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Decision support system for selecting sectoral data-bases in studies of

the water-energy-agricultural-environmental nexus
Sistema de apoio a decisdo para sele¢ao de bases de dados setoriais em estudos Nexus agua—energia—agricultura—

meio ambiente

Cdssia Juliana Fernandes Torres!
Yvonilde Dantas Pinto Medeiros?

ABSTRACT

, Rodrigo Saldanha Xavier da Silva’

, Andrea Souza Fontes? (), Daniel Veras Ribeiro® (2,

RESUMO

Obtaining databases to develop multidisciplinary studies in complex
intersectoral network systems presents great challenges. Databases
often lack compatibility or data standardization because they are
organized differently by sector. Therefore, this article aims to propose
a Decision Support System (DSS) to assist in the identification, analysis,
and selection of sectoral databases to support the development of
quantitative studies. The concept of the “Nexus of water, energy,
agriculture, and the environment” is used to illustrate the development
of the DSS. To this end, a conceptual structure defined in six stages was
presented: institutional analysis, definition of alternatives, definition of
criteria, analysis of databases, classification matrix, and organization
and selection of alternatives. Validation of the proposed DSS was carried
out using national-scale databases for the Brazilian context. From the
application of DSS in the databases surveyed, it appears that: Brazil
does not have interconnected databases, nor does it share databases
between sectors; the information is dispersed across a large number of
institutions, and includes a multiplicity of spatial and temporal scales,
hindering their integration; the adoption of macro-scales, both spatially
and temporally, facilitates the integration of the collected information,
and the country’s sectoral organizational structures tend to hamper
the development of systems integrated into complex networks. The
proposed DSS allows a better understanding and visualization of
possible simplifications and limitations inherent in integrated studies
of quantitative scope, minimizes uncertainties, and directs systemic
planning and management strategies.

Keywords: intersectoriality; natural resources; integrated management.

A obtengdo de bases de dados para auxiliar o desenvolvimento de estudos
multidisciplinares em sistemas de redes complexas intersetoriais apresenta
grandes desafios devido a falta de compatibilizagdo e nivelamento entre as
informagdes, uma vez que estdo segmentadas de diferentes formas nos
setores correlacionados. Diante disso, o presente artigo tem por objetivo
propor um Sistema de Apoio a Decisdo (SAD) para auxiliar na identificagdo,
anadlise e selegdo de bases de dados setoriais, visando subsidiar o
desenvolvimento de estudos quantitativos mediante o conceito “Nexus
4gua, energia, agricultura e meio ambiente”. Para tanto, foi apresentada
uma estrutura conceitual definida em seis etapas: analise institucional,
definicdo das alternativas, definicdo dos critérios, andlise das bases de
dados, matriz de classificagdo, e organizacdo e selegdo das alternativas.
A validagdo do SAD proposto foi realizada por meio das bases de dados
de ambito federal presentes no Brasil. Apds a aplicagdo do SAD nas bases
de dados levantadas, verifica-se que: até o momento, o Brasil ndo possui
bases de dados interconectados e compartilhados entre diferentes setores;
as informagGes concentram-se em uma grande quantidade de instituigdes
e contemplam uma multiplicidade de escalas espaciais e temporais,
dificultando suas interagbes; a adogdo de macroescalas, espacial e
temporal, facilita a integragdo das informagdes levantadas; e as estruturas
organizacionais setoriais do pais tendem a inviabilizar o desenvolvimento
de sistemas integrados em redes complexas. O SAD proposto permite uma
melhor compreensdo e visualizagdo de possiveis simplificagdes e limitagdes
inerentes em estudos integrados, de ambito quantitativo, minimizando
incertezas e direcionando estratégias sistémicas de planejamento e gestdo.

Palavras-chave: intersetorialidade; recursos naturais; gerenciamento integrado.
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Introduction

The nexus concept refers to the interconnected and interdependent
management between the water, energy, agricultural, and environmen-
tal sectors. It is based on the good governance of each of these sectors,
and provides for the design and implementation of more efficient and
sustainable policies and actions (Hoft, 2011; WEF, 2011; Bamwesigye
etal., 2019).

The nexus concept was initially promoted in 2008, at the World
Economic Forum (2011). It was developed based on the need to bet-
ter understand the interrelations and interdependencies that exist be-
tween the sectors in question so as to better manage them. The ini-
tiative came about through the efforts of the “2030 Water Resources
Group (WRG),” a group of multinational companies in the food and
beverage sector which were concerned about the impacts of the water
crisis on their global operations (Leese and Meisch, 2015). The WRG
prepared the report, “Water security: the water-food-energy-climate
nexus,” which directed global attention toward these four main pil-
lars of the world economy and their interrelationships (Bizikova et al.,
2013; Leese and Meisch, 2015).

Water is necessary for each stage of energy production, and energy
is essential for the functioning of the sanitation sector (Maas et al., 2017;
Meldrum et al. 2013; Walker et al., 2014; Chang et al., 2016; Sanders
and Masri, 2016). The energy sector is highly vulnerable to changes in
water resources, especially those that may result from climate change
(Meldrum et al., 2013). Both water and energy are inputs for the agri-
cultural sector (Lawford et al., 2013; Chang et al., 2016; Urbaniec et al.,
2017); agricultural products provide bioenergy (Wu and Chiu, 2011;
Moioli et al., 2018), and the consumption of all these resources has a
negative impact on the environment (Wicaksono et al., 2017).

Through the recognition of these interrelationships and their rel-
evance for the structuring of shared intersectoral management, the
“nexus” theme has gained increasing interest in academic literature,
as evidenced by the growing body of technical and scientific research
(Baleta et al., 2019; Meng et al., 2019; Zhang et al.,, 2019). The greater
level of global interest and visibility that surrounds this theme may be
attributable to a lack of natural resource security, increasing climatic
imbalances, and the recession of the global economy (Allouche et al.,
2015; Leese and Meisch, 2015; Al-Saidi and Elagib, 2017). These factors
have prompted the nexus concept to emerge as a new paradigm for the
public management of natural resources (Torres, 2020).

Since its emergence, research on the nexus concept can be ob-
served across three thematic areas (Torres et al., 2019):

« qualitative studies that recognize and understand the interactions
between the different nexus elements (water, energy, agriculture,
climate, land, etc.) in different contexts and across scales;

quantitative studies that evaluate the interconnections and interde-

pendencies between correlated nexus elements;

194

socio-political and economic research that analyzes governance
models and public policies to outline the nexus concept in terms of

practical issues related to management and planning.

As the authors pointed out, the major challenges for conducting
quantitative research are the lack of available data on the water, en-
ergy, agricultural, and environmental sectors, and the lack of capable
models, methods, and instruments to represent the multiple inter-
actions that exist between them (King and Carbajales-Dale, 2016;
Albrecht et al., 2018; Embid and Martin, 2018; Nhamo et al., 2018;
Shannak et al., 2018; Mercure et al., 2019).

An ideal model or method to represent the nexus concept must be
flexible, dynamic, and interactive; it needs to represent and evaluate
the relationships between the systems (water, energy, agriculture, and
environment), and it must (Miralles-Wilhelm, 2016):

« consider the management and regulation of these resources;
« assist decision makers in defining planning strategies and integrat-
ed sectoral policies;

allow the development of socioeconomic scenarios;

subsidize evaluations that consider the trade-offs and synergies be-
tween the multiple sectors involved;

allow analyses that consider the effects of variability in the spatial

and temporal scales in the systems considered.

Therefore, integrated databases are required. However, obtaining
sufficient data to support integrated research on the nexus concept is
complex (Embid and Martin, 2018); information on water, energy, ag-
riculture, and the environment is spread across different institutions,
information systems, and documents, and there is no shared and ac-
cessible database. Additionally, even when this information exists, it
often presents divergences in terms of spatial and temporal scales, and
a variety of metrics, thereby making it difficult or prohibitive to con-
duct analyses due to the lack of compatibility (Eftelioglu et al., 2016;
Huckleberry and Potts, 2019).

Dispersed databases that do not integrate information are of-
ten a reflection of the independent organizational format that has
historically been implemented in public sectors, wherein each en-
tity follows its own strategies, policies, plans, data collection, and
actions (Eftelioglu et al., 2016; Embid and Martin, 2018). Due to
the multidisciplinary nature of these problems, over time, this inde-
pendent organizational format has been confronted with the need
for studies integrated into complex network systems (WEF, 2011;
Hanlon et al., 2013).

According to Lawford (2019), an information service must be
shared between the multiple correlated sectors to support a well-struc-
tured dialogue that fosters joint planning; the leveling of databases
based on the identification of common information needs between
them is also essential. This service must be developed through an open

access platform supported by joint governance; such a service would

RBCIAMB | v.56 | n.2 | Jun 2021 | 193-208 - ISSN 2176-9478
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improve management, planning, and decision-making that involves
both the public and private sectors.

In view of this, it is observed that there is a need for research on the
existing weaknesses in sectoral databases to analyze the possibilities of
carrying out integrated studies that include quantitative assessments
of natural resources. The results of this investigation vary according to
the reality of each location, and the progress in this area, especially of
a quantitative nature, did not occur without the support of databases
for its development.

Given the above, this article aimed to propose a Decision Support
System (DSS) to assist in the identification, analysis, and selection of
sectoral databases. The development of a DSS will support the devel-
opment of quantitative studies on the “Nexus of water, energy, agricul-
ture, and the environment””

Materials and Methods
The methodology developed comprises the proposal of a DSS,

which is an information management system that analyzes different

variables to assist in the decision-making process. In this study, a con-
ceptual structure of the DSS is presented. This is an innovative method-
ology that has been developed to address the gaps identified in the lit-
erature regarding the complexity in obtaining compatible information
between the involved sectors proposed in the nexus concept.

The proposed conceptual model follows the organizational log-
ic of multicriteria analysis, where different alternatives are evaluated
using multiple criteria. The multicriteria analysis is composed of al-
ternatives, criteria, a classification matrix (checklist), and objectives
(goals) of the process (Hajkowicz and Collins, 2007). The structural
basis of the model used in the present study builds upon that used by
Torres et al. (2021).

In this research, the alternatives represent the sectoral databases
and the matrix functions as a checklist (Checklist) that verifies which
criteria are present in the alternatives. The methodology was divided
into six stages, as shown in Figure 1:

» sectoral analysis;
identification of the databases;

Figure 1 - Conceptual structure of DSS for analysis and selection of databases.
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o definition of the criteria;
+ analysis of the databases;
« construction of the classification matrix;

o structuring and selecting databases according to the defined objective.

Step 1: identification of the institutions that make up each sector
The first stage of the DSS consists of an institutional analysis to un-
derstand the functioning and composition of the sectors, and to iden-
tify and access their databases. For this purpose, the institutional ar-
rangement of the sectors were initially verified through the elaboration
of an organization table (hierarchical systematization of the institu-
tions and bodies involved). Once the organizational composition of
each sector was identified, the databases were identified, as described
in the next section.
The application of the methodology in Federal scale databases was
chosen based on two aspects:
 achieving an overview of the information systems of the four sec-
tors in the Brazilian context;
« establishing a hierarchical priority according to the Federal Consti-

tution of 1988: Union, States, and municipalities.

Step 2: identification of alternatives

This step comprises the identification of the main national data-
bases in the institutions surveyed in the previous step. For this, online
consultations were carried out on the official websites of the “Nation-
al Water Agency (Agéncia Nacional de Aguas — ANA)”, “Ministry of
Mines and Energy (Ministério de Minas e Energia — MME)” “Minis-
try of Agriculture, Livestock and Supply (Ministério da Agricultura,
Pecudria e Abastecimento — MAPA) and “Ministry of the Environ-
ment (Ministério do Meio Ambiente - MMA).

In addition to consulting the aforementioned websites, the web-
pages of the institutions that make up the ministries were also searched,
including those of the National Petroleum, Natural Gas and Biofuels
Agency (Agéncia Nacional do Petréleo, Gds Natural e Biocombustiveis —
ANP), Petrobrés, National Supply Company (Companhia Nacional de
Abastecimento - CONAB), Brazilian Institute of the Environment and
Renewable Natural Resources (Instituto Brasileiro do Meio Ambiente e
dos Recursos Naturais Renovdveis —- IBAMA).

As a complementary research, the Brazilian Open Data Portal was
verified, which functions as a data centralizer in accordance with De-
cree No. 8.777/2016. According to this decree, government ministries
must “promote the publication of data contained in databases of organs
and entities of the direct, autarchic and foundational federal public ad-
ministration in the form of open data” (Brasil, 2016).

In view of this, the federal level databases of the sectors rele-
vant to the nexus concept were selected and investigated. The se-
lection considered the scope of the information to represent the
sector in the Brazilian context. In other words, databases that pre-

sented information regarding the regional or local scale were ex-

cluded from this study. Following this step, the set of criteria for

evaluation were defined.

Step 3: defining the criteria
Aspects for the database analysis were defined to ascertain the

possibility of integrating information. The criteria were defined from

two points:

« systematic review of the literature, based on Torres et al. (2019),
contemplating publications involving the theme “nexus;” in the
research platforms aiming to identify authors who deal with infor-
mation systems for integrated evaluations. The main authors who
guided these definitions were: WEF (2011), Eftelioglu et al. (2016),
Endo et al. (2017), Albrecht et al. (2018), Embid and Martin (2018),
Dai et al. (2018), Shannak et al. (2018), and McGrane et al. (2019);

« survey of the main aspects to be considered in a database to sup-
port integrated assessments of the corresponding sectors.

The highlighted aspects outlined the construction of seven criteria
and 27 categories, as shown in Table 1: Criterion 1 (C1) with three cat-
egories; Criterion 2 (C2), seven categories; Criterion 3 (C3), three cate-
gories; Criterion 4 (C4), six categories; Criterion 5 to Criterion 7, three
categories. To facilitate the evaluation of alternatives against the crite-
ria, in the classification matrix, a color palette was defined by a family
of criteria categories. It is important to highlight that, from the comple-
tion of new bibliographic reviews, other criteria can be included in the
list in Table 1, as long as they are characterized and justified.

After defining the criteria listed in Table 1, analyses of some char-
acteristics present in the databases were carried out for a better evalua-
tion of the classification matrix, as shown in the following step.

Step 4: analysis of databases
In this stage, a careful check is carried out on the quality of the

available information. Four main issues are investigated:

« quantity and type of information present;

o divergences from the same information presented in differ-
ent databases;

o presence of databases that include the monitoring of data from
multiple sectors in an interconnected manner (for example, wa-
ter-energy or energy-agriculture);

« survey of databases from other sectors that include information of

interest for the development of integrated studies.

The investigations cited above were defined based on the bib-
liographic review mentioned in Step 3, as based on the systematic re-
view by Torres et al. (2019).

Geographic information system (GIS) tools and other data anal-
ysis tools are essential to support the development of this phase. As a
result of this analysis, the construction of the classification matrix for
the evaluation of cataloged databases was elaborated.

RBCIAMB | v.56 | n.2 | Jun 2021 | 193-208 - ISSN 2176-9478
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Table 1 - Database classification criteria.

(I) Available - Free access for download

. Represents access to (II) Conditioned - Can be accessed through authorization from
3 t
Rl o present the segment that represents them
Information .
in a database. (IIT) Not available - Not accessible for download, however, can be viewed
(IV) Mixed - Database classified in more than one category of this criterion
(I) Historical series - Sequence of observations of data collected continuously over a
period of time, at regular intervals
C2: Data Corresponds to the (II) Restricted - There is no sequence of observation of the data, the information is
monitoring duration of the data presented for irregular intervals
period monitoring. (III) Not applicable - Does not have a monitoring period, includes only
characterization data bases
(IV) Mixed - Database classified in more than one category of this criterion
(I) daily
(IT) weekly
(IIT) monthly
C3: Time Time scale for data
. (IV) Yearly
Scale presentation.
(V) Others
(VI) Multiple - Use of more than one time scale
(VII) Not applicable - does not have a time scale
(I) National
(IT) Regional
4: Refi h
C efers to the (IIT) State
Geographic spatial scale of data ) )
. (IV) Hydrographic basin
Scale presentation.
(V) Location (cities, companies, reservoirs, etc.)
(VI) Multiple - Presentation of more than one geographical scale.
It depicts the (I) Single mathematical quantity - Representation of only
C5: measurement of a a single mathematical quantity
Mathematical ~ phenomenon. For (II) Multiple mathematical quantities - Representation of
quantities example, volume, more than one mathematical quantity
flow, production, etc. (III) Not applicable - These are documentary and spatial databases
(I) Characterization - Databases aimed at describing some characteristics of a sector,
without monitoring the information presented (for example, the description of the
profile of a power plant without presenting the monitoring of its production)
It represents the . . . . . .
) (II) Productivity - Data presented in a format that allows its manipulation, containing
presentation format o . . . .
Cé6: Type of ] ) monitoring of its data (for example, history of the production of a plant exposed in
of the information
databases Excel spreadsheets)
present in the
Jatabases (IIT) Documentary - Data presented in technical and scientific documents, published in
' journals, theses, reports, among others. In this case, the information has already been
manipulated by the authors.
(IV) Mixed - Database classified into more than one type.
C7: (I) Georeferenced
Spatialization ~ Data georeferencing (II) Not georeferenced
of data (III) Mixed - Databases that include both georeferenced and non-georeferenced information.
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Step 5: classification of alternatives

The classification of alternatives was carried out by means of ma-
trix analysis. The matrix is composed of rows and columns that vary
according to the number of defined criteria and alternatives. In the
present study, the lines represent the alternatives and columns, and
the categories of the criteria are listed in Table 1. The matrix func-
tions as a checklist that indicates the categories of criteria present
in the database framework. All criteria have the same level of prior-
ity, and should be used equally in the evaluation of all alternatives.
Thus, filling out the matrix was done using two numeric codes: “1”
indicates the presence of the category according to each criterion,
and “0” indicates its absence.

Step 6: structuring and selecting alternatives

Structure refers to the elaboration of a selection system comple-
mentary to the classification matrix. In this system, the databases
are organized by a criterion category session within each sector un-
der study. Two points were considered when completing the pro-
posed structure:
« identification of the criterion category that obtained the least num-
ber of databases inserted;
analysis of the level of relevance of the criterion category for the

development of the research.

In the case of a relevant category, which cannot be modified, the
databases entered are those selected. However, in the event that this
category is not relevant to the study it will be disregarded as a selection
parameter, and another category must be analyzed successively until
the selection process is closed. Once the DSS was structured, it was

validated using federal databases present in Brazil.

Case study: Brazilian context

In recent years, Brazil has experienced novel uncertainties due to
water crises in various regions, and the simultaneous political and eco-
nomic conflicts that have taken place at the national level. The water
crisis that has affected the energy sector in recent years has also im-
pacted other sectors in some parts of the country. This situation has
made managers question the real causes of these problems in hopes of
determining actions to stabilize this scenario.

Thus, it is pertinent to investigate the country’s databases belonging
to the main sectors that guide its economy and sustain the well-being
of its nation. These investigations tend to corroborate the identification
of weaknesses and advances in sectoral databases.

The Federal Constitution of 1988 organizes political and admin-
istrative Brazil in entities of the Federation formed by the Union,
States (26), Federal District (Distrito Federal — DF), and municipalities
(5,570); all are endowed with autonomy in legislative, governmental,
tax, and administrative powers (Brasil, 1988). In other words, accord-

ing to the constitution, all entities of the Federation can legislate, orga-
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nize, and manage their territory, and the Union should intervene only
in situations of disorder that interfere with national integrity. Despite
the autonomy of the federated entities, their competencies follow a hi-
erarchy of power, from the greatest to the least powerful: federation,
state, DF, and municipality.

