the urban concentrations as parts of
the transposition of the Sdo Francisco River are completed
[84]. This region, together with the north region, has greater
deficits in sanitation in urban areas and, therefore, a
greater need for investments and governance measures
[80, 83]. The targets 6.1, 6.3, and 6.4 are the ones that
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most represent the SDG 6 index pattern, which confirms
the aspects mentioned.

Concerning Brazilian energy, it is heavily dependent on water
resources, with 63.8% of the electricity generated for the National
Integrated System by hydraulic sources in 2020 [85]. It should be
noted that in this study, a major part of the indicators
corresponds to the generation of electric energy, except for
the indicators “extraction of charcoal and firewood” and
“energy intensity.” It is worth mentioning that in SDG 7,
there is no list of associated targets only for renewable and
clean energy, such as solar and wind energy (13.6% of the
total in Brazil) [85], but only renewable energy. The target 7.a
mentions an international cooperation aspect: “enhance
international cooperation to facilitate access to clean energy
research and technology, including renewable energy and
energy efficiency (...),” but we do not consider international
targets that could not be applied at the sub-national level. If
target 7.2, “renewable energy share in the total final energy
consumption,” had been complemented with clean energy,
probably some parts of northeast Brazil would have
performed better in the index, given the wide existence of
wind and solar parks and their 82.1% participation in Brazil
[85]. However, the generation of distributed mini and micro
energy, which is largely from photovoltaic energy [86], provides
some contribution in this regard to the index.

In relation to the SDG 7 index, the most vulnerable areas
are in northeast, especially in central and northern Bahia,
Maranhio, southwest of Piaui, and eastern Caatinga. This
SDG does not have many similarities with the others because
its composite indicators generally had spatial resolutions by
federal units and not by the municipality, resulting in coarser
gradients. However, if we ponder this question, the most
similar SDGs are 6, 9, 12, 13, and 17, which means the
SDG 7’s vulnerable regions also have similar problems of
access and sustainable management of water, infrastructure,
and value addition in production, sustainable production,
combating climate change and its impacts, and centralized
financial resources. Regarding the 7.1 and 7.2 targets having
greater adherence to the SDG 7 index, the indicators that most
contribute to target 7.1 are “percentage of households without
electricity” and “percentage of agricultural establishments

>

that do not use electricity,” and the indicator that most
contributes to the target 7.2 is “installed capacity of mini-
and micro-distributed energy generation.” These indicators
concern aspects of access to energy services and the
participation of renewable energies in the national energy
matrix, representing 7.1 and 7.2 targets, respectively.
Concerning the mentioned SDGs 2, 6,and 7, the SDGs 1, 9,
11, and 12 are more transversal in relation to those. It means
that egalitarian economic growth and social responsibility
measures in these SDGs will help those SDGs. If we
consider a weighted analysis for the nexus with the 20 most
important targets, as shown in Figure 10, it does not show only
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targets for SDGs 2, 6, and 7, although these are predominant,
but it also shows other relevant targets to the Nexus, such as
15.1.2 br, 12.4, and 12.2, which refer, respectively, to
of
environmentally sound management of chemicals and all

conservation continental aquatic systems;
wastes, reducing their release to air, water, and soil; and

sustainable management and efficient use of natural
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resources. These targets are related to the environmental

dimension, which are important as maintenance of
ecosystem services to the food, water, and energy securities.
The six targets that stand out in the boxplot of this figure are
connected to aspects of water and energy access, water quality,
efficient and sustainable use of water, basic sanitation, and

biological diversity for human nutrition.
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Regarding the comparative analysis between the Cerrado and
Caatinga, we can list some considerations, one related to the
historical-structural aspects of the Caatinga and another related
to data recording. Regarding the historical-structural aspects, the
formation of the post-slavery Northeast (19th century) can
explain the current lower performances in the Caatinga with
most of the ODS and Nexus indices, which there were some
economic and political characteristics: pre-capitalist labor
relations; periphery dependent on sugar production; surpluses
consumed by the elite and not invested, and; government
stimulus for a relationship of primary producer and importer
of industrial goods with high prices in the Center-South region of
Brazil [87, 88]. The second case is related to the results that
indicated that the Caatinga is less unequal than the Cerrado
(SDGs 5 and 10). The “violence against the LGBTQI+
population” contributed for the mentioned pattern; however,
these data come from a record of violence against this population
assisted in health services and are subject to underreporting of
the event, in which errors may occur in identifying this
population by health professionals [89].