The organizational model approved in 1988 is based on the auton-
omy of federated entities according to their respective competencies.
The development of the public sectors in these spheres took place in
a segmented and disaggregated way. Their plans, programs, and proj-
ects were elaborated largely with no prospect of integration. Today, this
course of development reflects the difficulty in planning the articula-
tion between the databases of different sectors due to the diffusion of
the integrated management model.

Regarding the water sector, it is the domain of the Union “Lakes,
rivers and any water resource in its territory, or that cross more than
one State, that serve as limits with other countries or that extend over
foreign territory, as well as marginal lands and river beaches” (Brasil,
1988). Water management in Brazil took place in a fragmented way, as
each sector carried out its planning in isolation, without participation
from municipal governments, water users, and civil society (Abers and
Jorge, 2005).

Like the water sector, the energy sector has undergone several in-
stitutional changes during the 1970s, 1980s, 1990s, and to the present
day. The sector left a monopoly system for free competition in ener-
gy generation, commercialization, transmission, and operation dis-
tributed between public and private companies. As federal assets, the
constitution mentions the potential of hydraulic energy and mineral
resources; therefore, the exploitation or use of these resources can only
be carried out with authorization or concession from the federal gov-
ernment (Brasil, 1988).

With regard to the agricultural sector, the constitution played a
fundamental role in its development by promoting the country’s ag-
ricultural policies, including rural insurance, agricultural planning,
technical assistance, and rural extension (Brasil, 1988).

For the environmental sector, Law No. 6.938/1981 (Brasil, 1981)
organized the management of environmental resources at the federal
level, and instituted the National Environment System. Complemen-
tary Law No. 140/2011 (Brasil, 2011) establishes the instruments and
actions of cooperation between the Union, States, DE, and municipal-
ities in administrative actions resulting from the exercise of the com-
mon powers established in the constitution. In view of the above, it is
observed that despite the great advances that the country has achieved
since the adoption of the Federal Constitution, historically, the orga-
nizational structures of the public sector have several obstacles and

challenges within the scope of integrated intersectoral management.

Results and Discussion
In Brazil, information on water resources, energy, agriculture, and

the environment are segmented into independent databases, managed
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by a large number of institutions at the federal, state, and municipal
levels. For the present study, only the main databases in the federal
sphere were considered. This section presents the results obtained with

the development of the steps that make up the DSS.

Step 1: institutions that make up the sectors under analysis

For the development of the first stage of the DSS, public policies
and legislation relevant to the sectors under analysis in Brazil were
used, highlighting federal decisions, provisional measures, and na-
tional policies (Brasil, 1981, 1991, 1997a, 1997b, 2019a, 2019b, 2019c,
20194, 2020). The main institutions, bodies, and collegiate bodies iden-
tified in each sector were structured in an organization table (Figure 2),
corresponding to the governmental structure in force in the country.
The institutions surveyed in the organization table hold the databases
of the sectors mentioned at the federal level.

In general, it can be seen that each sector is inserted in a govern-
ment ministry, and in line with each ministry are the specific secretar-
iats, departments, councils, and bodies.

For the water resources sector, the data generated by the bodies
that are part of the National Water Resources Management System
(Sistema Nacional de Gerenciamento de Recursos Hidricos - SINGREH)
are incorporated into the Water Resources Information System (Siste-
ma Nacional de Informagées sobre Recursos Hidricos — SNIRH). The
National Water Agency (Agéncia Nacional de Aguas - ANA) is respon-
sible for managing this system in its area of operation (Brasil, 1997a).

In the energy sector, the Energy Research Company (Empresa de
Pesquisa Energética — EPE) is responsible for “promoting studies and
producing information to support energy development plans and pro-
grams” (Brasil, 2004). As for the agriculture sector, it is the responsibil-
ity of the MAPA to aggregate “agricultural, meteorological, and clima-
tological information for use in agriculture” (Brasil, 2019a).

In the environmental sector, it is important to mention two aspects:
according to the National Environment Policy (Politica Nacional
do Meio Ambiente - PNMA), energy, water, agriculture, other nat-
ural resources, and economic activities make up the environmental
sector (Brasil, 1981);

although multiple sectors include monitoring data from the en-
vironmental sector, this does not imply that there is integration
between these different institutions and between the data moni-

tored by them.

Once the institutional composition of each sector under analysis
was identified, the main databases belonging to each sector were iden-
tified, as shown in the next section.

Step 2: identification of the databases
Based on the organizational system present in each sector, 35 na-
tional databases were identified (Table 2); they are distributed among

their bodies and institutions. Of the databases surveyed, seven com-
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prised the water resources sector (20%), eight comprised the energy
sector (22.8%), seven constituted the agricultural sector (20%), and 13
made up the environmental sector (37.14%).

In the water resources sector, different databases contain different
information; of note are the: HIDROWEB, which can be highlighted for
its pluviometric and fluviometric information; the reservoir monitoring
system (Sistema de Acompanhamento de Reservatérios — SAR) for mon-
itoring reservoirs; the grant registration for water volumes captured by
different users distributed by hydrographic basin; the National Sanitation
Information System (Sistema Nacional de Informagoes sobre Saneamen-
to — SNIS) for monitoring the sanitation sector; the groundwater infor-
mation system (Sistema de Informagdes de Agua Subterranea — SIAGAS)
for groundwater; the National Dam Safety Information System (Sisterna
Nacional de Informagoes sobre Seguranca de Barragens — SNISB), which
involves the registration of dams in the context of their safety; and the
Metadata Portal for geographic information.

In the energy sector, the main databases include that of the Na-
tional Electric System Operator (Operador Nacional do Sistema
Elétrico - ONS), which contains the operation history of the Nation-
al Interconnected System (Sistema Interligado Nacional - SIN); the
National Electric Energy Agency (Agéncia Nacional de Energia Elétri-
ca - ANEEL) developed the ANEEL Generation Information System
(Sistema de Informagoes de Geragdo da ANEEL - SIGA) to provide data
on installed electricity generation capacity from its multiple sources in
Brazil; the Union of Sugarcane Industries (Unido da Indiistria de Cana-
de-A¢ticar - UNICA), which is not directly linked to the ministry of
agriculture and energy, but which has a very rich database on the pro-
duction and commercialization of sugarcane, ethanol production, and
bioelectricity; open data from the ANP, which brings a large amount
of historical information on the production of oil, natural gas, and bio-
fuels, among many others; and the geographic information bases in-
volving the SIN Cadastral Geographic Information System (Sisterna de
Informagées Geogrdficas Cadastrais do SIN — SINDAT), the Geographic
Information System for the Electricity Sector (Sistema de Informagées
Georreferenciadas do Setor Elétrico - SIGEL), the geographic informa-
tion system for the energy sector (WEB MAP EPE/EPE), and the In-
formation System Mining Geographic Areas (Sisterma de Informagoes
Geogrdficas da Mineragio - SIGMINE).

In the agricultural sector, open data from the MAPA predominate;
the National Institute of Meteorology (Instituto Nacional de Meteo-
rologia — INMET), which provides a history of meteorological data;
CONAB, which provides the historical data on the Brazilian harvest,
agricultural prices, production costs, and other information; docu-
mentary databases including the Agricultural Research Database (Base
de Dados da Pesquisa Agropecudria — BDPA) of Brazilian Agricultural
Research Corporation (Empresa Brasileira de Pesquisa Agropecudria —
EMBRAPA), and the Bibliographic Base of Brazilian Agriculture (Base
Bibliogrdfica da Agricultura Brasileira - AGROBASE); the EMBRAPA
Spatial Data Infrastructure (GEOINFO), which comprises a set of spa-
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Figure 2 - Organization table of the Water - Energy - Agriculture - Environment sectors in Brazil.
Source: adapted from Torres et al. (2021).
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Table 2 - Main national databases of the Water-Energy-Agricultural-Environmental sectors.
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SIAGAS
SNISB
SNIS
ONS database

SINDAT

SIGEL
WEB MAP EPE
SIGMINE/ANM
Open Data / ANP
SIGA
UNICA
Open Data /MAPA
INMET
CONAB
BDPA
GEOINFO
AGROBASE
Agricultural Census

Open Data /MMA

Open Data /IBAMA

Open Data /ICMBIO

Open Data /INPE
SFB
BDiA/IBGE
SIBBR
UC/ICMBIO
SISolos/ EMBRAPA
GeoSGB
CPTEC/INPE
AdaptaCLIMA
BDA

Hydrological Information System
Metadata Portal of the National Water Agency

Reservoir Monitoring System
National Water Agency Grant Registry

Groundwater Information System
National Dam Safety Information System
National Sanitation Information System
ONS Electricity Operation History

Cadastral Geographic Information System of the National
Interconnected System (SIN)

Geographic Information System for the electricity sector
Geographic Information System for the Energy sector
Mining Geographic Information System
Open data from the National Petroleum Agency
ANEELSs Generation Information System

Union of the sugarcane industries

Open data from the Ministry of Agriculture, Livestock and Supply

National Institute of Meteorology
National Supply Company
Agricultural research database
Embrapa Spatial Data Infrastructure
Bibliographic Basis of Brazilian Agriculture
IBGE Agricultural Census

Open data from the Ministry of the Environment

Open data from the Brazilian Institute of the Environment and

Renewable Natural Resources

Open data from the Chico Mendes Institute for Biodiversity

Conservation
Open data from the National Institute for Space Research
Database of the Brazilian Forest Service
Environmental Information Database
Information Systems on Brazilian Biodiversity
Database of Conservation Units
Soil Information System
System of geosciences of the Geological Survey of Brazil
Weather Provision Center and Climate Studies
Knowledge Platform on Adaptation to Climate Change

Environmental Databases
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ANEEL
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ANM
ANP
ANEEL
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MAPA
MAPA
MAPA
EMBRAPA
EMBRAPA
MAPA
IBGE
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INPE
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CPRM
INPE
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tial information; and the IBGE agricultural census. Although IBGE is
not directly part of the agricultural sector, it has significant relevance in
the collection of data through the Agricultural Census.

In the environmental sector, a large amount of information dis-
tributed in different institutions were highlighted, including: open
data from the MMA; IBAMA; Instituto Chico Mendes for Biodiver-
sity Conservation (ICMBIO) which includes information from Con-
servation Units, the National Institute for Space Research (Instituto
Nacional de Pesquisas Espaciais — INPE), and the Weather Forecast
and Climate Studies Center (Centro de Previsdo de Tempo e Estudos
Climdticos - CPTEC); the Brazilian Forest Service (Servico Florestal
Brasileiro — SFB), which comprises the National Forest Information
System (Sistema Nacional de Informagoes Florestais — SNIF); the IBGE’s
Environmental Information Database (Banco de Dados de Informagies
Ambientais - BDiA), which addresses information on geology, geo-
morphology, pedology, and vegetation; the Brazilian Biodiversity
Information System (Sistemas de Informagdes sobre a Biodiversidade
Brasileira — SIBBR), a platform that brings together information about
ecosystems; the Brazilian Soil Information System (Sisterma de Infor-
magdo de Solos Brasileiros — SISolos) of EMBRAPA, which has soil sam-
ples and profiles from all over Brazil; the System of Geosciences of the
Geological Survey of Brazil (Sistema Geociéncias do Servico Geoldgico
do Brasil - GeoSGB) that deals with geological information from the
national territory; and the Environmental Database (Sisterna de Dados
Ambientais - BDA) created by MMA Ordinance No. 422 of 10/26/11,
which represents an integrated database between ANP and IBAMA.

Lawford (2019) states that social, economic, political, and bio-
physical data are essential for any integrated assessment of the water,
energy, and agricultural sectors. The author also highlights some es-
sential variables to enable studies contemplating the nexus approach:
precipitation (pluviometric stations), air temperature, evapotranspira-
tion, soil moisture (meteorological stations), water quality, operational
and physical data of the reservoirs, flow (fluviometric stations), under-
ground water, energy, land use, and occupation. Most of this informa-
tion is present in the databases listed in Table 2; however, many of them
do not cover all regions of the country, much information is out of date,
and there is a disparity in the monitoring of data, both in terms of time
and spatial scales. Torres (2020) adds that Brazil has a large number
of inactive pluviometric and fluviometric monitoring posts, especially
when it comes to small state hydrographic basins.

When inserting the environment into the context of integrated as-
sessment, it is observed that, despite the significant number of databases
illustrated in Table 2, most of the information available in the environ-
mental databases is not integrated and does not interrelate, such as the
Environmental Information Database with the Environmental Database.

Step 4 was taken from the identified databases, which conceives the
analysis of its information. It should be mentioned that it was not necessary
to present Step 3, since it involves the definition of the analysis criteria, that
is, this phase has already been structured in the methodology of the study.
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Step 4: analysis of the databases

The analysis of the databases was carried out through the investi-
gation of five points, as listed in the methodology. For analysis of the
first point, it was found that 74.3% of the databases surveyed in Table 2
were georeferenced, and were mostly distributed in the environmental,
water, and energy sectors.

Spatial data greatly contributes to quantitative studies of integrat-
ed assessment of nexus elements. It enables research on multiple geo-
graphic scales if at least one of the following aspects are met:

« The presence of national databases that are spatialized and, at the
same time, productive. They present the monitoring of their infor-
mation and not just their characterization, and are able to mention
HIDROWEB among the systems identified in Figure 2;

Presence of georeferencing databases. In this case, it is necessary to
integrate this information into a productivity database, such as the
association between SIGEL and ONS.

As for the variability of the type of geographic scale to be worked
on, cutouts of information present in a macro- to micro-scale can be
made through the use of GIS tools. This is possible as long as the infor-
mation is georeferenced and positioned within the geographical limits.

Several authors in the literature have pointed out significant ben-
efits from the use of spatial data in different sectors of the economy.
Gongalves et al. (2009) developed a method based on a GIS to integrate
physical data with the type and use of the soil to assist in the man-
agement and granting of the right to use groundwater applied in the
DE. Souza and Farias (2010) provide in their study that the systematic
organization in a GIS of the water resources sector and other related
sectors facilitate the assessment and management of water in conser-
vation units (UC). According to the authors, the integration between
databases associated with the GIS allows a greater approximation of
different public and private institutions that share specific themes in
decision-making processes, which allows interoperability and coop-
eration between them (Souza and Farias, 2010). Pereira et al. (2019)
addressed the relevance of spatial data and geological instruments to
increase productivity and public capacity to define strategies to solve
complex problems related to local geography.

Another point considered was the relationship between the organi-
zational structure present in each sector and the geographical scale of
the presentation of its data. In this case, it was observed that databases
of the water resources sector normally present their data for the hydro-
graphic basin scale, since the National Water Resources Policy (Politica
Nacional de Recursos Hidricos - PNRH) defines the hydrographic basin
as a planning and management unit (Brasil, 1997a).

For the electricity sector, the main databases are for the regional
scale (sub-systems), and depend on the functioning of the SIN. For
the agricultural sector, CONAB presents information on the state and
regional scales. The main information for the environment is presented
on regional (biome), state, and national scales.
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The application of DSS for databases of other spatial scales allows
the identification of the level of integration between them. For exam-
ple, this can be used to verify the level of integration of the State grant
registry with the ANA grant registration; integration of surface water
availability with groundwater and its interrelationships with water
quality; and demands for water and energy in the agricultural projects
of the different regions of the country.

In addition to analyzing these issues, the databases were checked
for the presence of divergences in the presented information . It should
be considered that the investigation of this aspect is possible as long as
more than one institution presents the same type of information for
a given sector. This was conceivable only for the energy sector, where
the WEB MAP EPE, SIGEL, SIGA, and ONS power generation history
databases present information on the number of power plants present
in the country.

The research revealed the presence of divergence between the
quantities presented in these databases. For example, analyzing the
number of wind farms, a total of 455 plants were found in the WEB
MAP EPE database, 877 plants in SIGEL, 606 plants in SIGA, and 601
plants in ONS (considering the same time period for all). With regard
to solar plants, 67 plants were identified on the WEB MAP EPE, 2,524
plants in SIGEL, 2,469 plants in SIGA, and 81 in ONS. The same is true
for other power-generation plants.

In the water resources sector, Torres (2020) observed a disparity
between the number of pluviometric and fluviometric stations report-
ed in HIDROWESB for the number of active stations. For example, in
the Sdo Francisco River Basin (BHSF), the author identified that 32%
(567 of the total of 1,748) of the river stations, and 53% (1,009 of 1,878)
of the rain stations were deactivated.

After analyzing these aspects, an investigation was carried out on
the presence of databases that integrate information from different sec-
tors. In this case, the only databases (Table 2) that meet these require-
ments are:

o the grant registry/ANA, which lists the elements of water-irrigated
agriculture, and water - energy (water demand for some types of
energy, such as thermoelectric and hydroelectric);

UNICA, which relates energy and agriculture (production of bio-
energy from sugar cane);

IBAMA, which brings multiple variables, such as biome-energy
sources-solid waste;

the Bank of Environmental Data shared between ANA-IBAMA
(aimed at sharing different projects between ANP and IBAMA
aiming at the optimization of the environmental licensing process-
es of the oil and gas industry in Brazil);

the SNIS that relates the elements energy-water (consumption in

the sanitation segment).

Specifically, for the registry of grant/ANA, it was observed that this

database holds the geographic coordinates of the points of water col-
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lection for irrigation, and may represent the irrigated agriculture sector
in terms of the location and number of the cultures practiced by the
hydrographic basin.

As a last point of data analysis, nine national and international
platforms were identified, which have information of interest for the
sectors in question:

o National Spatial Data Infrastructure (Infraestrutura Nacional de
Dados Espaciais — INDE);

Information and Knowledge Management System for the Brazilian
Semiarid Region (Sistemna de Gestdo da Informagdo e do Conheci-
mento do Semidrido Brasileiro — SIGSAB);

Comex Stat: Database linked to the Ministry of Industry, Foreign
Trade and Services;

SIDRAS - IBGE database;

PROCEL INFO: Energy efficiency information center;

SISPPI - Information System on Public Irrigation Projects;
DATAHIDRO-PETROBRAS Corporate System on Water Re-
sources and Effluents;

UN Comtrade Database: UN database;

FAOSTAT - Food and Agriculture Organization (FAO) database;
WaterStat-Water footprint statistics.

All of these information systems, despite not being directly linked
to the institutions listed in Figure 1, should be considered in the inves-
tigations contemplating the nexus concept as it contains a large amount
of data measured for multiple spatial scales and contain open access
data. For example, the information platform of the Brazilian semiarid
region presents data on a regional scale, and the international database
(WaterStat) displays information on the water footprint and virtual wa-
ter of a wide variety of products and services.

In general, some aspects of interest in research related to the nex-
us concept have been discussed. However, other points of analysis
deserve to be deepened, depending on the need for investigation for

a given study.

Step 5: classification of databases

Table 3 lists the classification matrices of the databases listed in
Table 2. It can be seen that more than 80% of the databases express
information that is available for download; approximately 31.4% have
a historical data monitoring period; the time scales most used as a
data output format are annual (14.3%) and multiple (37%), which
includes, annual, regional, and state data; more than 80% have mul-
tiple spatial scales, mainly national and state; more than 70% have
multiple quantities; 37% represent more than one type of database
(mainly characterization and productivity); and more than 50% are
geo-referenced.

From the classification matrix, the databases were structured by
sets of similarities in the information according to the categories pre-
sented in the criteria presented in Table 1 of the methodology.
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SINDAT; C: SIGEL; D: WEB MAP EPE; E: SIGMINE/ANM; F: Open Data /ANP; G: SIGA; H: UNICA; AGRICULTURE SECTOR: A: Open Data/MAPA; B: INMET; C: CONAB;
D: BDPA; E: GEOINFO; F: AGROBASE; G: Agricultural Census; ENVIRONMENT SECTOR: A: Open Data/MMA; B: Open Data/IBAMA; C: Open Data /ICMBIO; D: Open

Data /INPE; E: SFB; F: BDiA/IBGE; G: SIBBR; H: UC/ICMBIO; I: SISolos/ EMBRAPA; J: GeoSGB; K: CPTEC/INPE; L: AdaptaCLIMA; M: BDA/ANP-IBAMA.
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Step 6: structuring and selecting databases

This step represents the last phase of the DSS, in which the da-
tabases are structured and selected. For this process, a structure was
elaborated that facilitated the visualization and selection of the data-
bases (Figure 3). In this structure the databases are grouped by catego-
ry according to the color scale presented in the methodology (Table 1).
Database selection can be manual, or automated in Microsoft Excel.
Figure 3 shows an example of filling in the structure according to the
selection of certain criteria categories.

From the DSS application example (Figure 3), it is possible to an-
alyze two aspects:
« the INMET, despite being present in practically all categories of
the criteria reported in Figure 3. This database represents meteo-
rological-climatological information and does not provide specific
information related to agricultural productivity;
despite the lack of databases in the agriculture sector to represent
the hydrographic basin category, it can be seen that the registry
of grant/ANA the water sector offers valuable information asso-
ciated with the agricultural sector and can supplement this lack
of data.

As for the energy and environmental sectors, the greatest lack of
databases also consists of the geographical scale criterion referring to
the hydrographic basin category. In the case of information from the
environmental sector, this deficiency can be addressed as long as
the databases are georeferenced, allowing integration with multiple
spatial scales through GIS tools. When viewing the results in the DSS
structure, two directions tend to be considered: the first corresponds
to the possibility of changing from a more restrictive category to a less
restrictive one to serve all sectors under analysis; the second involves
choosing to remain in restrictive categories even though they do not
include all the databases of the different sectors. This assumes the nec-
essary simplifications and limitations in the development of an inte-
grated study.

In view of the structure presented in Figure 3 the development of
the steps presented in the methodology was conducted for the databas-
es indicated in Table 2. The discussions exposed in the development
of the steps do not consider other data systems. Therefore, in the case
of insertion of new databases or application to other territorial limits
the methodological, procedure must be adjusted or implemented again

and new investigations must be considered.

Figure 3 - Structure to assist in the selection of databases in a DSS - Example of filling.

*As the categories are modified. the structure’s filling colors and databases are also changed.
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Applicability of DSS in public management

Complex and multidimensional problems involving different sec-
tors of the government require systematic databases that enable the in-
tegration of information. The lack of an information system or the lack
of integration between the data generated by different sectors, often
cause overlapping of projects (Cisne, 2012), misaligned or weak deci-
sion-making processes, and wastage of time and money.

According to Rosales-Asensio et al. (2020), access and integration of
databases represent a major challenge for the management of natural re-
sources. The compilation of standardized data can help to deal with prob-
lems related to consistency, comparability and scale, in addition to the lack
of information from certain sectors (Rosales-Asensio et al., 2020).

In this sense, the DSS proposed in the present study, based on the
“Nexus of water—energy-agriculture—environment” approach is a new
tool for public managers to assist in investigating the level of compat-
ibility and data leveling between information present in different da-
tabases. The DSS represents a powerful tool for identifying and orga-
nizing problems, analyzing different alternatives, and determining the
best course of action (Porto et al., 2003; Ahmadi et al., 2020). For this,
it is essential to automate the DSS for time optimization and its appli-
cation to databases covering other sectors and spheres of government,
whether they are from the union, state, or municipal.

Therefore, any plan, program or project that involves multiple sectors
can use the DSS. This system aims to optimize planning and contribute
to a better decision-making process and definition of integrated strate-

gies, which tend to be reflected in greater efficiency and effectiveness.

Conclusion

The DSS proposed in the present study has the main purpose of as-
sisting the development of integrated and interdependent studies (nex-
us concept) of a quantitative character. From the application of the DSS
to the databases of the water, energy, agricultural, and environmental
sectors present in the Brazilian context, it was possible to point out

some limitations of this approach as well as future directions.

Limitations

« In general, the information corresponding to the sectors analyzed
is dispersed in different institutions and does not have data stan-
dardization or uniformity; that is, most databases were structured
to answer the demands of their sectors, without the prospect of
integration with data from other sectors;

The uniformity of some information is difficult to achieve, especially
when it involves different spatial and time scales. In the case of spatial
scales, standardization becomes easier when the data are georeferenced;

« To date, there are no national databases in the country that make
it possible to investigate the impacts of water use by power plants
(thermoelectric, solar, oil, coal, and natural gas) on the water avail-
ability of the hydrographic basins where they are located (systems

water allocation);

« In the energy to water (sanitation) relationship, the database that
stands out is the SNIS; however, it does not present the energy con-
sumption in the different stages of the process;

o In the environmental sector, a large number of elements are at
play, and consequently, it has the largest number of databases.
However, in most cases, the information is not related to data
from other sectors;

« Some interactions between water, energy, agriculture, and the en-
vironment cannot be developed by considering the analyzed da-
tabases; for example, energy consumption in irrigated agriculture
and consumption of water and energy for all types of energy in the

Brazilian matrix.

Directions and recommendations

o The adoption of macro-scales, spatial (national), and temporal
(annual) uniformity facilitates the integration of the informa-
tion collected. In general, working with micro- scales (such as
small hydrographic basins) makes it difficult to develop inte-
grated studies because of the low quantity of monitoring data;
however, the micro-scale does facilitate database development
in terms of reducing the number of variables accounted for in
the process;

o Itisnecessary to link the georeferenced databases with the produc-
tivity databases;

« The databases of the energy sector, which may mention SIGA/
ANEEL and ANP, should expand their information in the plant’s
register. For example, for thermoelectric plants and oil refiner-
ies, the type of cooling system, type of thermodynamic cycle, fuel
used, and water situation in the region where they are located
should be recorded;

o The agricultural and energy sectors should structure an inte-
grated database combining different energy crops for the pro-
duction of biofuels. The UNICA database for sugarcane is a fine
example; however, it could be expanded to contain other infor-
mation such as energy consumption, and water and energy use
in production;

o It is recommended to apply the proposed procedure to databases
present in other entities of the Federation, and to expand analyses
to global databases, mainly related to the environmental and ag-
ricultural sectors. It is also recommended to structure integrated
databases between the sectors involved, aiming at greater leveling
and uniformity in the presentation of information. Doing so will
reduce uncertainties and direct systemic planning and manage-

ment strategies.
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RESUMO

The intensification of deforestation and the consequent fragmentation
of the natural landscape in urban and periurban watersheds affect the
entire eco-hydrological system, increasing the need to understand how
these changes can affect their sustainability. In this sense, the present
study evaluated the potential implications of forest fragmentation for
the management of the Taruma-Acu basin, based on the characterization
of the structural and functional patterns of the landscape. For this, we
mapped and categorized the basin’s forest fragments, based on the
supervised classification (Bhattacharyya Method) of Landsat/OLl image,
and, subsequently, we calculated the landscape metrics (area, density
and size, edge, form, core, isolation and connectivity). The metrics
showed a very fragmented landscape, especially in the region of the
basin’s low course, which concentrates the smallest, most dispersed,
and vulnerable fragments even in conservation units. The headwater
region, on the other hand, has the largest patches, with a large amount
of central area and high structural and functional connectivity, which are
fundamental for the sustainability of the basin and, therefore, deserve
attention and prioritization by managers. The results offer important
subsidies and unpublished data that can contribute to elaboration of
the basin’s management plan and for the definition of conservation and
restoration strategies of the forest remnants, indicating priority areas
for the implementation of these actions.

Keywords: connectivity; forest; landscape metrics; water resources.

A intensificagdo do desmatamento e a consequente fragmentagdo
da paisagem natural em bacias hidrograficas urbanas e periurbanas
afetam todo o sistema eco-hidrolégico, aumentando a necessidade
de entendimento de como essas mudangas podem impactar sua
sustentabilidade. Nesse sentido, o presente estudo avaliou as potenciais
implicages da fragmentacdo florestal para a gestdo da bacia do Taruma-
Acu, a partir da caracterizagdo dos padrdes estruturais e funcionais da
paisagem. Para tanto, realizou-se o0 mapeamento e a categorizagdo dos
fragmentos florestais da bacia, a partir da classificagdo supervisionada
(Método Bhattacharyya) de imagem Landsat/OLI, e, posteriormente,
o célculo de métricas da paisagem (drea, densidade e tamanho,
bordas, forma, drea central, isolamento e conectividade). As métricas
mostraram uma paisagem bastante fragmentada, especialmente
na regido do baixo curso da bacia, que concentra os menores,
mais dispersos e vulneraveis fragmentos, mesmo em unidades de
conservagdo. Ja a regido da cabeceira possui os maiores fragmentos,
com grande quantidade de drea central e alta conectividade estrutural
e funcional, fundamentais para a sustentabilidade da bacia e que,
portanto, merecem atengdo e priorizagdo dos gestores. Os resultados
oferecem subsidios importantes e dados inéditos que podem contribuir
para a elaboragdo do plano de gestdo da bacia e para a definigdo de
estratégias de conservagdo e restauragdo dos remanescentes florestais,
indicando areas prioritarias para implementagdo dessas agdes.

Palavras-chave: métricas de paisagem;

recursos hidricos.
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Introduction

The Amazon basin accommodates 10-15% of terrestrial biodi-
versity and most of the remnants of tropical forests in the world,
still constituting an important source of atmospheric moisture,
freshwater entering the oceans (approximately 15%) and carbon
storage — 150-200 billion tons (Fearnside, 2016; Nobre et al., 2016).
Also, despite the strong dependence of Amazonian populations on
regional ecosystems (forests, rivers, wetlands and others), 20% of
forest cover has already been lost, in the last 60 years, due to exten-
sive anthropogenic changes (Nobre et al., 2016; Ruiz-Agudelo et al.,
2020), with the highest rates of pantropical deforestation (Numata
and Cochrane, 2012).

According to Fearnside (2016) and Ruiz-Agudelo et al. (2020), in
the Amazon, deforestation begins with the opening of roads, and from
there occurs the occupation (urban or not) and the expansion of the
anthropic land uses (extensive agriculture, logging, mining, hydroelec-
tric, exploration of oil and gas, and increased production of biofuels),
fragmenting the natural landscape and exerting a serious influence on
forest remnants and biodiversity and associated environmental ser-
vices. According to Nobre et al. (2016), the conversion of forests to
anthropogenic uses in this region affects hydrology, climate and bio-
geochemical flows at different spatial scales.

These changes in the Amazonian land use and land cover are
driven by variables and complex political and socioeconomic inter-
actions, which have reduced contiguous forests to smaller fragments
(< 400 ha), irregular and increasingly isolated (Ruiz-Agudelo et al.,
2020). This induces changes in the eco-hydrological dynamics of
the landscapes that form the watersheds and puts their sustainabil-
ity at risk, especially at the local scale (Numata and Cochrane, 2012;
Laurance et al., 2018).

Laurance et al. (2011, 2018) explain that changes in the structural
and functional patterns of the natural landscape of the watershed, with
a decrease in the size (area) of forest fragments, have significant delete-
rious effects on its biophysical dynamics, making it more vulnerable to
internal and compromising their resilience. In the case of the Amazon
watersheds, due to the distance from the nearest ocean, and, therefore,
the greater dependence on the forest evapotranspiration rates them-
selves, much of this susceptibility derives from the loss of leaf area and
the effects to which the fragments edges are subjected (Nobre et al.,
2016; Wang et al., 2017). Thus, as fragmentation increases, the impacts
on the hydrological regime of the basin are also intensified (Laurance
etal., 2018).

According to the studies by Laurance et al. (2011, 2018), desicca-
tion conditions caused by the opening of clearings can penetrate up
to 100-200 m inside the fragments, and lead to great spatiotemporal
variations in the flow of fragmented watersheds in the Central Ama-
zon. In fragments of the Eastern Amazon, these desiccant effects can
be even more aggressive, and penetrate 1.0-2.7 km into the forests

(Briant et al., 2010), as a result of the advanced state of fragmentation
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in that region. For Aragoén et al. (2015) and Cabral and Costa (2017),
a new eco-hydrological cycle begins in each new fragment, increasing
the risks of erosion and silting of streams; and all these changes affect
not only the local biodiversity, but also the populations dependent on
that biota (indigenous and riverine, especially), forcing them to change
their livelihoods and traditions.

In general, the fragmentation of the watershed landscape can affect
the formation of clouds and lead to an increase in local precipitation in
the short term, but a decrease in rainfall rates over time, according to
changes in the size and pattern of the patches remaining (Nobre et al.,
2016). As pointed out by Laurance et al. (2011, 2018), Maeda et al.
(2015) and Nobre et al. (2016), the increase in soil surface temperature
in watersheds with forest cover loss superior to 20% alters low-level
atmospheric circulation, forming zones of low pressure on clearings,
which attract moisture from forested areas and lead to formation of
convection clouds. This effect redistributes moisture over deforested
areas and affects the recycling of water into the atmosphere, which
can lead to the collapse of the hydrological system in the long term
(Laurance et al., 2018).

As if the effects of fragmentation were not enough, the occur-
rence of forest fires (common in the region) hypersatures the atmo-
spheric condensation cores, absorbs solar radiation, promotes atmo-
spheric heating, and also prevents the formation of rain clouds (Sheil,
2018). In periods of drought, when vegetation is already subjected to
a certain degree of water stress, forest fragments become more vul-
nerable. It is precisely in this season that fires happen most frequent-
ly (Laurance et al., 2018). Jiménez-Muiioz et al. (2016) suggest that
forest fires are the main agents of transition to scenarios of frequent
droughts, which should be repeated in the coming decades, as re-
corded in 2015-2016.

Although many studies propose to assess the potential conse-
quences of forest fragmentation and its relationship with hydrological,
structural and functional changes in the largest and most important
river basins on the planet, the potential impacts on small Amazon wa-
tersheds are still little explored (Maeda et al., 2015), especially in the
State of Amazonas. In addition to the complexity of the relationships
between the hydrological system and the structural and functional
changes of tropical forests, the scarcity of historical data and in part the
natural variability of precipitation in these watersheds make this un-
derstanding an even greater challenge, besides causing divergences be-
tween future possible scenarios (Marengo et al., 2011; Trenberth, 2011;
Gloor et al., 2013).

The difficulty of fully understanding this complex and integrated
set of natural and anthroponatural formations that characterizes the
landscape of urban and periruban watersheds extends to the planning
and sustainable management of its natural resources (Rodriguez et al.,
2017,2019). According to Trombeta and Leal (2016), the hydrographic
basin as a management unit established by Law n° 9,433/97 (Brasil,

1997) requires the elaboration of a water resources plan based on the
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concept of landscape (landscape planning), which allows the proposi-
tion of rational strategies for the use and conservation of natural re-
sources, aiming at sustainable development (Trombeta and Leal, 2016;
Scholten et al., 2020).

In this sense, Pereira and Cestaro (2016) consider that even the cre-
ation of conservation units (CUs) — considered one of the best pres-
ervation strategies — tend to suffer the consequences of isolation over
time, becoming more susceptible to the effects of edge and adjacent
anthropic changes. Thus, the planning and management of watersheds
and their resilience capacity must consider network structures (CUs,
ecological trampolines and corridors, enrichment of buffer zones, land
use planning, and others) and not just the definition of areas unique
and isolated (Pereira and Cestaro, 2016).

Considering the variety of eco-hydrological distortions that can
permeate fragmented basins, one of the challenges for managers is to
identify those aspects of greatest importance and generality (Laurance
etal, 2018). This identification can be done through structural (related
to physical characteristics) and functional (possibilities of gene flow,
individuals and populations) analysis of landscape fragmentation, sup-
ported by landscape metrics, increasing the possibilities of efficiency
and effectiveness, as they reduce subjectivity in considering conflicts
and restrictions (existing and probable) and, consequently, in making
decisions (Rudnick et al., 2012).

However, Ruiz-Agudelo et al. (2020) indicate that the management
of Amazon watersheds presents yet another obstacle — the institution-
al and management instruments fragmentation, which have been par-
tially dissociated in the region. The State of Amazonas, for example,
reformulated its State Water Resources Policy in 2007, also instituting
its management instruments (Amazonas, 2020). However, only two of
the nine predicted instruments were implemented: in 2016, the grant-
ing of the right to use; and more recently the State Water Resources
Plan (Amazonas, 2020).

The State of Amazonas was the first in the North Region of Brazil
to create, in 2009, a watershed committee, the Taruma-Acu River Basin
Committee (Amazonas, 2020). However, more than ten years after its
creation, the respective basin plan has not yet been implemented. Ac-
cording to Scholten et al. (2020) and Trindade and Scheibe (2019), in
addition to the lack of technical, physical and financial support from
the States and the difficulty in articulating the various stakeholders, the
inefliciency and limitation of the decision-making capacity of commit-
tees is due to the lack of basins plans, the main management tool.

This whole context shows that the watershed management plan
must be based on the dynamics of occupation, use and anthropogenic
alteration of the pre-existing matrix, balancing the prospects for the
conservation of water resources and socioeconomic development, in-
creasing the chances of success and reducing negative risks. This re-
quires understanding and anticipating structural and/or functional
changes, as well as managing the system’s ability to reorganize and re-
cover (Scheffer et al., 2018).
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A multifactorial analysis of impacts on the watershed’s systemic
resilience potential, combining structural and functional connectivity
metrics in a Geographic Information System (GIS) environment consti-
tutes, according to Pereira and Cestaro (2016) and Rocha et al. (2018),
an important tool to assist managers in decision making, endowing
the choices with scientific and methodological rigor. Thus, studies in
this sense do not necessarily seek the indication of better and/or worse
alternatives for the resilience of socio-ecological systems, but illustrate
the potential and/or weaknesses of possible choices (Biggs et al., 2015;
Pereira and Cestaro, 2016; Ruiz-Agudelo et al., 2020).

Magnuszewski et al. (2015) ratify that management instruments,
such as river basin plans and/or land use planning in traditional ways,
do not apply to Amazonian landscapes. It is necessary to understand,
with the support of landscape metrics, the changes in structural and
functional patterns of forest fragmentation promoted by the complex
local biophysical, political and social context, and, with this holistic
perspective, proceed to elaborate and implement the management and
monitoring plan (Santos et al., 2019).

The construction of basin plans based on the recognition of the
spatial-functional interdependence between biophysical components
and social well-being makes it possible to design new management
arrangements for natural resources, which guarantee the provision
of environmental services and which increase the capacity for adapt-
ability and resilience of the remaining natural ecosystems (Garcia-
Mirquez et al., 2017; Stimson, 2017). In this sense, the present study
aimed to evaluate the potential implications of forest fragmentation
for the management of the Taruma-Agu River basin (TARB), based
on the characterization of the structural and functional patterns of

the landscape.
Materials and Methods

Study area

The TARB is located in the central region of the Amazon, on the
left bank of the Negro River, upstream of Manaus city; and it consti-
tutes one of the four large watersheds on which the capital of Amazo-
nas was built (Siqueira, 2019). With a total area of 137,273 hectares,
it is a fifth-order watershed, morphometrically wide, elongated and
few dissected and sinuous, which reduces the risk of flooding, but
favors the carrying of sediments and the appearance of erosion pro-
cesses, mainly in areas without vegetation cover (Costa et al., 2013)
(see Figure 1).

According to Antonio (2017), the climate is of the super humid
type, according to the De Martonne Index, with three months of mild
to moderate drought (July to September) and six months (December to
May) of higher humidity and rainfall; June and October are transition
months between periods. The mean annual temperature is 27°C, the
mean annual relative humidity is around 80%, and the annual rain-
fall varies from 1,900 to 3,500 mm (Costa et al., 2012; Laurance et al.,
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Figure 1 - Location of the Taruma-Agu River basin with distribution of forest remnants by size class.