4.2 Governance and the Nexus

“Governance of the Nexus refers here to a broad
understanding of governance that embraces political, social,
economic, and administrative systems that determine the use
of resources and delivery of goods and services related to water,
energy, and food” (p. 357 [6]). As a result, in contexts with
governance measures, it is expected to perform better than in
contexts without governance measures. This is what can be
deduced from examining the sensitivity of SDGs 2, 6, and
7 to governance measures. Although developmental measures
considered have mostly a governmental, public, and top-down
nature, they have been able to minimally address institutional
issues of great urgency for the Cerrado and Caatinga biomes.
However, this configuration does not minimize the need to
consider complementary structures of vertical and horizontal
governance that are more effective and capable of overcoming the
challenge of integrating environmental, economic, and social
priorities into policies for sustainable development policies [23].
This places the socio-political dimension of Nexus governance in
a central field of discussion, often neglected by technocratic
approaches. The reality of developing countries requires a
focus on more fundamental aspects of the Nexus, such as
water over hygiene and energy over clean energy, as these are
still unbalanced priorities for countries in the Global South
[23, 90].

Sensitivity analysis shows that some regions have more
responses to governance measures than others, which helps
improve the overall SDG performance. Regions such as
Tocantins, Goids and Matro Grosso frontiers, municipalities
in the southeast and southwest of Mato Grosso do Sul,
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southeast of the semi-arid region in Minas Gerais, and
northeast of Maranhdo showed low performance to SDG 2
(Figure 5) and a favorable response to governance indicators
(Figure 7) and emphasis on governance in meeting the
2030 Agenda. Governance indicators with most weight to
SDG 2, respectively, was “scope of the Bolsa Familia program”
(weight 11), one of the most important social policies of the last
2 decades; “coverage of the Brazil's Cisternas program,” a
reference program to water collection by cisterns in taking
rain water to Brazilian semi-arid region (weights 0,95 and 0,8,
respectively) and was relevant to two targets of SDG; “scope of
PRONAF in terms of land distribution” (weight 0,8) and “Food
Safety Planning and Management Instruments” (weight 0,7).
Through the sensitivity analysis, the municipalities of the
Caatinga with a greater extent from these governance
measures have great capillarity in the areas of family farming.
This is considered the predominant form of production in the
region and plays an important socioeconomic role in the regional
context, which confirms the importance of government public
policies to leverage the achievement of goals related to SDG 2. In
addition to the previously mentioned governance actions, the
rural social security program and the Bolsa Familia program are
added, which configure a mosaic of policies to support
production and social protection that, through their financial
resources, generate social stability in a region historically marked
by poverty and recurrent drought [91, 92].

Index SDG 6 has a different spatial pattern from SDG 2, a
better performance, and the most relevant response to
governance indicators (Figure 7). Indicators of “coverage of
the Brazil’s Cisternas program” and “basic sanitation plan” are
considered the most important for the SDG 6 composition in
governance terms. The first is a public policy of water access in
the northeast region, which has been crucial for coexistence with
the semi-arid regions in rural areas, and the second one is a legal
management instrument of water and sanitation services,
drainage, and waste management provided for by federal law.
Thus, the water access issue is the most important indicator for
SDGs 2 and 6 because water is an important input to agriculture
production, and the major target of SDG 6, and the response of
this policy gains strength from demand, given the water scarcity
of the Brazilian semi-arid region [91]. The region has high socio-
ecological vulnerability associated with conditions of rural
poverty and access to water resources, which has historically
been remedied by emergency measures and top-down
approaches [18]. Federal social protection actions have been
implemented since the 2000s with a new paradigm of
coexistence rather than combating drought, in which the
focus is on “the decentralization of access to water through
of
technologies appropriate to the Caatinga biome” [93]. Thus,

local solutions, experiments, adaptations, and use
the main paradigm is the capture and storage of rainwater for
later use, converging toward the concept of sustainable

development [94]. That said, governance related to the water
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silo requires considering socio-ecological inequities in a
with
participation playing strategic roles in the engagement of

territorialized = manner, community and  social

multilevel ~ governance  systems—polycentric  systems
coordinated)—that better

management and development of water resources than

(decentralized  and present
centralized arrangements as they promote more constructive
forms of institutional interaction [18, 95-97].