2018), which are characteristic of tropical forests. According to Em-
brapa (2003) and Laurance et al. (2018), the vegetation in the TARB
region is predominantly Dense Rainforest, with canopy 30-37 m high
and emerging reaching 55 m. There is also an Open Rainforest, Period-
ically Flooded Alluvial Forest (Igapé Forest), Campinarana and areas of
ecological tension (secondary vegetation and agriculture).

Derived from the Alter do Chdo Formation, the basin soils are
classified as: Yellow Latosol in the plateaus; Red-yellow Podzolic on
the slopes; and Hydromorphic soils in the shallows (EMBRAPA, 2003).
The sandy-clay textures of the slopes, close to the shallows, and sandy
in the shallows also facilitate the occurrence of erosion in areas without
vegetation (PROAMBIENTE, 2002). Regarding land use, according to
Costa et al. (2012), it is an area of urban and agro-industrial expansion
that also has conservation units, agrarian settlement (Taruma-Mirim)
and traditional communities (riverine and Sateré-Mawé Inhambé and

Canico-Rouxinol indigenous peoples).

Structural and functional analysis of the landscape

To generate the forest fragmentation map (primary and sec-
ondary forest formations), we used the Landsat 8 OLI sensor image
(30 m resolution) of July 27, 2016, made available by the Nation-
al Institute for Space Research (in Portuguese: Instituto Nacional
de Pesquisas Espaciais - INPE). The image selection took into ac-
count the absence of cloud and/or shadow coverage over the study
area. For image processing, we used the SPRING 5.5.6 software
(IBGE, 2013).

In the pre-processing stage, we generated the compositions of the
scenes from the spectral bands 4 (red), 5 (near infrared) and 6 (medi-
um infrared), widely used in this type of mapping due to the different
spectral responses of the vegetation (Ribeiro et al., 2017). We used the
QGIS 3.4.5 software for stacking, clipping and false color composition
of the 456/RGB bands. Then, we proceeded to the forest area super-
vised classification, using the SPRING 5.5.6 software, according to the
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segmentation and classification regions of Bhattacharyya Method, 95%
acceptance (Ribeiro et al., 2017).

According to Oliveira et al. (2015), the planning and management of
territorial units based on landscape indexes/metrics requires the inter-
pretation of geostatistical maps, whose quality/accuracy is fundamental
for the correct analysis of the spatial pattern and fragmentation indexes.
In this sense, as adopted by Rusca et al. (2017), in post-processing, we
first verify the accuracy of the classification through the Kappa coeflicient
(K = 0.9861, calculated by SPRING), categorized by Landis and Koch
(1977) as perfect. Subsequently, for classification validation, we resampled
the data from georeferenced points distributed along the TARB according
to the conditions of accessibility (Jesus et al., 2015). Finally, we vectored
and quantified the thematic classes and set the final layout, following the
color chart of the Technical Manual for Land Use (IBGE, 2013).

Considering the specificities of fragmentation in the Amazon
(Briant et al., 2010; Numata and Cochrane, 2012; Haddad et al., 2015;
Sonter et al., 2017; Laurance et al., 2018; Lisboa et al., 2019; Santos
et al., 2019; Hansen et al., 2020; Ruiz-Agudelo et al., 2020), we dis-
tributed forest patches in five size classes, which were used in land-
scape analysis: < 10 ha (Class I), 10-100 ha (Class II), 100-500 ha
(Class III), 500-1,000 (Class IV) ha and > 1,000 ha (Class V), as
shown in Figure 1.

Following fragmentation studies in Amazonian environments (e.g.
Rusca et al., 2017; Lisboa et al., 2019; Santos et al., 2019; Andrade et al.,
2020; Castro et al., 2020; Duarte et al., 2020), we apply the metrics de-
scribed in Table 1 to characterize the structural and functional patterns
of the TARB landscape. The selection included metrics that, according
to Baranyi et al. (2011), Saura et al. (2011) and Zi6lkowska et al. (2014),

Table 1 - Landscape metrics selected for analysis of forest fragmentation in the Taruma-Acu River basin.

Area

Class Area CA ha

Occupancy percentage ZLAND %
Density and size

Number of Patches NUMP -

Mean Patch Size MPS ha

Patches Size Standard Deviation PSSD ha

Patches Size Variance Coeflicient PSCoV %
Edge

Total Edge TE m
Shape

Mean Shape Index MSI -

Area-Weighted Mean Shape Index AWMSI -
Core

Total Core Area TCA ha

Total Core Area Index TCAI %
Isolation

Mean Neighbor Near MNN m
Connectivity

Integral Connectivity Index IIC -

Probability of Connectivity PC -

Source: adapted from Jesus et al. (2015) and Thiago et al. (2020).

Total area of fragment patches by class.

Percentage of occupation of each class in relation to the landscape.

Number of patches in the landscape by class.
Mean size of forest patches by class.

Variation in the size of forest patches in relation to the mean of each
class.

PSSD/MPS ratio, in percentage, for each class.

Total length of the edges by class.

Circularity of the patches. The closer to 1 the value is, more circular

is the fragment.

Area-weighted MSI measure.

Total core area by class — reference edge for this study is 300 m
(Laurance et al., 2011, 2018).

Relative measure of core area.

Mean distances from the nearest neighbor at class level (between
patches) and in the landscape (between classes).

Degree of connectivity based on determined dispersion radius.

Probability dispersion of organisms among the fragments that make
up the landscape.
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present better performance and higher frequency of use in the evalua-
tion of structural and functional aspects of watersheds.

The isolation metric (Mean Neighbor Near (MNN)) measures the
inaccessibility of patches to migration from other fragments. Func-
tional indexes (Integral Connectivity Index (IIC) and Probability of
Connectivity (PC)), on the other hand, take distances from all possible
origins (patches) into account, being good predictors of colonization
events, especially in very fragmented landscapes (Ziolkowska et al.,
2014). According to Saura et al. (2011), when analyzed together, these
indices provide a more complete view of the potential for promoting
and/or maintaining connectivity, as they are based on spatial graphs
(Graph Theory) and on the concept of measuring habitat availability
(accessibility) on the landscape scale.

The Graph Theory considers the fragments as “nodes” and the
connections between them as borders, and allows evaluating a net-
work of patches (Gross et al., 2019). For this reason, it is a power-
ful way of representing complex landscape patterns with advanced
performance in the analysis of connectivity (Saura et al, 2011;
Zidlkowska et al., 2014). Accessibility measurement integrates the
connection resources existing inside the large fragments (intrapatch-
es) with those reachable through strong connections with other frag-
ments in the landscape (interpatches), or the combination of both
(Saura and Torné, 2012).

For the structural analysis of forest fragmentation in the TARB, we
used the free extensions Patch Grid (raster), for the metrics MNN and
Occupancy percentage (ZLAND), and Patch Analyst (shapefile) for the
others, both from ArcGIS 10.8 (Andrade et al., 2020). Functional met-
rics were calculated using the free software Conefor 2.6, designed as

a tool to support landscape planning and management through the

identification and prioritization of critical locations for ecological con-
nectivity (Saura and Torné, 2012).

Considering the results presented in the studies by Laurance et al.
(2011, 2018), which indicate limitations of 100-250 m for the disper-
sive process of some resident species (Euglossini bees, Scarabaeidae
beetles and some birds), we defined 100 m threshold for quantification
of functional connectivity indexes (Rusca et al., 2017). For the PC cal-
culation, we used the 0.05 probability that corresponds to the maxi-
mum possibility of dispersion between the nodes, following the one
applied by Zidlkowska et al. (2014). The statistical analyzes were pro-
cessed using the StatSoft Statistica 12.5 software.

Results and Discussion

The results of the structural metrics of the landscape of the TARB
are shown in Table 2. The mapping identified 683 forest fragments dis-
tributed in 5 size classes (as shown in Figure 1), which correspond to
66.50% of the total area of TARB. In the landscape context, the mean
patches size (MPS) was 133.66 ha, with the smallest fragment measur-
ing around 0.02 ha and the largest 28.092 ha, resulting in high standard
deviation values (Patches Size Standard Deviation (PSSD)) and varia-
tion coefficient (Patches Size Variance Coefficient (PSCoV)). This in-
formation suggests that despite being quite fragmented, the basin still
has good forest conservation potential, which, according to Oliveira
et al. (2015), facilitates the planning and management of conservation
and restoration actions.

Most of the remaining forest patches (NUMP = 553, or 80.97%)
belong to Class I, whose area is less than 10 ha (Table 2 and Fig-
ure 2A). The second most representative class in number of frag-
ments is Class IT (10-100 ha), which covers 102 fragments or 14.93%

Table 2 - Landscape metrics by size class of forest fragments in the Taruma-Agu River basin.

CA

ha 1,683.16 2,938.76

ZLAND % 1.84 3.22
NUMP - 553 102
MPS ha 3.04 28.81
PSSD ha 2.17 19.36
PSCoV % 71.24 67.20
TE m 10° 452.82 387.01
MSI - 1.37 2.00
AWMSI - 1.44 2.19
MNN m 482.33 502.56

Size classes

ot o Swedases
I O e O I N S

3,930.49 2,264.69 80,474.86
431 2.48 88.15
16 3 9
245.66 754.90 8,941.65
112.53 15.74 9,853.15
45.81 2.08 110.19
318.65 169.06 2,016.72
3.58 5.78 6.64
3.77 5.79 8.73
399.03 872.70 161.63

CA: class area; ZLAND: occupancy percentage; NUMP: number of patches; MPS: mean patch size; PSSD: patches size standard deviation; PSCoV:
patches size variance coefficient; TE: total edge; MSI: mean shape index; AWMSI: area-weighted mean shape index; MNN: mean neighbour near.
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Figure 2 - Number of fragments (NUMP) by size class and total area of forest patches in: (A) hectares - CA; and (B) percentage - ZLAND.

NUMP: number of patches; CA: class area; ZLAND: occupancy percentage.

of the total. However, these classes together account for only 5.06% of
all forest vegetation in the TARB (Figure 2B). This diagnosis converg-
es with the studies by Numata and Cochrane (2012), Haddad et al.
(2015) and Hansen et al. (2020), whose data showed an increase in
the number of fragments < 10 ha in Amazonian forests, where there
is a numerical predominance of patches smaller than 100 ha. Con-
cerning hydrographic basins as a territorial unit, several studies have
found similar results, both in the Amazon and in other biomes (Jesus
etal., 2015; Rusca etal., 2017; Rex et al., 2018; Lisboa et al., 2019; An-
drade et al., 2020; Cavalcante et al., 2020; Castro et al., 2020; Thiago
et al., 2020).

Although small fragments generally function as habitat sinks
(Odum and Barret, 2008) in very anthropized matrices — is the case of
the TARB low basin region — these scattered patches can function as
ecological “stepping stones” or connection points, facilitating the flow
of some species in the landscape (Saura et al., 2014; Andrade et al,,
2020). Managing strategies for these fragments should be considered
in watersheds management plans (Castro et al., 2020; Cavalcante et al.,
2020; Thiago et al.,, 2020), aiming at maintaining and/or increasing
connectivity with larger fragments. These, in turn, although in smaller
numbers (Class V: NUMP = 9), represent 88.15% of the forest areas
(Figure 2B), and function as sources for eco-hydrological processes,
standing out in importance for the resilience and sustainability capaci-
ty of the watershed landscape (Jesus et al., 2015).

Approximately 70% of the fragmentation is concentrated in the low
basin, the region most affected by anthropogenic uses (urbanization,
mining, agribusiness and tourism), even within the limits of conserva-
tion units (e.g. Taruma/Ponta Negra Environmental Protection Area).
Duarte et al. (2020) also recorded high rates of deforestation in CUs in
the lower Acre River, Western Amazon. These changes in land use and
coverage, plus the hyperdinamism of urban and periurban watersheds,

increase the vulnerability to sediment transport, and consequently to
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the occurrence of erosion and silting of stretches of the drainage net-
work (Serrao et al., 2019; Rocha and Lima, 2020).

AsJesus et al. (2015), the reduction of natural landscapes to small
patches is related to the economic land use. According to Farias et al.
(2018), Laurance et al. (2018), Cavalcante et al. (2020) and Duarte
etal. (2020), in Amazonian landscapes, this use is mainly agricultural
and often associated with rural settlements, even when overlapping
with CUs. This pattern is observed on left bank of the Taruma-Aqu
River and close to basin’s headwater, where fragmentation is notable
into areas corresponding to the Taruma-Mirim and Santo Ant6nio
settlements, respectively. In the low basin, since it is a periurban wa-
tershed, the main factor in transforming the natural landscape was
disordered urbanization.

The constructions of highways and opening of roads induces an-
thropic occupation and transforms the landscape (Gomes et al., 2019).
This is very common at TARB, for access to the settled communities
and the streams used for non-consumptive purposes of primary con-
tact (balneary). According to Khanna et al. (2017) and Spera et al.
(2016), such changes in forest cover impact the variability of precipita-
tion and discharges from river channels, especially in small watersheds.
If fragmentation occurs in Permanent Protection Areas (PPAs), suscep-
tibility to erosion and silting of water bodies increases, compromising
water quality (Silva et al., 2020).

Regarding the shape, the landscape mean index (Mean Shape In-
dex (MSI)) was 1.61, and, in the division by classes, while Class I pre-
sented more circular shapes, the Class V patches showed more irreg-
ular shapes (Figure 3). In the weighted analysis (Area-Weighted Mean
Shape Index (AWMSI)) the pattern remained. This concentration of
fragments in less complex shapes is evident in the dispersion analysis
(Figure 3B). Jesus et al. (2015), Rusca et al. (2017), Rex et al. (2018) and
Thiago et al. (2020) found similar results in the shape/area relationship

of the fragments when studying urban and periurban basins.
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Figure 3 - (A) Circularity indexes (MSI e AWMSI), and (B) dispersion of forest fragments in relation to area (CA) and shape (MSI) values -

confidence interval 0.95.

MSI: mean shape index; AWMSI: area-weighted mean shape index; CA: class area.

Fragments with more irregular shapes (MSI > 2) indicate greater
border area and smaller core. Thus, in addition to size, shape is another
aspect that influences the vulnerability of the patch to different edge
effects and other external instabilities (Numata and Cochrane, 2012;
Laurance et al., 2018). In this sense, there was a higher total value of
edge length (Total Edge (TE)) for the class of the largest fragments.
Class IV had the lowest TE, which is justified by the low class area
(CA) and ZLAND. The mean edge length at TARB landscape was
668.85 10° m.

According to Thiago et al. (2020), the large amount of edge area
favors the generalist, predators and invasive parasites species develop-
ment, which act mainly on the edges of the fragments. Laurance et al.
(2011, 2018) emphasize that the edge effects are among the most im-
portant vectors of temporal-flow changes in fragmented watersheds
in the Central Amazon, due to the desiccant effects of clearings on
low-level atmospheric circulation, impacting the clouds formation and
local precipitation, raising its susceptibility to the vicissitudes of an-
thropic transformations and fires.

The studies by Laurance et al. (2011, 2018) about fragments of
Central Amazonia suggest that the edge effects can reach from 10
to 300 m towards the interior of the patches, and the wider the edge
(> 60 m), the greater susceptibility to hydroclimatic alteration effects.
For this reason, Lisboa et al. (2019), Cavalcante et al. (2020) and Thia-
go et al. (2020) are unanimous in considering the core metrics (Total
Core Area (TCA) and Total Core Area Index (TCAI)) as measures of
habitat quality, since they indicate the effective habitat availability into
fragments, that is, where there is no subjection to edge effect.

Thus, Figure 4 expresses the influence of three distinct ranges of
the edge over the Taruma-Agu basin core patches, by size class, weigh-
ing the thresholds suggested by Laurance et al. (2011, 2018): minimum

width of 10 m and maximum of 300 m, and an intermediate edge of
150 m. It is observed that even the smallest border width (10 m) al-
ready represents, approximately, 25% of the Class I fragments total
area. However, in this scenario, the TCAI of the basin landscape is still
96.76%. Considering the wider edges (150 and 300 m), it is possible to
verify that the smallest class does not have core area availability, and
only 69.74% and 49.99% of Class V is equivalent to the core, respec-
tively. From this perspective, 31.03% and 50.25% of TARB’s forest areas
correspond to edge.

These results are in agreement with the work of Haddad et al.
(2015) and Numata and Cochrane (2012), whose analysis of frag-
mentation in the Amazon found that the forest areas subject to
the edge effects were already larger than the total deforested areas,
and this proportion has been increasing due to anthropic transfor-
mations. Lisboa et al. (2019) and Cavalcante et al. (2020) recorded
similar patterns in Sdo Félix do Xingu, Para, and at the Belém Ende-
mism Center, between the States of Pard and Maranhdo, suggesting
the worsening of the quality of the remaining patches and the greater
fragility of the landscape.

As for the degree of isolation (MNN), the fragments with more than
1,000 ha (Class V) had the shortest average distance from the nearest
neighbor (161.63 m), reinforcing their potential function as main-
tainers of the watershed’s eco-hydrological dynamics. Patches with
area 500-1,000 ha (Class IV) have the highest intraclass insulation
(872.70 m). In the TARB landscape assessment, the mean distancing of
the fragments was 470.40 m. The registered MNN values suggest, based
on Lisboa et al. (2019) and Cavalcante et al. (2020), positive aggrega-
tion from the perspective of environmental restoration, and, according
to Thiago et al. (2020), confirms the importance of small fragments as

connecting elements.
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Figure 4 - Comparative simulation between available habitat (core) in hectares (TCA) and percentage (TCAI), and the number of

fragments (NUMP) by size class for edges of 10, 150 and 300 m.

TCA: total core area; TCAL total core area index; NUMP: number of patches.

According to Leite et al. (2013), this positive aggregation derives
from the high density of forest fragments, which can facilitate biologi-
cal flows across the landscape, especially for groups with less mobility
(Crouzeilles and Curran, 2016). Radford and Bennett (2007) add that
this would increase the structural landscape connectivity, supporting
larger populations, but it does not compensate for the reduced ex-
tension of available habitats. In other words, it is necessary to think
about management strategies that use this aggregation of forest frag-
ments to improve the connectivity of the basin’s landscape, increas-
ing matrix permeability. Especially in the low basin, the creation of
habitat networks, amalgamation of discrete patches, trampolines, for
example, would facilitate mobility and increase recolonization rates,
making the fragments smaller nuclei of regeneration (Crouzeilles
and Curran, 2016), and potentiating the effects of restoration actions
in time and space (Antongiovanni and Metzger, 2005). The benefits
can still involve minimizing costs, since the natural process of plant
succession could be in charge of reestablishing ecosystem processes
(Chazdon et al., 2017).
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As indicated by Silva et al. (2020) for the Apet River basin (Pard),
the isolation of TARB fragments was greater in the region where ur-
banization was consolidated (low basin). It should be noted that an
anthropic matrix added to the isolation enhances the fragmentation
effects and reduces the resilience capacity of natural patches (Jesus
et al,, 2015). Thus, watershed management strategies should consider
the possibility of increasing size of urban fragments and/or enriching
the buffer zones, using fast-growing native forest species, helping to
support connectivity (Jesus et al., 2015; Brasil, 2017).

In general, larger fragments were more important for the connec-
tivity of the Taruma-Agqu basin landscape, according to both indexes
evaluated — IIC and PC, especially the large patches located in the
headwater (Figures 5 and 6). The connectivity indexes were grouped
according to the Jenks Optimization Method, also known as “natural
breaks”, whose principle is to minimize the differences between the
values arranged in the same class and to maximize the differences be-
tween the classes; in addition to being suitable for application in choro-

pleth maps, its use is standard in GIS (Ramos et al., 2016).
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Figure 5 - Variation values of connectivity of the Taruma-Acu basin fragments (based on 100 m dispersion threshold) by size class,
according to: (A) Integral Connectivity Index; (B) Probability of Connectivity. The columns show the mean and the variation of the indexes,
while the asterisks and circles indicate outliers and very discrepant values, respectively.

Figure 6 - Classification of remaining forest patches in the Taruma-Agqu River basin under 100 m dispersion threshold, based on the
importance for connectivity determined by the Integral Connectivity Index (IIC) and the Probability of Connectivity (PC).
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The results make it evident that most areas with high potential for
functional connectivity are outside the limits of the CUs, while those
patches with low values of IIC and PC are within protected areas.
It is also clear the importance of the Adolpho Ducke Forest Reserve
for maintaining connectivity, especially in the low basin. Barber et al.
(2014), Castro et al. (2020) and Duarte et al. (2020) warn that protected
areas play a fundamental role in the sustainability of the Amazon frag-
mented landscapes. However, the authors attribute good results to the
existence of the respective management plans, and even more to the ef-
fectiveness of the inspection actions.

Andrade et al. (2020) and Silva et al. (2020) underscore the impor-
tance of connectivity as a way of promoting key ecosystem services for
water and soil conservation in watersheds. Therefore, the planning and
management of conservation and recovery strategies for connectivi-
ty in small basins, such as TARB, where the impacts of fragmentation
on environmental services (crop pollination, pest control, erosion and
silting of water bodies, etc.) are felt more directly should be a priority
(Haddad et al., 2015).

As recorded by Castro et al. (2020) in the Xingu Endemism Area,
the conflict of interests and the potential for exploiting varied natu-
ral resources (water, forests, soils, non-metallic minerals) shaped the
occupation and transformation of the Taruma-Agu basin landscape.
The impacts of forest cover loss are possibly aggravated by reducing
fragment size, creating edges and reducing connectivity (structural and
functional). In addition, there is a lack of governance, integrated poli-
cies and management instruments, such as the watershed plan and the
CUs management plans.

It was seen that the creation of individual conservation units did
not bring the expected collective benefit to TARB. Thus, the planning
and use of network strategies can present better results for Taruma-Aqu
basin landscape conservation/restoration. As proposed by Haddad
etal. (2015) and Castro et al. (2020), these strategies can initially focus
on prioritizing the protection of those fragments with high connectiv-
ity potential (IIC and PC), which are not protected; the enrichment of
buffer zones of small fragments with fast growing native species in the
low course, due to the urban use already consolidated in this region;
and effective land use planning.

Whatever the plan, its implementation and effectiveness will
depend, above all, on the articulation capacity of the basin com-

mittee, responsible for promoting dialogue between the various

stakeholders, trying to balance management, socioeconomic devel-
opment and natural biophysical aspects of the basin’s landscape, as
stated Lima and Garcez (2017) and Trindade and Scheibe (2019).
These aspects are interdependent and mutually influential when it
comes to the planning and management of urban and periurban
watersheds, and, although complex, this integration must start from
the assumption of the forest-water relationship transversality (Di-
niz et al., 2020).

Conclusions

The TARB is very fragmented with a higher degree of forest
degradation in the low basin, including protected areas except the
Adolpho Ducke Forest Reserve, although it still has good vegeta-
tion conservation potential. The headwater region, in turn, has the
largest size and core area amount fragments, in addition to high
structural and functional connectivity, which are fundamental for
the natural resources and basin’s landscape sustainability, however it
is not under protection.

The small fragments of the low basin, despite the greater vulner-
ability to edge effects and anthropogenic pressures, and reduced po-
tential for functional connectivity, present physical isolation values
close to landscape mean value, indicating their potential role as a
link between larger patches, functioning as connection elements and
requiring equal attention from watershed and UCs managers. In the
urban context, well-planned and executed landscape measures, using
fast-growing native species, can help in the process of maintaining
TARB’s ecosystem services.

The present characterization of structural and functional pat-
terns of the Tarumi-Aqu basin landscape offers important subsidies
to elaboration of the management plan and to definition of the forest
remnants conservation and restoration strategies, indicating priori-
ty areas for the implementation of these actions from production of
unprecedented data on forest fragmentation in the TARB’s context.
The management of the basin’s natural landscape needs to envision
mitigating the impacts of human transformations, which, in this
context, are numerous (and inevitable, from the perspective of socio-
economic development). This should help to support the eco-hydro-
logical dynamics responsible for water resources, soils, biodiversity
sustainability and, therefore, for the very economic and social activi-
ties that occur into the TARB.
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Metals bioremediation potential using Pseudokirchneriella subcapitata
Potencial de biorremediacao de metais pela microalga Pseudokirchneriella subcapitata

Ménica Ansilago® ¥, Franciéli Ottonelli’

ABSTRACT

, Emerson Machado de Carvalho?

RESUMO

Microalgae are unicellular organisms, photosynthesizers that present
cell duplication exponentially and biosorption capacity of nutrients
dissolved in water. The objective of this work was to evaluate the capacity
of the microalga Pseudokirchneriella subcapitata for bioremediation of
metals and salts. In this aspect, the reduction of the metals and salts in
the synthetic effluents by the microalga P. subcapitata was evaluated:
(T1) culture medium (control); (T2) culture medium contaminated
with aluminum chloride; (T3) culture medium contaminated with
ferrous sulfate; (T4) culture medium contaminated with zinc sulfate;
(T5) culture medium contaminated with the combination of aluminum
chloride, ferrous sulfate and zinc sulfate. The bioremediation process
was evaluated by comparing culture media with suspended microalgae
to a filtrate version of the same medium. Iron and zinc metals, as
well as nitrogen and phosphorus salts, showed depleted values in
the filtered medium, indicating efficiency in the treatment of water
by microalgae. Aluminum content was below the limit of detection
in all treatments. The cumulative values in the microalgae biomass
were, in descending order: nitrogen, zinc, iron and phosphorus, thus
indicating the assimilation of the contaminants in the algal biomass.
In addition, high biomass production of the microalgae was observed.
The highest production rate was verified in the synthetic effluent with
the association of metals, indicating a synergy between contaminants,
which was probably responsible for reducing the toxic effect on the
microalgae. These results indicated high potential for bioremediation
by microalga P. subcapitata, besides the possibility of using algal
biomass for biotechnological applications.

Keywords: adsorption; biosorption; Chlorophyceae; contaminants.

As microalgas sdo organismos unicelulares, fotossintetizadores, que
apresentam duplicagdo celular exponencial e capacidade de biossor¢édo
de nutrientes dissolvidos na agua. O objetivo deste trabalho foi avaliar
a capacidade de biorremediacdo de metais e sais pela microalga
Pseudokirchneriella subcapitata. Nesse aspecto, avaliou-se a redugdo
de metais e sais nos efluentes sintéticos pelas microalgas P. subcapitata:
(T1) meio de cultura (controle); (T2) meio de cultura contaminado com
cloreto de aluminio; (T3) meio de cultura contaminado com sulfato
ferroso; (T4) meio de cultura contaminado com sulfato de zinco; (T5)
meio de cultura contaminado com a combinagdo de cloreto de aluminio,
sulfato ferroso e sulfato de zinco. O processo de biorremediagdo foi
avaliado comparando o meio de cultura com microalgas em suspensao
e 0 mesmo meio filtrado. Metais de ferro e zinco, assim como sais de
nitrogénio e fosforo, apresentaram valores esgotados no meio filtrado,
indicando eficiéncia no tratamento da dgua por microalgas. O teor de
aluminio ficou abaixo do limite de detec¢do em todos os tratamentos.
Os valores acumulados na biomassa de microalgas, em ordem
decrescente, foram nitrogénio, zinco, ferro e fésforo, indicando assim
a assimilagdo dos contaminantes na biomassa de algas. Além disso, foi
observada alta produgdo de biomassa das microalgas. A maior taxa de
produgdo foi verificada no efluente sintético com a associagdo de metais,
indicando sinergia entre contaminantes, provavelmente responsavel
pela redugdo do efeito toxico nas microalgas. Esses resultados indicaram
alto potencial de biorremediagdo pela microalga P. subcapitata,
além da possibilidade de utilizagdo de biomassa de microalgas para
aplicagbes biotecnoldgicas.

Palavras-chave: adsor¢do; biossorgdo; Chlorophyceae; contaminantes.
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Introduction

Population growth and the development of new production
technologies generate continuous environmental impacts. In this
scenario, there is a possibility of increasing concentration of con-
taminants in wastewater, which would require adequate treatment
for these effluents (Mahapatra et al., 2014), with the goal of reduc-
ing environmental impacts. These contaminants may present a wide
variety of organic and inorganic materials, including toxic metals
that pose high risks to aquatic environments (Carvalho et al., 2012;
Zhang et al., 2016).

In order to reduce the amount of contaminants in wastewater,
conventional measures have been adopted, but these are often un-
sustainable from an environmental, economic and energetic point
of view. Thus, there is great interest in the use of microorganisms/
biological materials in effluent treatment processes, due to econom-
ic feasibility and low risk to the environment. The use of microor-
ganisms in bioremediation processes is considered a clean and sus-
tainable technology. In addition, this technique makes it possible to
recycle nutrients efficiently and add value to the biomass produced
(Ramachandra et al., 2013).

Microalgae have high applicability in the field of biotechnology,
due to the high rate of biomass production and higher growth tenden-
cy (two to ten times) in relation to terrestrial plants. Consequently, the
ability of these organisms to absorb solar energy increases the fixation
of CO, by their metabolism (Priyadarshani and Rath, 2012; Sathasiv-
am et al., 2019), and it can increase the production of carbohydrates,
proteins, amino acids, lipids and other compounds of interest in algal
biomass. Data from the literature suggests high efficiency in the use
of microalgae for the reduction of contaminants resulting to effluent
treatment. It is possible to observe representative values in the remov-
al of mineral salts (Leong et al., 2018; Mohammadi et al., 2018; Rid-
ley et al., 2018; Saavedra et al., 2018), metals (Peng et al., 2017; Saavedra
et al,, 2018; Shen et al., 2018), pesticides (Gonzalez et al., 2012), phar-
maceutical compounds (Escapa et al., 2017), oils (Ammar et al., 2018),
among others.

Microalgae have been noted for producing lipids (Abdelaziz et al.,
2014), proteins, carbohydrates, pigments and carotenoids (-carotene,
lutein, chlorophyll, etc.), vitamins (A, B1, B6, folic acid, etc.), antiox-
idants (catalases, polyphenols, etc.) and other interesting molecules.
These bioactive compounds are essential inputs for the food, pharma-
ceutical and cosmetic industries. In addition, they are an energy source
(Priyadarshani and Rath, 2012) and present high market value due to
the low costs of the production process. In this strategy, it is possible
to use the organism for production of bioactive compounds and sur-
factants, for different uses in biofuels, biofertilizers, biopolymers, bio-
films, among many others (Carvalho et al., 2012; Schmitz et al., 2012;
Gouveia et al., 2016).

Some factors are important to regulate the kinetics growth of mi-
croalgae and contribute with high production of algal biomass; for

224

instance, the concentration of nutrients present in the medium, the
luminosity and the temperature (Carvalho et al., 2012; Wang et al,,
2014; Ansilago et al., 2016). Currently, one of the major obstacles in
the production of industrial scale microalgae lies in the high cost of
culture medium. An alternative culture medium that has been widely
used is chemical fertilizer based in nitrogen, phosphorus and potassi-
um (NPK), due to the high concentrations of micro and macronutri-
ents. Besides, it presents low cost, availability in the market and facility
in the preparation of culture medium (Sipauba-Tavares et al., 2009;
Carvalho et al,, 2012; Ansilago et al., 2016). In order for it to become
even more economically attractive, it is necessary to add value to the
cultivation process.

Different species of microalgae were used in wastewater treat-
ment processes. Leong et al. (2018) obtained results of removal of
up to 98% of nitrogen in domestic effluent using the microalga
Chlorella vulgaris. Saavedra et al. (2018) tested the removal of met-
als in effluent, obtaining efficiency in manganese (99.4%), arsenic
(40.7%), barium (38.6%), zinc (91.90) and copper (88%) removal,
using the microalgae C. vulgaris, Scendesmus almeriensis and Chlo-
rophyceae spp. The microalga C. vulgaris was also used for mercu-
ry bioremediation, obtaining removal values of 62.85 and 94.74%
(Peng et al., 2017).

The species Pseudokirchneriella subcapitata has been reported in
nutrient removal studies concerning elements such as nitrogen and
phosphorus (Gongalves et al., 2016), as well as in toxicity studies on
media containing toxic metals (Gao et al., 2016; Sousa et al., 2018). It is
a half moon-shaped, single-celled green algae, with a single chloroplast
containing chlorophyll a and b (Granados et al., 2008). This microalga
has been used in biotechnological trials to evaluate its tolerance and
production under conditions of contamination by toxic metals (Lima,
2010; Carvalho et al,, 2012). The data obtained is indicative of the po-
tential of P. subcapitata in the complementary treatment of domestic or
industrial wastewater.

Although the microalga P. subcapitata presents desirable charac-
teristics for wastewater bioremediation, experiments in controlled en-
vironments are still needed to evaluate its ability to remove nutrients of
water, whether salts and/or metals, as well as to evaluate the production
of algal biomass in liquid media substrates with the presence of con-
taminants. For this purpose, the objective of this study was to evaluate
the bioremediation capacity of metals and salts by P. subcapitata mi-
croalgae in laboratory culture.

Materials and Methods

The P. subcapitata inoculum was obtained from the Laboratory
of Algae Physiology at Universidade Federal de Sao Carlos (UFS-
Car), isolated from the Broa Dam (Sao Carlos, SP, Brazil). The mi-
croalga was cultured and maintained in standard medium CHU ,
(Chu, 1942) in the laboratory of the Center for Biodiversity Re-
search (CPBio) at Universidade Estadual de Mato Grosso do Sul
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(UEMS/Dourados, MS, Brazil). The cultivation system was static
nonaxenic, with constant aeration and room temperature (22 +
2.0°C). The tests were maintained in a BOD incubator with photo-
period control of 2,500 LUX provided by white fluorescent lamps
(12 h light/ 12 h dark).

The culture medium of the microalgae was prepared by adding 1
mL of NPK stock solution to 1 liter of distilled water that was auto-
claved at 120°C for 20 minutes (e.g., Ansilago et al., 2016). The NPK
stock solution was prepared with 0.70 gL' of chemical fertilizer N:P:K
(20-5-20 gL), according to Sipauba-Tavares and Rocha (1993) and
Carvalho et al. (2012). The rates of daily growth were obtained by
Equation 1:

(N -N)/T (1)

Where:

N, = the algal density value at the desired sample time (number of
microalgae cells);

N, = the algal density value at the initial time of the experiment
(number of microalgae cells);

T = the desired sample time (days).

The elaboration of each treatment is described in Table 1. Treat-
ments were performed in triplicate. The value used from each contam-
inant was established based on the limit allowed by CONAMA’s Reso-
lution n° 357/2005 (Brasil, 2005), which was doubled.

For the metal analysis, 100 mL was collected from each Erlenmey-
er flask at the beginning of the test (day 1) and at the end of the test
(day 21). On day 1, the sample was collected before insertion of P. sub-
capitata. On the last day of the test, the samples were divided into two
equal fractions: one filtered (Whatman microfiber filter, chemically
inert, with porosity of 0.45 uM) and another unfiltered (Figure 1), in
order to get the Percentage of nutrient removal (% R) between suspen-
sion medium and filtered medium on day 21.

The analysis of metals (zinc, aluminum and iron) was determined

by flame atomic absorption spectrometry techniques, EAA-flame, ac-

cording to Welz and Sperling (1999). The total phosphorus analyzes
were read by visible ultraviolet spectroscopy, UV-VIS, according to
Soares et al. (2001). For the total nitrogen analyses, the Kjeldhal micro-
distillation technique was used, as described in Mantovani et al. (2005),
and then titrated by sodium hydroxide (NaOH); subsequently, the val-
ue consumed was converted to mg L' of mineral nitrogen, according
to Tedesco et al. (1995).

To evaluate the potential bioremediation in each treatment,
the concentration values of each nutrient (mg L') were compared
in the microalgae suspension samples and in the filtered samples.
For this, the percentage of removal was used through Equation 2:

“=Ce (100)

%R ===
0

2

Where:

C,and C_ = the concentrations of nutrients in the liquid phase
(mg L') on the 21 day, when microalgae reach the stationary
phase of growth, in the suspended material and in the filtrate one, re-
spectively. The data was evaluated via analysis of variance (ANOVA)
and Tukey’s test, in the statistical program GENES, version DOS and
Visual Basic 5.0.

The chemical soil analysis manual of the Parana Agronom-
ic Institute (Pavan et al., 1992) was used as methodology for the
analyses. The laboratory analyses were performed in the Labora-
tory of Environmental and Instrumental Chemistry at Universi-
dade Estadual do Oeste do Parana (Unioeste), Marechal Candido
Rondon, PR, Brazil.

Results and Discussion

To evaluate the bioremediation potential of the P. subcapitata mi-
croalgae, the capacities of production in the contaminated medium
and removal of contaminants were considered.

The daily growth rate of P. subcapitata indicated that the treat-
ment contaminated with aluminum, iron and zinc simultaneously
(T5) showed the best algal biomass doubling rate. In addition to the

control, this treatment was significantly superior to the other treat-

Table 1 - Composition of treatments used to evaluate microalgae bioremediation by P. subcapitata.

Treatments Adw NPK MPs
T1 400 50 50 - - -

T2 400 50
T3 400 50
T4 400 50
T5 400 50

50
50
50
50

0.32 - -
- 0.32 -
0.6
0.6

0.32 0.32

Adw: autoclaved distilled water (mL); NPK: cultivation medium with nitrogen, phosphorus and potassium 20-5-20 g L, respectively (mL); MPs:
inoculum with the microalgae P. subcapitata (mL); contaminants: synthetic effluent based on aluminum chloride (AICL,), iron sulphate (FeSO,) and

zinc sulphate (ZnSO,) (g L').
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ments in the final period of the experiment (21* day of experiment).
Treatments contaminated only with aluminum (T2), iron (T3) or
zinc (T5) showed significantly lower growth rates than control over
almost the entire experimental period (Table 2).

Table 2 also shows the analyses resulting from growth curves of
P. subcapitata. The analysis of the algal growth curves by the covari-
ance analysis indicated that there was no significant difference be-

tween the control and the treatment contaminated with aluminum,

iron and zinc simultaneously (T5), corroborating the observations
mentioned above. The exponential growth rate (K) indicated better
productivity for treatment contaminated simultaneously with the
metals and for control, while treatment with zinc contamination
presented poor performance. The specific growth rate (Wmax) also
indicated satisfactory production values for control and treatment
contaminated with metals simultaneously, as well as treatment con-

taminated only with iron (T3).

Figure 1 - Schematization of the methodology used for analysis of metals and salts present in microalgae in suspension and filtered culture medium.
FAAS: Flame Atomic Absorption Spectrometry; UV-VIS: ultraviolet-visible spectrophotometry.

Table 2 - Analysis of variance (ANOVA) of the daily growth rate of P. subcapitata microalgae (mean + standard error) of (T1) culture
medium (control); (T2) culture medium contaminated with aluminum chloride; (T3) culture medium contaminated with ferrous sulfate;
(T4) culture medium contaminated with zinc sulfate; (T5) culture medium contaminated with the combination of aluminum chloride,
ferrous sulfate and zinc sulfate, in each sampling period, followed by analysis of covariance (Ancova), exponential growth rate (k) and

specific maximum growth (umax) of the 21 days of experiment*.