In this sense, the “Cisternas” program, one of the governance
indicators used for sensitivity analysis, demonstrates the
importance of vertical relationships between actors acting at
different administrative levels for SDG 6, with synergies for
SDG 2. The Brazilian Semi-Arid Articulation (ASA), an entity
that aggregates hundreds of non-governmental organizations
(NGOs), churches, and social movements in the semi-arid
region, was the one who first promoted the construction of
cisterns in the region as a social technology for coexistence
with droughts in 1990, which later was gradually incorporated
by the state in its public policy list [94]. The program focuses on
low-income rural families affected by drought or regular water
shortages, with priority given to traditional peoples and
communities, which allowed that in 2021, 963,985 cisterns
had been built for consumption, 165,548 for production, and
7,592 for school cisterns. According to [94], the program’s
contribution is more evident for goal 6.1 (universal and
equitable access to water), a fact also observed by the present
study, since the population, which is mainly rural, is dispersed
throughout the territory. This fact, associated with the low water
availability associated with the climatic conditions of the semi-
arid region and the Caatinga biome, justifies the investment in
cisterns as a social technology for water storage, whose cost is
reduced and clearly contributes to the achievement of water SDG
target 6.1. Positive impacts are also observed for food security in
the case of production cisterns, as they guarantee the watering of
animals and the irrigation of small lands, assets that have
significant patrimonial relevance for the rural families of the
semi-arid region [94].

The SDG 7 pattern has different conduct than the other two
dimensions of Nexus (water and food), both in the performance
of the index—more important in the Caatinga and semi-arid
region and with better response to governance indicators in the
State of Maranhdo, extreme southeast of Pard, and more sparsely
in Paraiba (Figure 7). SDG 7 has one governance indicator
“public investment in infrastructure in relation to GDP.” In
addition to the differences between SDG 7, in all three
extremes, southeast of Pard presents low performance to the
Nexus index and is also an important response to governance
(Figure 7). It is important to note that for SDG 7, the
municipalities of the Caatinga continue to predominate
among the most dependent in terms of governance to achieve
the goals, together with the state of Maranhao. In these places, the
values of the SDG 7 index were the lowest, and even so, they were
the ones that least benefited from investments in infrastructure to
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guarantee access to energy. Although Brazil has evolved a lot in
the universalization of access to electric energy, especially after
the “Luz para Todos”—Light for all in English—program in 2003,
there are still few communities located in areas further away from
the distribution networks, which still do not have access to the
public electric energy service, mainly in rural areas [98].

Brazil still needs to face the challenge of increasing
available alternatives and access to renewable energy,
expanding, and strengthening federal public policies to
increase access to and use of modern energy sources [99,
100]. It is common sense that this scope could help reduce
social and regional inequalities since the existence of a proper
solution for energy supply, or even access to energy from the
distribution company, has not, by itself, provided adequate
conditions to promote regional development [99, 100]. About
the energy transition, a study that proposed a qualitative
model of analysis of the Nexus including the land in the
Nexus (water-energy-food-land) presents the relevance of
the nexus approach to “integrate the development of policies,
governance, and stakeholder actions to support cost-effective
decisions for optimal resource management and regulatory
processes, while enabling better integration of scientific
insight and policy-making” [101]. In this sense, a series of
barriers are pointed out for the universalization of access to
renewable energies that are urgent in the country, such as
regulatory obstacles, high costs of new technologies, and
limited availability of infrastructure for these sources, the
latter being pointed out by the sensitivity analysis of the
present study [100].

4.3 Comparative analysis with the
Sustainable City Development Index
(IDSC)

In this section, we performed a comparative analysis with the
IDSC-BR initiative as a step of validation expected in our
methodology. The IDSC-BR the
2030 Agenda, combines composite measures and panels to

initiative, focused on
inform policies for achieving integrated goals, a necessary
condition for assessing the SDGs [64].

Although IDSC-BR is the closest initiative for comparing
performance and results for Brazil, the methodology has
differences that require a parsimonious comparison with
the
process and the number/type of indicators used to assess
each SDG.