Anova

Treatments

| > | uw [ = [ © | u | |

3nd 11.1 <0.05 4.8a=%0.16 -3.4c¢+0.83 -2.1c%0.61 0.1 b+0.55 -2.2¢+0.52
6 53.4 <0.05 22b=*0.37 23b=£0.19 0.1c+0.43 0.4c+0.33 48a10.23
gt 13.5 <0.05 6.0ax0.16 1.9b+0.1 1.1b£0.54 -2.0cx0.16 2.2b+0.25
12 43.4 < 0.05 3.2ab+0.06 2.4b+0.45 0.2c+0.22 0.3c+0.12 4.0a=+0.31
15t 48.0 <0.05 3.0at0.47 0.3c¢*0.38 1.2bc%0.13 0.5c+0.10 2.3 ab+0.09
18h 71.5 <0.05 2.2ab£0.35 2.3ab+0.25 1.6b+0.17 0.0+0.19 3.3ax0.20
21 99.3 < 0.05 4.6ax0.28 2.9b £0.009 1.4c£0.25 1.0 c£0.04 5.3a%£0.19
Ancova 14.19 < 0.001 AB BC BC C A

k 0,19 0,13 0,10 0,051 0,24
umax 0,91 0,69 0,89 0,50 0,90

*Analysis of variance at 95% confidence followed by Tukey’s test, represented by lowercase letters in comparison in the lines, where equal letters in-
dicate statistically equal means and different letters have statistically different means between them. Analysis of covariance in the algal growth curve
at 99% reliability, where upper case letters indicate statistically equal means, and different letters have statistically different means between them.

RBCIAMB | v.56 | n.2 | Jun 2021 | 223-231 - ISSN 2176-9478



Metals bioremediation potential using Pseudokirchneriella subcapitata

It was verified, however, that the growth curves of the algal bio-
mass have an exponential behavior only for the medium without
contaminant (control) and for the medium contaminated with all
the metals simultaneously. It has been observed that all trace ele-
ments, even those with biological function, such as zinc, when in
higher concentrations, can cause toxicity to organisms. On the oth-
er hand, the treatment contaminated with aluminum, iron and zinc
(T5) presented the best production, superior even to the control
one. In this case, it is possible to observe an antagonistic dynamic,
in which the effect of zinc on the exposure of other chemicals, such
as iron and aluminum, resulted in the reduction of its toxic effect
to microalgae, bringing about effects different from those expected
for the action of contaminants alone, which result from synergistic,
potentiation, antagonistic and additive interactions (Mozeto and
Zagato, 2008).

Another important factor to be analysed in the production of
microalgae and in the process of contaminant bioremediation is
the monitoring of the pH of the culture medium. It is observed in
Figure 2 that zinc and iron contamination raised the pH of the cul-
ture medium. However, a pH buffering in the culture medium is
observed on the 3™ day of experiment. It is possible to verify the
extent to which microalgae absorbed nutrients from the medium,
carried out chemical reactions and excreted residues, tending to al-
ter its acid-base balance, which can be verified by pH fluctuation.
Carvalho et al. (2012) observed that the microalga P. subcapitata
had considerable growth in an acidic medium, even playing a role

in capping the medium.

The increase in density of the algal biomass increases the fixa-
tion of CO, through photosynthesis, providing greater dissociation
of carbonate (CO,?) and bicarbonates (HCO,) ions, which induces
the removal of carbonic acid, and may even precipitate metals in the
form of carbonates, followed by the release of OH" ions for the neu-
tralization of the medium (Mota and Von Sperling, 2009; Gardner
et al, 2011). All these chemical reactions may explain the increase
and subsequent stabilization of pH in all treatments.

Table 3 presents the percentage of removal of metals and salts

during the process of biomass production of the microalgae P.

Figure 2 - Ionic potential of hydrogen in culture media used for
the production of P. subcapitata.

Table 3 - Percentage of nutrient removal (% R) between suspension medium and filtered medium on day 21 of experiment (mean *

standard error).

39.75+ 1,1
T2 -8.7¢+ 18,7 <LD
T3 75.34%3,4 <LD
T4 -16.9€+ 18,7 <LD
T5 27.35+£6.9 <LD
P <0.05 -
F 84.10 =

-600.1¢ £ 98,1 7894 £ 1.6 19.6™ = 0.9
-433.3°£ 38,5 21.9£3,4 9.2+ 1,1
-183.35¢ £ 67.3 6.9° 4.0 17.5+3.7
-46.6° + 81.3 46.0°* 1.6 12.8™+4.3
88,94+ 1,8 57.2+0.9 13.4~+3.8
<0.05 <0.05 0.25
11.41 121.50 1.59

T1: control - no contaminants; T2: treatment contaminated with aluminum; T3: treatment contaminated with iron; T4: treatment contaminated
with zinc; T5: treatment contaminated with aluminum + iron + zinc; < LD: elements that have an absorbance value below the detection limit.
The analysis of variance (p < 0.05) was performed, followed by Tukey’s test in comparison with the lines, where the same letters indicate statistically

equal means and different letters present statistically different means.
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subcapitata adsorbed or (bio)sorbed by microalgae. In the anal-
ysis of the iron content in the culture medium, values of remov-
al were significantly higher in treatment contaminated with iron
(T3), followed by control (T1) and treatment contaminated by all
metals simultaneously (T5). Thus, it is possible to infer that the

microalgae is able to adsorb or (bio)sorb iron from the medium,

even in high concentrations. The capture of metal ions involves
some biosorption mechanisms, which are based on ion exchange,
coordination, complexation, adsorption and chemical precipita-
tion (Silva et al., 2013).

The results of the aluminum analysis in the medium were be-
low the limit of detection in all treatments, rendering the biore-

Table 4 - Compilation of studies in bioremediation using different microalgae.

Oocystis sp.
Chorella sp.

Scenedesmus intermedius

Chlorella vulgaris

Chlorella vulgaris

Scenedesmus almeriensis

Chlorophyceae spp.

Chlorella vulgaris

Nannochloropsis oculata

Isochrysis galbana

Phaeodactylum tricornutum

Chlorella sp.

Chlorella sorokiniana

Biomass production and

sulfate removal

Adaptation and removal of

lindane

Simultaneous cultivation
with activated sludge for
bioremediation and lipid

production

Absorption of arsenic,
boron, copper, manganese
and zinc from water by
different

green microalgae

Bioremediation of mercury

by mineralized microalgae

Qil removal and Chemical
oxygen demand (COD)

Growth capacity in nitrate-
containing medium

Efficiency in removal of

cadmium

Response of microalgae
to high concentrations
of paracetamol (PC) and
salicylic acid (AS)

Effluent from

power plant

BGI11

Domestic effluent

Synthetic medium

based on the water

composition of the
Loa river (Chile).

Blue green
medium (BG11)
contaminating
with mercury

Qil effluent

Modified F/2
medium

Immobilization
in pellets derived
from a complex
of the botanical

genus Eichhornia

Mann and Myers
Medium

Removal of up to 32% sulfate
Biomass production of 50 mg L™

Resistance by rare mutations after
exposure period up to 40 mg L
subsequent removal by up to 99%

of lindane

Removal of up to 98% of
nitrogen;
lipid yield up to 130 mg L™
Removal of 99.4% for manganese

40.7% for arsenic
38.6% for boron

91.9% for zinc

88% for copper

Removal of mercury from 62.85%
to 94.74%

Removal up to 89% of oil and up
to 90% of COD

Removal of up to 82% of oil and
up to 83% of COD

Removal of up to 1700 mg L' of

nitrate in 100 L bioreactor

Removal up to 92.45% cadmium

Removal up to 69% for PC and
up to 98% for AS

Mohammadi et al.
(2018)

Gonzalez et al. (2012)

Leong et al. (2018)

Saavedra et al. (2018)

Peng et al. (2017)

Ammar et al. (2018)

Ridley et al. (2018)

Shen et al. (2018)

Escapa et al. (2017)
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mediation process inconclusive. However, it is possible that alu-
minum is able to associate with other elements present, making
the reading by the method adopted inefficient.

The percentage of zinc removal was effective only in the
treatment contaminated with all metals (T5), which showed a
reduction of almost 90%. Other treatments, including treatment
contaminated with only zinc (T4), had negative removal values.
Gao et al. (2016) observed, in their study with P. subcaptata, an
elevation of zinc, without toxic potential, in the microalgae with
greater exposure to phosphorus, due to potentially induced by
Zn-P complexation or precipitation inside the cell. Saavedra
et al. (2018) also observed removal of up to 91.9% for zinc in a
study carried out with microalgae of the class Chlorophyceae. Oth-
er studies indicate that dead algae biomass may be even more ef-
ficient at retaining and accumulating metal elements than living
cells and tissues (e.g., Cossich, 2000). This process occurs due to
the changes in the nature of the cell surface because of the absence
of active transport of the dead microalgae, causing better adsorp-
tion of metals efficiency by the algal biomass.

The removal of nitrogen in the culture medium was signifi-
cantly higher in the control (T1). The value of phosphorus remov-
al was also higher in the control, but it did not differ significantly
from the previous treatments. It was possible to observe that, in
treatments contaminated with metals, the biosorption or adsorp-
tion of salts of nitrogen and phosphorus was low. The maximum
reduction value recorded was 78.9% for nitrogen and 19.6% for
phosphorus, all in the control treatment. This fact may have re-
sulted from the Redfield ratio (C H, O, N, P), which means
that algae, on average, demand 16 times more nitrogen than phos-
phorus (Redfield, 1958; Sperling, 2001). In a study by Wang et al.
(2014), a reduction of up to 95% and 95.7% for phosphorus and
nitrogen, respectively, was observed in a wastewater treatment
system using the microalgae genera Chlorella and Micractinium.

Based on the results, it is possible to observe a complex re-
lationship between microalgae bioremediation processes and the
antagonistic and synergistic effects of the contaminants, with each
other and with the microalgae itself. However, it is important to
establish standards of control and monitoring for these contami-
nants in the effluent, so that it is possible to understand the me-
tabolism and the efficiency of this system. In Table 4, we present

a compilation of studies using different species of microalgae for

the specific purpose of culturing, adaptation and bioremediation
in media containing metals and other organic and inorganic com-
pounds that can be biosorbed. Through these studies, it can be
established that wherever there was insertion and/or presence of
stressors in the culture medium of the microalgae, positive results
were obtained for the removal of these contaminants and conse-
quent increase in the production of algal biomass. This corrobo-
rates the results obtained in the present study, since the treatment
contaminated with all metals (iron, aluminum and zinc) (T5) ob-
tained a higher rate of algal biomass duplication, which can indi-
cate synergy between the contaminants, thus reducing the toxic
effects.

Conclusion

The experimental results showed that the microalga P. sub-
capitata presented bioremediation capacity (either by adsorption
and/or biosorption) and algal biomass production. The contam-
inants with higher concentration indices in the culture medium
obtained a higher percentage of removal (N > Zn > Fe > P > Al). It
was also possible to observe that, on a bench scale, the microalgae
were able to develop in the presence of the toxic metals inserted
in the medium.

In addition, the highest production rate was verified in
the synthetic effluent with the association of metals, indicat-
ing possible synergy between aluminum, iron and zinc, which
was probably responsible for reducing the toxic effect on the
microalgae, meaning biomass gain for further biotechnological
applications.

However, more detailed studies are needed to improve the
technique and the methodology used, requiring shorter test times
and the use of other contaminating metals for influence and tox-

icity analysis.

Acknowledgments

We appreciate the support of Universidade Federal da
Grande Dourados - UFGD. Likewise, we thank the Center for Re-
search of Biodiversity at Universidade Estadual de Mato Grosso
do Sul for allowing us to use their laboratories, as well as the Labo-
ratory of Environmental and Instrumental Chemistry at Universi-
dade Estadual do Oeste do Parand - Unioeste, Marechal Candido
Rondon, PR, Brazil, for carrying out the chemical analyses.

Contribution of authors:

Ansilago, M.: Conceptualization, Methodology, Validation, Formal analysis, Investigation, Resources, Data curation, Writing — original draft, Writing — review

& editing, Visualization, Project administration, Funding acquisition. Ottonelli, E.: Conceptualization, Methodology, Validation, Formal analysis, Investigation,

Resources, Data curation, Writing - original draft. Carvalho, E.M.: Conceptualization, Methodology, Validation, Formal analysis, Investigation, Resources, Data

curation, Writing — original draft, Writing - review & editing, Visualization, Supervision, Project administration.

RBCIAMB | v.56 | n.2 | Jun 2021 | 223-231 - ISSN 2176-9478



Ansilago, M. et al.

References

Abdelaziz, A.E.M; Leite, G.B.; Belhaj, M.A.; Hallenbeck, P.C., 2014. Screening
microalgae native to Quebec for wastewater treatment and biodiesel
production. Bioresource Technology, v. 157, 140-148. https://doi.org/10.1016/j.
biortech.2014.01.114.

Ammar, S.H.; Khadim, H.]J.; Mohamed, A.I., 2018. Cultivation of
Nannochloropsis oculata and Isochrysis galbana microalgae in produced
water for bioremediation and biomass production. Environmental Technology
Innovation, v. 10, 132-142. https://doi.org/10.1016/j.eti.2018.02.002.

Ansilago, M; Ottonelli, E; Carvalho, E.M., 2016. Cultivo da microalga
Pseudokirchneriella subcapitata em escala de bancada utilizando meio
contaminado com metais pesados. Engenharia Sanitaria e Ambiental, v. 21,
(3), 603-608. http://dx.doi.org/10.1590/S1413-41522016124295.

Brasil. 2005. Conselho Nacional do Meio Ambiente. Resolu¢do n° 375, de 17
de margo de 2005. Brasilia, Didrio Oficial da Unido, Se¢do 1, p. 58-63.

Carvalho, E.M; Ottonelli, F; Ansilago, M.; Godoy, H.C.; Nakagaki, ].M.;
Ramires, L., 2012. Growth kinetics of the microalga Pseudokirchneriella
subcapitata (Korshikov) Hindak (Chlorophyceae) in natural water enriched
with NPK fertilizer. Biochemical and. Biotechnology Reports, v. 1, (2), 14-18.
http://dx.doi.org/10.5433/2316-5200.2012v1n2p14.

Chu, S.P, 1942. The influence of mineral composition of the medium of the
growth of the planktonic algae. Journal of Ecology, v. 30, 284-325.

Cossich, E.S., 2000. Biossorgao de cromo (III) pela biomassa de alga marinha
Sargassum sp. 139 f. Thesis, Doctoring in Chemical Engineering, Faculdade de
Engenharia Quimica, Universidade Estadual de Campinas, Campinas.

Escapa, C.; Coimbra, R.N.; Paniagua, S.; Garcia A.L; Otero M., 2017.
Paracetamol and salicylic acid removal from contaminated water by
microalgae. Journal of Environmental Management, v. 203, part 2, 799-806.
https://doi.org/10.1016/j.jenvman.2016.06.051.

Gao, C.; Champhelaere, K.A.C., Smolders, E., 2016. Zinc toxicity to the alga
Pseudokirchneriella subcapitata decreases under phosphate limiting growth
conditions. Aquatic Toxicology, v. 173, 74-82. https://doi.org/10.1016/j.
aquatox.2016.01.010.

Gardner, R.; Peters, P; Peyton, B.; Cooksey, K.E., 2011. Medium pH and nitrate
concentration effects on accumulation of triacylglycerol in two members of the
chlorophyta. Journal of Applied Phycology, v. 23, (6), 1005-1016. https://doi.
org/10.1007/s10811-010-9633-4.

Gongalves, A.L.; Rodrigues, C.M.; Pires, J.C.M.; Simdes, M., 2016.

The effect of increasing CO, concentrations on its capture, biomass
production and wastewater bioremediation by microalgae and
cyanobacteria. Algal Research, v. 14, 127-136. https://doi.org/10.1016/j.
algal.2016.01.008.

Gonzalez, R.; Garcia-Balboa, C.; Rouco, M.; Lopez-Rodas, V; Costas,

E., 2012. Adaptation of microalgae to lindane: A new approach for
bioremediation. Aquatic Toxicology, v. 109, 25-32. https://doi.org/10.1016/j.
aquatox.2011.11.015.

Gouveia, L.; Graga, S.; Sousa, C.; Ambrosano, L.; Ribeiro, B.; Botrel, E.P;
Castro Neto, P; Ferreira, A.F; Silva, C.M., 2016. Microalgae biomass
production using wastewater: Treatment and costs: Scale-up considerations.
Algal Research, v. 16, 167-176. https://doi.org/10.1016/j.algal.2016.03.010.

Granados, Y.P; Ronco, A.; Baez, M.C.D., 2008. Ensayo de toxicidad crénica
con el alga Selenastrum capricornutum (Pseudokirchneriella subcapitata)
por el método de enumeracion celular basado en el uso de hemocitémetro
Neubauer. In: Romero, PR.; Cantt, A.M. Ensayos toxicoldgicos para la
evaluacién de sustancias quimicas en agua y suelo: La experiencia en México.

Instituto Nacional de Ecologia, Secretaria de Medio Ambiente y Recursos
Naturales, Mexico, pp. 69-87.

Leong, W.H.; Lim, J].W,; Lam, M.K,; Uemura, Y.; Ho, C.D.; Ho, Y.C,, 2018.
Co-cultivation of activated sludge and microalgae for the simultaneous
enhancements of nitrogen-rich wastewater bioremediation and lipid
production. Journal of the Taiwan Institute of Chemical Engineers, v. 87, 216-
224. https://doi.org/10.1016/j.jtice.2018.03.038.

Lima, PC.G., 2010. Estudos dos mecanismos de detoxificagao e tolerdncia aos
metais cromo e cobre em Pseudokirchneriella subcapitata e Pistia stratiotes e o uso
das macrofitas Tpha sp e Phragmites sp na remogao de nutrientes em wetlands
construidos. Thesis, Doctoring in Sciences of Environmental Engineering, Escola
de Engenharia de Sao Carlos, Universidade de Sao Paulo, Sao Carlos.

Mahapatra, D.M.; Chanakya, H.N.; Ramachandra, T.V., 2014. Bioremediation
and lipid synthesis through mixotrophic algal consortia in municipal
wastewater. Bioresource Technology, v. 168, 142-150. https://doi.org/10.1016/j.
biortech.2014.03.130.

Mantovani, J.R.; Cruz, M.C.P,; Ferreira, M.E.; Barbosa, J.C., 2005.
Comparagio de procedimentos de quantificaio de nitrato. Pesquisa
Agropecudria Brasileira, v. 40, (1), 53-59. http://dx.doi.org/10.1590/S0100-
204X2005000100008.

Mohammadi, M.; Mowla, D.; Esmaeilzadeh, F; Ghasemi, Y., 2018. Cultivation
of microalgae in a power plant wastewater for sulfate removal and biomass
production: A batch study. Journal of Environmental Chemical Engineering v.
6, (2), 2812-2820. https://doi.org/10.1016/j.jece.2018.04.037.

Mota, ES.B.; Von Sperling, M. (Eds.)., 2009. Nutrientes de Esgoto Sanitario:
utilizagdo e remogdo. ABES, Rio de Janeiro, 428 pp.

Mozeto, A.A.; Zagatto, P.A., 2008. Introdugdo de Agentes Quimicos no
Ambiente. In: Zagatto, P.A.; Bertoletti, E. (Eds.). Ecotoxicologia Aquatica:
Principios e Aplicagdes. Rima, Sdo Paulo, pp. 15-38.

Pavan, M.A ; Bloch, MLE; Zempulski, H.C,; Miyazawa, M.; Zocoler, D.C., 1992. Manual
de andlises quimicas de solo e controle de qualidade. 2. ed. IAPAR, Londrina, v. 40.

Peng, Y;; Deng, A.; Gong, X; Li, X.; Zhang, Y., 2017. Coupling process study
of lipid production and mercury bioremediation by biomimetic mineralized
microalgae. Bioresource Technology, v. 243, 628-633. https://doi.org/10.1016/j.
biortech.2017.06.165.

Priyadarshani, I; Rath, B., 2012. Commercial and industrial applications of
microalgae — A review. Journal of Algal Biomass Utilization, v. 3, (4), 89-100.

Ramachandra, T.V,; Madhab, M.D,; Shilpi, S.; Joshi, N.V., 2013. Algal biofuel
from urban wastewater in India: Scope and challenges. Renewable & Sustainable
Energy Reviews, v. 21, 767-777. https://doi.org/10.1016/j.rser.2012.12.029.

Redfield, A.C., 1958. The biological control of chemical factors in the
environment. American Scientist, v. 46, (3), 205-221.

Ridley, C.J.A.; Parker, B.M.; Norman, L.; Schlarb-Ridley, B.; Dennis, R ;
Jamieson, A.E.; Clark, D.; Skill, S.C.; Smith, A.G.; Davey, M.P,, 2018. Growth
of microalgae using nitrate-rich brine wash from the water industry. Algal
Research, v. 33, 91-98. https://doi.org/10.1016/j.algal.2018.04.018.

Saavedra, R.; Munoz, R.; Taboada, M.E.; Vega, M.; Bolado, S., 2018.
Comparative uptake study of arsenic, boron, copper, manganese and zinc from
water by different green microalgae. Bioresource Technology, v. 263, 49-57.
http://doi.org/10.1016/j.biortech.2018.04.101.

Sathasivam, R.; Radhakrishnan, R.; Hashem, A ; Allah, E.FA., 2019. Microalgae
metabolites: A rich source for food and medicine. Saudi Journal of Biological
Sciences, v. 26, (4), 709-722. https://doi.org/10.1016/j.sjbs.2017.11.003.

RBCIAMB | v.56 | n.2 | Jun 2021 | 223-231 - ISSN 2176-9478


https://doi.org/10.1016/j.biortech.2014.01.114
https://doi.org/10.1016/j.biortech.2014.01.114
https://doi.org/10.1016/j.eti.2018.02.002
http://dx.doi.org/10.1590/S1413-41522016124295
http://dx.doi.org/10.5433/2316-5200.2012v1n2p14
https://doi.org/10.1016/j.jenvman.2016.06.051
https://doi.org/10.1016/j.aquatox.2016.01.010
https://doi.org/10.1016/j.aquatox.2016.01.010
https://doi.org/10.1007/s10811-010-9633-4
https://doi.org/10.1007/s10811-010-9633-4
https://doi.org/10.1016/j.algal.2016.01.008
https://doi.org/10.1016/j.algal.2016.01.008
https://doi.org/10.1016/j.aquatox.2011.11.015
https://doi.org/10.1016/j.aquatox.2011.11.015
https://doi.org/10.1016/j.algal.2016.03.010
https://doi.org/10.1016/j.jtice.2018.03.038
https://doi.org/10.1016/j.biortech.2014.03.130
https://doi.org/10.1016/j.biortech.2014.03.130
http://dx.doi.org/10.1590/S0100-204X2005000100008
http://dx.doi.org/10.1590/S0100-204X2005000100008
https://doi.org/10.1016/j.jece.2018.04.037
https://doi.org/10.1016/j.biortech.2017.06.165
https://doi.org/10.1016/j.biortech.2017.06.165
https://doi.org/10.1016/j.rser.2012.12.029
https://doi.org/10.1016/j.algal.2018.04.018
http://doi.org/10.1016/j.biortech.2018.04.101
https://doi.org/10.1016/j.sjbs.2017.11.003

Metals bioremediation potential using Pseudokirchneriella subcapitata

Schmitz, R.; Magro, C.E; Colla, L.M., 2012. Aplicagoes ambientais de microalgas.
Revista CIATEC-UPE v. 4, (1), 48-60. https://doi.org/10.5335/ciatec.v4i1.2393.

Shen, Y.; Zhu, W;; Li, H.; Ho, S.E; Chen, J; Xie, Y,; Shi, X., 2018. Enhancing
cadmium bioremediation by a complex of water-hyacinth derived pellets
immobilized with Chlorella sp. Bioresource Technology, v. 257, 157-163.
https://doi.org/10.1016/j.biortech.2018.02.060.

Silva, KM.D; Rezende, L.C.S.H.; Silva, C.A.; Bergamasco, R.; Gongalves, D.S.,
2013. Caracterizagao fisico-quimica da fibra de coco verde para a adsorgio de
metais pesados em efluente de industria de tinta. Engevista, v. 15, (1). https://
doi.org/10.22409/engevista.v15i1.387

Sipauba-Tavares, L.H.; Ibarra, L.C.C.; Fioresi, T.B., 2009. Cultivo de
Ankistrodesmus gracilis (reisch) korsikov (Chlorophyta) em laboratério
utilizando meio chul2 e de macréfita com npk. Boletim do Instituto de Pesca,
v.35, (1), 111-118.

Sipatba-Tavares, L.H.; Rocha, O., 1993. Cultivo em larga escala de organismos
planctonicos para alimentagdo de larvas e alevinos de peixes: I - algas
cloroficeas. Biotemas, v. 6, (1), 93-106. https://doi.org/10.5007/%25x

Soares, C.R.ES.; Accioly, A.M.A.; Marques, T.C.L.L.S.M.; Siqueira, ].O.;
Moreira, EM.S., 2001. Actimulo e distribuicdo de metais pesados nas raizes,
caule e folhas de mudas de drvores em solo contaminado por rejeitos de
industria de zinco. Revista Brasileira de Fisiologia Vegetal, v. 13, (3), 302-315.
http://dx.doi.org/10.1590/S0103-31312001000300006.

231

Sousa, C.A.; Soares, H.M.V.M.; Soares, E.V., 2018. Toxic effects of nickel
oxide (NiO) nanoparticles on the freshwater algae Pseudokirchneriella
subcapitata. Aquatic Toxicology, v. 204, 80-90. https://doi.org/10.1016/j.
aquatox.2018.08.022.

Sperling, E.V,, 2001. Uso de relagdes limnoldgicas para avaliagdo da qualidade
da d4gua em mananciais de abastecimento. In: Associagio Brasileira de
Engenharia Sanitaria e Ambiental; AIDIS. Saneamento ambiental: desafio para
o século Rio de Janeiro. Anais... Ed. ABES, Rio de Janeiro, v.4, pp. 1-3.

Tedesco, M.].; Gianello, C.; Bissani, C.A.; Bohnen, H.; Volkweiss, S.]., 1995.
Anilises de solo, plantas e outros materiais. Universidade Federal do Rio
Grande do Sul, Faculdade de Agronomia, Porto Alegre (Boletim Técnico
de Solos, 5).

Wang, M.; Kuo-Dahab, W.C.; Dolan, S.; Park, C., 2014. Kinetics of nutrient
removal and expression of extracellular polymeric substances of the
microalgae, Chlorella sp. and Micractinium sp., in wastewater treatment.
Bioresource Technology, v. 154, 131-137. https://doi.org/10.1016/j.
biortech.2013.12.047.

Welz, B.; Sperling, M., 1999. Atomic absorption spectrometry. 3™ ed.
VCH, Weinheim.

Zhang, X.; Zhao, X.; Wan, C.; Chen, B.; Bai, E, 2016. Efficient biosorption of
cadmium by the self-flocculating microalga Scenedesmus obliquus AS-6-1.
Algal Research, v. 16, 427-433. https://doi.org/10.1016/j.algal.2016.04.002.

RBCIAMB | v.56 | n.2 | Jun 2021 | 223-231 - ISSN 2176-9478


https://doi.org/10.5335/ciatec.v4i1.2393
https://doi.org/10.1016/j.biortech.2018.02.060
https://doi.org/10.22409/engevista.v15i1.387
https://doi.org/10.22409/engevista.v15i1.387
https://doi.org/10.5007/%25x
http://dx.doi.org/10.1590/S0103-31312001000300006
https://doi.org/10.1016/j.aquatox.2018.08.022
https://doi.org/10.1016/j.aquatox.2018.08.022
https://doi.org/10.1016/j.biortech.2013.12.047
https://doi.org/10.1016/j.biortech.2013.12.047
https://doi.org/10.1016/j.algal.2016.04.002

Revista Brasileira de Ciéncias Ambientais
Brazilian Journal of Environmental Sciences

Model of integrated territorial assessment for environmental justice

applied to sanitation

Modelo de avaliagdo territorial integrada da justica ambiental aplicada ao saneamento

Larissa Guarany Ramalho Elias’

ABSTRACT

, Marilia Carvalho de Melo?

, Ana Silvia Pereira Santos®

, Leonardo Castro Maia*

RESUMO

Equitable access to water and sanitation is still a challenge
worldwide and in Brazil. In this sense, the concept of environmental
justice was used in this paper as a basis for establishing an
Integrated Territorial Assessment Model for Environmental Justice
Applied to Sanitation. This research aims to give scientific support
for the State Government to improve public policies and promote
the universalization of water and sanitation services as established
by the Sustainable Development Goals (SDGs). This study was
based on a quali-quantitative methodology. Secondary data were
selected as key information to analyze environmental justice
in sanitation, including the following: hydric vulnerability (IV),
water supply (WS); untreated sewage collection (SC); sewage
collection with treatment (ST); water supply investments (WSI);
sewage system investments (SSI); municipal per capita income
(MPI); and municipal human development index (MHDI). The data
were presented in maps by overlapping the State official regional
division and the discussion was carried out based on regional
differences and similarities. The repetition of a pattern was noted,
in which unfavorable rates were concentrated in the North and
Jequitinhonha-Mucuri regions: water vulnerability, sewage system
with collection and without treatment, total investment, average
investment, per capita income and municipal human development
index. Both also have low rates of the sewage system and water
supply when compared to others. On the other hand, Zona da Mata
and Triangulo regions have favorable rates for hydric vulnerability,
sewage system with collection and without treatment and water
supply. The Triangulo Mineiro region also presented favorable

O acesso equitativo ao saneamento bdsico ainda é um desafio
no mundo e no Brasil. E nesse sentido que o conceito de justica
ambiental foi utilizado no presente trabalho como base para
estabelecer um Modelo de Avaliagao Territorial Integrada da Justica
Ambiental Aplicada ao Saneamento. Pretende-se apoiar os estados no
aprimoramento de politicas publicas de promogdo a universalizagdo
dos servigos de saneamento, conforme estabelecido pelos Objetivos
do Desenvolvimento Sustentavel (ODS). Para o desenvolvimento do
trabalho, foi elaborada metodologia quali-quantitativa em duas
etapas, com base nos seguintes dados secundarios selecionados:
vulnerabilidade hidrica (VH); os seguintes indices: abastecimento de
agua (AA), coleta de esgoto sem tratamento (CE), coleta de esgoto
com tratamento (TE), investimento em abastecimento de d&gua
(IAA), investimento em esgotamento sanitario (IES), renda per capita
municipal (RPM); e desenvolvimento humano municipal (IDHM).
O modelo proposto foi aplicado no estado de Minas Gerais. Os dados
foram apresentados em mapas com sobreposi¢do da divisdo regional
oficial do estado, e a discussdo foi realizada com base nas divergéncias
e semelhangas regionais. Notou-se a repeticdo de um padrdo, em
que indices desfavoraveis concentraram-se nas regides Norte e
Jequitinhonha-Mucuri para vulnerabilidade hidrica, atendimento com
coleta e sem tratamento de esgoto, investimento total, investimento
médio, renda per capita e IDHM. Ambas também apresentam valores
baixos de indice de atendimento com coleta e com tratamento de
esgoto, e abastecimento de dgua quando comparadas as demais.
Por outro lado, as regides Zona da Mata e Triangulo apresentam indices
favoraveis para vulnerabilidade hidrica, atendimento com coleta e
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rates of total investment, average investment, per capita income,
and municipal human development index. It is concluded that
the inequality between the regions is, initially, of natural origin,
and reinforced by the social context and inequality in sanitation
investments in the different regions.

Keywords: sanitation access; socioeconomic conditions; human right;
investment; water vulnerability.

Conceptualization

Brazil concentrates 12% of all freshwater on the planet. However,
this scenario does not mean the absence of conflicts or broad access
to water for all (ANA, 2019). It is contradictory, but there are pop-
ulations in a situation of serious water vulnerability in the country
that concentrates 30% of the water in the American continent; there
are almost 35 million people who are not served by water supply in
Brazil (Trata Brasil, 2019). In the different Brazilian regions, there is
a great difference in water supply between population groups. In in-
creasing order, these are the following percentage rates per region:
North, 57.49%; Northeast, 73.25%; South, 89.68%; Midwest, 90.13%;
and Southeast with 91.25% of the population supplied by treated wa-
ter (Trata Brasil, 2019).

In the State of Minas Gerais the situation is not different, since
13.9% of the households do not have access to the general water net-
work, and 24.7% to the general sewage network (Rodrigues et al.,
2019b). After evaluating the historical trend, no significant advances
were observed (Costa et al., 2016). When analyzing the Economic Eco-
logical Zoning of the State of Minas Gerais (Minas Gerais, 2008), it is
possible to notice that the regions with lower water availability are also
the ones with greater social vulnerability, where the human component
is in a precarious or very precarious state (SISEMA, 2019).

Rodrigues et al. (2019a), when analyzing the evolution of the spa-
tial distribution of access to basic sanitation services (water supply,
sanitary sewage and garbage collection) in Brazilian micro-regions,
concluded that the growth in sanitation rates was uneven among the
studied areas, showing that the lack of access to these services was
predominant in the less populated and lower-income regions in the
North and Northeast of the country. The authors also identified spatial
concentration in sanitation access rates in regions with large urban ag-
glomeration and higher per capita income.

The National Basic Sanitation Policy — NBSP (Act n°
11.445/2007) includes universal access to sanitation (the concept
embraces water supply, sewage collection and treatment) as one of
its principles (Brasil, 2007). The new regulation mark for sanitation,
Act No. 14.026/2020, reinforces the principle of universalization, es-

tablishing the year of 2033 as a limit for achieving universalization.
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sem tratamento de esgoto e abastecimento de agua. A regido do
Triangulo Mineiro apresentou ainda indices favoraveis de investimento
total, investimento médio, renda per capita e IDHM. Dessa forma, a
desigualdade entre as regides mineiras no tema estudado é claramente
influenciada por condigdes naturais, assim como pelo contexto social.

Palavras-chave: acesso ao saneamento; condigGes socioeconémicas;
direito humano; investimento; vulnerabilidade hidrica.

It also presents the need to prioritize plans, programs and projects
that aim at the implementation and expansion of services and basic
sanitation actions in areas occupied by low-income populations, in-
cluding informal consolidated urban centers as a guideline (Brasil,
2020). In fact, access to drinking water and basic sanitation is an es-
sential human right, recognized by the United Nations (UN, 2010)
and by the Brazilian constitutional system, in which it is intrinsically
related to citizenship (art. 1, II), to the dignity of the human person
(art. 1, ITI), to the rights to life (art. 5), health, food, housing (art. 6)
and an ecologically balanced environment (art. 225), whose guaran-
tee is part of the primacy of the prevalence of human rights (art. 4, II,
all of the Federal Constitution).

In Minas Gerais, State Law no. 11.720/1994 introduced the State
Policy on Basic Sanitation, providing the right to sanitation for all and
establishing the State System on Basic Sanitation, responsible for the
creation of policies, definition of strategies and execution of sanitation
actions (Minas Gerais, 1994).

The main sanitation policy planning instrument in the country
is the Sanitation Plan, applied to the three existing federal spheres
(municipalities, State governments and federal government). Marchi
(2015) explains that this Plan should gradually seek for equitable and
sustainable progress, so that sanitation services be inserted in the crite-
ria of welfare and social equity, as well as environmental risk reduction.
However, according to Ventura and Albuquerque (2020), a lack of so-
cial participation and content unrelated to the local reality is observed
in these plans.

Among the 853 municipalities in Minas Gerais, only 28.5% had this
Plan ready by 2014, and another 48.1% were preparing their respective
plans (FJP, 2017). The regions with the highest rates of municipalities
that do not have a Municipal Basic Sanitation Plan are Jequitinhonha,
South, Southeast, North and Northeast (FJP, 2017), which means that
they cannot receive transfers of funds from the Union and the State to
execute sanitation actions, since the Plan is a sine qua non condition for
the investment of these resources.

Heller and Castro (2007) state that it is necessary to understand
the access to sanitation as a human right, rather than a market asset,

i.e., observe the premises of environmental justice, understood as a set
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of principles and practices as defined in the Manifesto for the Launch-
ing of the Brazilian Environmental Justice Network. These are about
the isonomy of social groups to absorb the environmental liabilities
inherent to the political and socio-economic system in which we are
inserted; fair and equitable access to the country’s environmental re-
sources; principles of publicity and social participation in environ-
mental matters of relevant interest; and the encouragement of social
protagonism in the construction of alternative models for development
(Brasil, 2001).

Environmental justice is defined as the fair treatment and signif-
icant involvement of all people, regardless of race, color, national ori-
gin or income, concerning the development and enforcement of envi-
ronmental laws, regulations and policies (USEPA, 2016). In a section
about the specific concept of water, Perreault et al. (2018) advocate that
water justice should integrate the economic, cultural, political and so-
cio-ecological aspects of justice.

Other authors reinforce the relationship between environmental
justice and sanitation. Menton et al. (2020) and Hurlbert (2020) es-
tablish a correlation between environmental justice and the Sustain-
able Development Goals (SDG), including universalization of sani-
tation. Corroborating this thesis, Ezbakhe et al. (2019) state that the
SDGs help overcome inequality in access to sanitation among social
classes and vulnerable groups, especially SGDs 6 and 10. Ataide and
Borja (2017) further reinforce that sanitation is an inducer of social
justice. Finally, it is important to note that the U.S. Environmen-
tal Justice Action Agenda defines the provision of water as a structur-
al axis (USEPA, 2016).

Correlation between access to sanitation and social and eco-
nomic conditions has been the object of several analyses. Jongh et al.
(2019), when evaluating the correlation between access to water
and sanitation and social and economic variables in the Sedibeng
region (South Africa), concluded that both access to water and san-
itation seem to play a significant role in the region’s economic and
social well-being. Another study in Africa relates access to sanita-
tion to social and demographic variables (Mosimane and Kamwi,
2020). Luh and Bartram (2016) evaluated the correlation of sani-
tation progress with socioeconomic indicators in 73 countries, and
concluded that national socioeconomic characteristics may not be
primary determinants of progress in access to water and sanitation.
Therefore, it is expected that isonomy and equity, two concepts re-
lated to environmental justice, should be the basis for the guidelines
of sanitation provision policies.

Thus, the present work aims at proposing a Model for Integrated
Territorial Assessment of Environmental Justice Applied to Sanitation.
The intention is to support the State Government to improve public
policies that promote universalization of sanitation services as estab-
lished by the SDGs, especially SDG 6 (UN, 2015). The proposed model

was applied in the State of Minas Gerais, Brazil.
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Methodology

The research was based on a qualitative and quantitative method-
ological approach, using secondary data. It was divided in two meth-
odological moments. In the first stage, an Integrated Territorial As-
sessment Model for Environmental Justice Applied to Sanitation was
proposed; and in the second, the proposed model was applied for the
State of Minas Gerais.

An explanatory perspective on water supply and sanitary ex-
haustion distribution over a State territory was presented, seeking
to evaluate compliance with the principle of isonomy in the deliv-
ery of these services, and evaluating reasons for the distribution
pattern found; and finally, whether there is environmental justice

in access to services.

The integrated territorial assessment model for
environmental justice applied to sanitation

The proposed model considered two main dimensions: “access to
sanitation” and “socioeconomic conditions”, involved in the concept of
environmental justice and its relationship with the integrated variables
“water vulnerability” and “investments in environmental sanitation”
(for water and sewage). For the first dimension, the primary variables
were: water supply and sanitation; for the second: per capita income
and human development index.