We highlight the differences between the calculation of the
indicator; the frequency of indicators in SDGs 2, 6, and 7; and

Nexus, mainly regarding indicators’ calculation

spatial distribution in SDGs 2, 6, and 7. Conversely, there are
similarities in SDG indexes 1, 7, and 17. We further mention
some peculiarities and technical information that may contribute
to the results of this paper.
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The IDSC-BR uses 100 indicators to assess the distance to
achieving the targets of the SDG objectives in the 5,570 Brazilian
municipalities [25]. These data come from national public and
official sources [25].

For the calculation of indicators, IDSC-BR used specific
values to not only truncate the upper limits of each
indicator, mainly absolute target limits, but also the
average of the five best performances depending on the
indicator [25, 64]. For lower bounds, data truncation was
carried out by removing the lower 2.5 percentiles from the
distribution; for persisting outliers, an intermediate value
between the outlier and the normal distribution was chosen
[25]. The index result is then the arithmetic mean of the
targets for each of the SDGs.

This calculation process mentioned previously shows that the
values presented by the IDSC-BR do not vary between the
minimum and maximum possible, making possible
comparisons between the indexes of each SDG, the regions,
and our products difficult.

In the analysis of the indicators, the IDSC-BR used ascending
and descending terms to describe the behavior of the indicators
in each municipality based on a historical series, while the Nexus
works with the average or rates of historical values to produce
indicators referring to time series.

All these methodological choices lead to a different
presentation and interpretation of the results. The colors of
the IDSC-BR maps show how far each Brazilian municipality
is from reaching the SDG goal, as the goals’ limits are considered
in the evaluation. Conversely, the SDG index of this work
the the
historical series, reflecting its position relative to the others in
the theme of each SDG.

Regarding the frequency differences of indicators and themes
for SDG 2, the IDSC-BR has five indicators, while the Nexus
compiles 40 focused on the environmental dimension related to

represents municipality’s  performance during

eradicating hunger and sustainable agriculture, such as land
degradation, poor pasture conditions, use of pesticides, and
drought-related agricultural losses.

In SDG 6, there are five indicators used in IDSC-BR and 25 in
the Nexus. The first focus is mainly on basic sanitation
(i.e., water, sewage, and garbage collection), while the present
work also includes water quality indicators, environmental
aspects related to the maintenance of water resources, and
community participation.

Finally, for SDG 7, IDSC-BR utilizes two indicators and
Nexus 9, focusing on the first being accessible energy. Our
index also evaluates clean energy when working with
indicators such as charcoal and firewood extraction and
electricity production from different sources.

Comparing the spatial distribution of the SDG index and
the IDSC-BR referring to SDG 2, one sees a greater
convergence between both for positive results for the
Caatinga biome, in which the eradication of hunger and
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family farming receive strong support from state public
policies. For the Cerrado biome, the discrepancies are
greater, as the IDSC-BR indicates greater difficulty for
municipalities in this region to meet SDG 2, which presents
convergence to the mapping of food and nutrition insecurity
in Brazil [102], while the SDG index presents counties with
high values. The contradiction can be explained by the scope of
the indicators used in the Nexus, and the frequency of
indicators related to sustainable agricultural production and
public governance mechanisms in agriculture is higher than
that of indicators related to food security and policies to
eradicate hunger.

Analyzing the SDG index and the IDSC-BR for the SDG 6,
the similarities are concentrated in the southeast region,
where access to clean water and sanitation is greater than
in the IDSC-BR. Marked differences can be observed between
the indexes for the Caatinga and the northern portion of the
Cerrado biome, in which the IDSC-BR presents many red
municipalities with challenges to reach SDG 6 fullness.
the SDG
distribution of values.

However, index shows a heterogeneous

Once again, we punctuate that differences are related to the
more holistic view of the nexus approach against the IDSC-BR
one, mainly related to the protection and use of water resources,
which is absent in the IDSC-BR.

Finally, the indices for the SDG 7 showed agreement, where
municipalities with the lowest performance in the Caatinga and
the border regions between the two biomes show a predominance
of access to electricity in the southeast of the country.

The following factors explain the discrepancy in the use of
indicators, which also reflect on the following possible

evaluations:

1) the calculation method of the SDG indexes in this work is
based on the adherence of the indicators to the goals and
SDGs, allowing an indicator to be considered relevant to more
than one goal or SDG;

2) the conceptual/theoretical model that supports the choice and
construction of indicators differs between projects—while the
IDSC-BR intends to equip municipal public management to
comply with the 2030 Agenda—choosing one indicator per
target—the NIP is based on the transition to sustainability
anchored in the water-energy-food nexus, with adherence to
the SDG indexes built on these pillars;

3) we propose the NOI that integrates synergistic information
from the ODS indexes, the NSI, in addition to the NPI, as
the Nexus cannot be seen only as the sum of performances.
This methodological perspective enables the Nexus to

the of the 2030 Agenda the

municipalities studied with thematic foci more relevant

assess scope for
to a chain of impacts in the water-energy-food triad, which
needs to be more deeply analyzed or the focus of the

IDSC-BR.
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We also highlight some similarities between the results. The
IDSC-SDGs, most likely the SDG indexes, were, in order, 17, 1,
and 7. The IDSC-BR is close to the NPI, but the lowest values are
concentrated in all northeast states, especially in almost all
Maranhio, Piaui, and western Bahia.

In addition to Tocantins, and moderately in Mato Grosso,
while in the NPI the lowest values are also in the northeast, the
concentration of the worst values is present in smaller areas, in
the central area of Maranhio and Bahia, in the sub-middle
stretch region of the Sao Francisco River, and more
moderately in Tocantins, northern Minas Gerais, and Mato
Grosso.

5 Conclusion

The SDGs have many transversal targets, and therefore, there
are repetitions of indicators among them, in addition to having
greater availability of data from secondary sources for the
Cerrado and Caatinga biomes; for instance, from IBGE, ANA,
and DataSUS [103], it was affirmed that some challenges faced in
Brazil to produce the SDG environmental indicators are

1. Institutional fragility in the production of part of the primary
environmental information because, depending on resources,
some of the information may not have continuity assured.

2. The spreading of information by many institutions implies the
expenditure of time in obtaining and gathering information.

3. Some statistics depend on the effort spent obtaining the
information and the intensity and scope of the surveys,
such as those dependent on the efforts made by inspecting
environmental and policy agencies.

4. Part of the environmental information produced is point and
“snapshot” values, which raises the question of how to
transform them into national indicators produced by state
and municipal environmental agencies, whose objective is to
provide data for monitoring.

5. Irregularity in producing environmental information, that
is, surveys without defined periodicity, is very dependent
on budgetary issues, making it challenging to create time
series.

Achieving the SDGs depends on using relevant, reliable,
and timely data to measure progress, inform policy, and target
areas needing improvement. Traditional data sources have
administrative and technical limitations in terms of access;
standardization and quality of data; lack of awareness of the
benefits of current technologies; lack of financial resources,
technology, and skill gaps; geographic constraints (in terms of
the development of spatial projects); and gaps in coverage in
space and time [104].

The methodology presented is also situated in the field of
studies. Therefore,

socio-environmental ~ perception
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uncertainty is pertinent because there are inherent value
judgments and because many targets are broad meaning
and their interpretation can be compatible with many
indicators, even in a direct sense. Consequently, there is a
difficulty in selecting and qualifying indicators in relation to
broad targets. Thus, apart from the values of the variables, the
result of this study, mainly the target response weights, reflects
the perception of the group of experts in the years 2020-2021.
However, it is worth noting that the group consulted is made
up of researchers who deal with the social and environmental
issues of the Nexus Project.

Despite the uncertainties, the use of indicators considering
only normalization techniques leaves aside issues of target
interpretation. The trajectory to achieve the SDGs goes
through the interpretation of these by managers, which are in
some way monitored by indicators. Therefore, this methodology
can also be seen as a way for a collective, or decision-makers, to
understand which indicators best respond to assess the
sustainability trajectory, from the point of view of the
2030 Agenda and the Nexus.

The next challenge for this workgroup is i) to expand the
scope to the national level; ii) encompass two historical
moments because the 2022 Brazilian demographic census
will be launched; iii) include geographic clusters for
different normalization by indicator categories; iv) include
target reference measures, as the IDSC did; v) include more
experts and regional stakeholders for the selection and
weighting indicators; and vi) research possible validations
with real situation.
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