The dimensions, with their respective primary variables and the
integrated variables, are described in Table 1. The integrated territorial
analysis model, which involves all of them, is presented in the flow-
chart of Figure 1.

The integrated variable “water vulnerability”, which represents a
natural condition, is an intervening factor in the provision of water
services and was adopted in the study to identify its influence on the
model of environmental justice. The integrated variable “investments
in environmental sanitation” is in line with the concept of environmen-
tal justice and human rights, since it allows the evaluation of whether
there is equality in the priority of investments regardless of the social

and economic condition of the region.

Treatment of variables and integrated analysis

The primary variables that characterize the access to sanitation and
to social and economic conditions are systematized by municipality
and by State administrative regions. Therefore, for each variable, a layer
was elaborated with the ArcGIS® software, considering both divisions.

To evaluate the territorial correlation in the administrative re-
gions, the local Moran’s I coefficient was used. According to Neves
et al. (2000), the local Moran’s I coefficient is considered a Local Spa-
tial Association Index (LISA) and hence produces a specific value for
each object, allowing the identification of groups with similar attri-
bute values (clusters), anomalous objects (outliers) and more than
one spatial regime.
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Table 1 - Dimensions and variables of the Integrated Territorial Analysis Model of Environmental Justice in Sanitation.

Sanitation access

Socioeconomic conditions

Integrated variables

Water supply coverage

Sewage without treatment

Sewage with treatment
Renda per capita (Per

capita income)

Municipal human

development index

Water vulnerability

Water supply investment
Sanitary sewage

investment

WS -
NT -
TR -
Classes: *
1 - from 0 to R$ 461.40;
Pel 2 - from R$ 461.41 to R$ 690.80;
3 — from R$ 690.81 to R$ 920.20;
4 — from R$ 920.21 to R$ 1149.60;
5 — from R$ 1149.61 to R$ 1379.00.
Classes: **
Very low - 0 a 0.499;
low - from 0.500 to 0.599;
MHDI
average — from 0.600 to 0.699;
high - from 0.700 to 0.799;
very high - from 0.800 to 1.000.
WV -
WSI -
SSI -

It considers the number of buildings served by the
system and the number of people supplied with
water. It allows assessing the degree of supply systems
coverage and the service deficit.

Index of people served with collecting network.

Index of collected wastewater that is sent for treatment.

Index that measures the income of each individual
component of the municipal population.

Numerical index that varies from 0 (zero) to 1 (one),
based on the Global HD], considering the same three

dimensions - longevity, education and income.

Factor composed by three indicators: availability
of surface water, groundwater and potential
contamination of aquifers. Each with a weight: 50%
for the natural availability of surface water and 25%
for each of the others (IGAM, 2018).

Investments: i) made by service providers; ii) made
by municipalities; and iii) made by States.

*Income classes were obtained by subtracting the lowest value from the biggest one and then dividing the result by five (number of desired groups);

**IDHM varies from zero (0) to one (1).

Figure 1 - Flowchart of integrated territorial analysis for environmental justice in the sanitation sector.
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Thelocal index was chosen because it allows to understand the spatial
correlations considering a more detailed scale (Krempi, 2004). With the
application of this index, it is possible to observe the relationship between
municipalities and to understand the local and regional dynamics of the
entire State in relation to the evaluated parameters. The results are pre-
sented as maps and must be interpreted according to Table 2.

Different procedures were adopted to work with the integrated
variables. Water vulnerability was analyzed through a map which over-
lapped this variable and the Minas Gerais planning regions, allowing
the visualization of inter-regional similarities and divergences. For in-
vestments in sanitation, the following were considered:

« the sum of the investments made by the different entities (sanitation
service providers, municipality and State government) in all munic-
ipalities of each region in each year - called total investment (TI);

the average amount invested in the region, obtained by dividing
the total investments by the number of municipalities of each re-

gion - called average investment (AI).

The relationship between invested values, water supply and sani-
tary indexes was evaluated by the Pearson’s correlation coefficient (r),
which allowed us to understand if the increase or decrease of a unit in
one of the variables generates the same impact on the other one.

Pearson’s coefficient (r) is a measure of variance shared between
two variables, whose distributions are linear, and indicates the associa-
tion between them. Pearson’s (r) values vary from -1 to 1, in which the
closer to 1 (one), regardless of the sign, the higher the level of linear
statistical dependence between the variables. On the other hand, the
closer to 0 (zero), the weaker the strength of this relationship (Figue-
iredo Filho and Silva Junior, 2009). According to those same authors,
a perfect Pearsons correlation, which means values equal to -1 or 1,
indicates that the variable score can be predicted by knowing the cor-
related variable score. If r equals 0 (zero), there is no linear relation
between variables.

Finally, an integrated analysis was established among all of the an-
alyzed variables to find the answer to the question presented: is there

environmental justice in sanitation?

Case study: Minas Gerais State

At this stage, the model was applied to the State of Minas Gerais.
Table 3 shows the sources and respective evaluation period for the con-
sidered variables.

The primary variables that characterize the access to sanitation
and socioeconomic conditions were systematized by municipality,
with the overlapping of the official regional division of Minas Gerais
(Minas Gerais, 2019), in a layer elaborated with the ArcGIS® software.
This allowed an evaluation of the regional spatial correlation, based on
the divergences and similarities, as presented in the previous method-
ological items.

In conclusion, an argumentative discussion was carried out based
on all the data collected to seek answers to the presented question: is
there environmental justice for the Minas Gerais State’s population re-

garding access to sanitation?
Validation and formal analysis

Water vulnerability evaluation

Figure 2 shows a map created from the overlapping of water vul-
nerability and the planning regions of the State of Minas Gerais.

The Northwest, North and Jequitinhonha-Mucuri regions concen-
trate the areas of high and very high vulnerability, whereas the other
regions contain the less vulnerable zones (Figure 2). Thus, it is pos-
sible to say there is naturally lower surface and underground water
availability, as well as greater potential for aquifer contamination (or a
combination of the three factors) in the Northwest, North and Jequit-
inhonha-Mucuri regions.

The northern part of the central region presents an area with high
water vulnerability, which includes all or part of the 110 municipalities,
with 85 of them inserted in the basin of Sdo Francisco River (Upper
Sdo Francisco), and the others in Rio Doce Basin. Of this total, Belo
Horizonte and the municipalities of its metropolitan region, Diaman-
tina and Trés Marias, stand out. The same is true for a portion of the
Midwest region and other areas in the Sdo Francisco River Basin, but

in a more fragmented way.

Table 2 - Spatial analysis results interpretation - local Moran coefficient.

Not significant
High-High cluster

High-low outlier

Low-high outlier

Low-Low cluster

Source: adapted from Neves et al. (2000).

No spatial association between the municipality and its neighbors
Positive spatial association between the municipality and its neighbors

Atypical situations in which the municipality has the variable value higher than the average while its neighbors

have values lower than the average

Atypical situations in which the municipality has the variable lower than the average while its neighbors have

values higher than the average
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Table 3 - Variables considered for the case study in the Minas Gerais State.

Evaluation
Variable Type Abbreviation Source
period/Year

Zoneamento Ecoldgico e Econdmico — ZEE

Water vulnerability Integrated

Water supply coverage Primary WS
Sewage without treatment Primary NT
Sewage with treatment Primary TR
Water Supply Investment Integrated WSI
Sanitary Sewage Investment Integrated SSI
Per capita income Primary PCI
Municipal human development index Primary MHDI

(SISEMA, 2019)

2014 SEIS
(FJP, 2017)
SNIRH
2013 Atlas Esgoto: Agéncia Nacional de Aguas -
ANA (ANA, 2017)
SNIRH
2013 Atlas Esgoto: Agéncia Nacional de Aguas -
ANA (ANA, 2017)
1995 e 2017 SNIS: série historica (SNIS, 2018)
1995 € 2017 SNIS: série histdrica (SNIS, 2018)
2010 Censo 2010 (IBGE, 2010)
P Atlas do Desenvolvimento Humano no Brasil

2013 (Brasil, 2013).

SEIS: Sistema Estadual de Informagées sobre Saneamento. The FJP work was selected for this study due to the scope and accuracy of the data and
since it is not self-declaratory data; SNIS: Sisterna Nacional de Informagies sobre Saneamento; IBGE: Instituto Brasileiro de Geografia e Estatistica.

Figure 2 - Water vulnerability in the different planning regions.
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Assessment of water supply coverage and sewage disposal

Based on data provided by Fundagédo Jodo Pinheiro (FJP) and
by the Brazilian National Water and Sanitation Agency (ANA), the
rates of water and sewage coverage of the urban population in
the planning regions of Minas Gerais for 2013 were surveyed, as
shown in Table 4.

Regarding water supply, the regions present very close numbers, all
of them above 95%, which means there is no evidence of a difference
in distribution. Tridngulo Mineiro and Alto Paranaiba regions present
the highest rates of water supply, very close to 100%. The limitation
of the available analyzed data is owed to the fact that they refer only to
the urban population, that live a reality known to be different from that
of rural areas, thus not providing a more comprehensive analysis of the
inequality related to access to water (Silveira, 2013; Agra Filho et al,,
2010; Metha et al., 2014).

With these results, it is also possible to observe that the regions of
Jequitinhonha-Mucuri, Northwest and North have low rates of sewage
without treatment in common, lower than 60%, highlighting the lowest
value of 29.04% in the North region.

For the water supply indexes per municipality, the local Moran co-
efficient was analyzed and presented in Figure 3.

Although regional water supply average rates are homogeneous,
the spatial correlation analysis shows some inter and intraregional
discrepancies. Especially in the Tridngulo Mineiro, Alto Paranaiba
and Zona da Mata regions, it is possible to see groups of municipal-
ities that show water supply rates above the general average (high-
high relation).

The low-low relationships, which are groups of cities with be-
low-average rates, are prevalent in the North and Northwest regions, as
do the high-low outliers. In these regions there are cities with above-av-
erage rates surrounded by cities with below-average rates.

Regarding the sewage without treatment index in the municipal-
ities of Minas Gerais, a map showing the local Moran coefficient was
also prepared, as shown in Figure 4.

It is possible to identify high-high clusters concentrated in the
South, Rio Doce and, in a smaller area, Zona da Mata regions, indicat-
ing there is a group of cities within the same region with similar sewage
without treatment rates and above the average value for the State.

At the same time, the low-low associations are concentrated in the
North, Central (especially in the Sdo Francisco River Basin) and, to
a lesser extent, Jequitinhonha-Mucuri region. The Central region has
intraregional discrepancies in relation to sewage collection.

The North and Central regions are the ones with the most high-
low outliers, i.e., cities with discrepant values from their neighbors.
The South, Zona da Mata and Rio Doce regions concentrate the op-
posite condition.

Finally, the local Moran coefficient for sewage with treatment in
the municipalities of Minas Gerais is presented in Figure 5.

The Zona da Mata, Sul de Minas and Rio Doce regions concentrate
the low-low clusters, i.e., they present groups of municipalities with
below-average sewage with treatment rates. The North and Jequitin-
honha-Mucuri regions concentrate the high-high clusters, followed by
the Midwest and Tridngulo Mineiro regions.

The low-high outliers are dispersed in the South, Tridngulo Minei-
ro, Northwest, Central, Midwest, Rio Doce, Jequitinhonha-Mucu-
ri and North regions. The high-high outliers prevail in the Central
and Zona da Mata regions and in smaller groups, in Alto Paranaiba,
South and Northwest.

The spatial correlation analyses for the three evaluated in-
dexes (water supply, sewage without treatment and sewage with
treatment) demonstrate, considering the concentration of clusters

and outliers, there are differences between the North and Jequit-

Table 4 - Distribution of water and sewage service rates among the planning regions of Minas Gerais.

Sewage (urban population) Water (urban population)
Region

Average coverage index with Average coverage index with Average service index of water
collection and without treatment collection and treatment supply network

North 29.04%
Northwest 30.27%
Jequitinhonha-Mucuri 54.21%
Midwest 56.73%
Central 60.30%
Rio Doce 62.49%
Zona da Mata 66.02%
South 66.63%
Alto Paranaiba 67.45%
Tridngulo Mineiro 67.67%

24.76% 96.85
34.88% 96.53
18.08% 96.70
27.62% 96.91
14.54% 96.74
16.53% 97.36
11.28% 97.54
14.99% 95.68
20.22% 98.10
18.09% 99.38

Source: Adapted from Agéncia Nacional de Aguas (2017) and IBGE (2013) apud FJP (2017).
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Figure 3 - Spatial correlation map for water supply index in the State planning regions of Minas Gerais.

Figure 4 - Spatial correlation map for sewage without treatment index in Minas Gerais.
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inhonha-Mucuri regions and the other ones. In the North and
Jequitinhonha-Mucuri, low-low clusters are prevalent, indicating
a concentration of municipalities with below-average water supply
and sewage without treatment rates, while in the others, high-high
clusters are prevalent.

The biggest difference occurs between the North and Jequitin-
honha-Mucuri versus the Rio Doce, Zona da Mata and Sul de Minas
regions. The Central region represents a mixture of high and low rates,
with highs predominating in its southern portion, and lows in its
northern portion.

This analysis also allowed us to understand that even regions
with high-high clusters concentration and with high mean indexes in
comparison to the others, according to Table 1, present intraregional
discrepancies, with low-high outliers. The results show that access to
water supply and sewage is unequal among the municipalities and be-

tween the planning regions of Minas Gerais.

Correlation with social indicators - per capita income distribution
and IDHM

At this stage, per capita income and IDHM data were evaluated in
order to identify a possible correlation between water and sewage rates
and regional social conditions.

The North region presents a little more than 75% of its cities with
average IDHM and approximately 19% with low IDHM; Jequitin-
honha-Mucuri has 42% of the cities with low IDHM, and 52% aver-
age; and in the Rio Doce region, 70% of the cities have average IDHM,
with only 13% presenting low index. The Alto Paranaiba and Tridngulo
Mineiro regions have 62% of their cities with high IDHM, followed by
the Midwest region, where 50% of the cities have high index and Sul
de Minas, with 41%. In Zona da Mata, the average indexes appear in
almost 78% of the municipalities.

The North and Jequitinhonha-Mucuri regions present a higher

concentration of municipalities with the lowest per capita income

Figure 5 - Spatial correlation map for sewage with treatment index in the planning regions of the State of Minas Gerais.
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and IDHM values in the State, reinforcing a possible divergence of
standards between these and the other regions of Minas.

The result presented in Figure 6 is similar to that observed in
Figure 7, both showing that municipalities of the North, Jequitin-
honha-Mucuri, Rio Doce regions, and the northern portion of the
Central region, are predominantly in the low and average IDHM
ranges, whereas most of the cities in Sul de Minas, Centro-Oeste
and especially Alto Paranaiba and Tridngulo Mineiro have high
IDHM. Only Belo Horizonte and Nova Lima, in the Central region,
are in the very high range.

The local Moran correlation coefficient was calculated for the
per capita income and IDHM data, whose results are in Figures 8
and 9, and show the existing heterogeneity between the different
planning regions of the state of Minas Gerais.

We observed a higher concentration of low-low clusters of
IDHM data in the North of the State of Minas Gerais. Part of the

regions of Zona da Mata and the North of Rio Doce displays
the positive spatial association between a city and its neighbors
(high-high cluster). High-low outliers are also observed in the
central region.

Regarding income distribution, in the North and Jequitin-
honha-Mucuri regions, besides the Northern extremities of the
Rio Doce and Central regions, there is a greater concentration
of low-low clusters. In these, there is a predominance of mu-
nicipalities with income values below-average. In the same re-
gions, the high-low outliers are concentrated, demonstrating
that some municipalities have above-average per capita income
values, with neighbors having below-average values. The oppo-
site happens with the Sul de Minas, Midwest, Alto Paranaiba,
Northwest, Tridngulo Mineiro and Central regions, where there
is concentration of high-high clusters, but occurrence of low-

high outliers.

Figure 6 - Per capita income data in the municipalities and planning regions of Minas Gerais.
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Investments’ evaluation in water and sewage

At this stage, data regarding regional investments were evaluated
by measuring the total amount of investments made between 1995 and
2017 in Minas Gerais, in water supply and sewage per region, whose
results are presented in Table 5.

The total amount invested in water supply and sewage in the cities
of Minas Gerais by the municipalities’ administrations, providers and
the State in the last 20 years was R$24.76 billion. Analyzing the data
presented in Table 5, Zona da Mata, Rio Doce, Tridngulo, and Central
are the regions with the highest total and where the average invest-
ment amounts stand out. The Central region concentrated almost 80%
of the total investment in Minas Gerais, of which more than 95% went
to the city of Belo Horizonte.

Jequitinhonha-Mucuri has the lowest average investment value,
followed by the North, both of which are in the semiarid climate re-
gion — according to SUDENE (2017a), this region is characterized
by an annual average rainfall of 800 mm or less; SUDENE (2017b)
also says this region covers 1,262 Brazilian municipalities (and 91
from Minas Gerais). These same regions present 54.21% and 29.04%
of sewage without treatment, and 18.08% and 24.76% of sewage with

treatment, respectively.

It is important to point out that some of these regions pres-
ent a concentration of investment in only one municipality. In the
Jequitinhonha-Mucuri region, Tedfilo Otoni received more than
97% of the investments; and in the Northwest, Unai received 76.7%
of them. One factor that may have contributed to the concentra-
tion of investments is the centralization of regional populations in
these municipalities. Forty percent of the population of the Cen-
tral region and 14% of the entire population of the State lives in
Belo Horizonte; in Teéfilo Otoni, this number drops to 13.5% in
relation to Jequitinhonha-Mucuri, and to 0.65% concerning to the
State; and in Unai, to 21.19% of the inhabitants of the Northwest
region and 0.37% of the State.

The correlation between the average investment variables and sew-
age index per region was evaluated by the Pearson’s correlation index
(r), which generated a value of approximately 0.21, indicating a weak
positive relationship (as one variable grows, the other also grows)
among them. This can be observed in real life in Central region data,
which despite having received almost 80% of the investments in the
State, presents a water supply index smaller than the Rio Doce, Zona
da Mata, Alto Paranaiba and Tridngulo Mineiro regions. About sewage
index, this region is still behind Sul de Minas (Table 4).

Figure 7 - MHDI data map by municipalities and planning regions of Minas Gerais.
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Figure 8 - Spatial correlation map for per capita income in the planning regions of Minas Gerais.

Figure 9 - Spatial correlation map for MHDI through the planning regions of Minas Gerais.
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Table 5 - Investments in water supply and sewage by region in

Minas Gerais.

. Average
. Total investment .

Region investment

(R$)*

(R$)“’

Jequitinhonha/Mucuri 523,356,236.76 1,466,942.41
North 31,479,926.26 3,497,769.58
Alto Paranaiba 91,788,358.78 4,830,966.25
South 448,449,454.14 5,214,528.54
Midwest 276,314,253.68 7,467,952.80
Northwest 62,041,045.33 7,755,130.67
Zona da Mata 897,057,729.03 10,679,258.68
Rio Doce 1,177,616,442.70 21,807,711.90
Triangulo 1,633.916,404.21 85,995,600.22
Central 19,619,064,989.45 248,342,594.80

MINAS GERAIS R$24,761,084,840.34 R$397,058,455.86

*Sum of the investments made by different entities (providers, muni-
cipality and State) in all the municipalities of each region in each year;
**average amount invested in the region, obtained by dividing the total
investments and the number of municipalities of each region.

Integrated analysis

An integrated analysis of the data compiled in Table 6 was con-
ducted, resulting in a repetition pattern that shows unfavorable results
concentrated in the North and Jequitinhonha-Mucuri regions for wa-
ter vulnerability, sewage index with and without treatment, total in-
vestment, average investment, per capita income and MHDI. On the
other hand, the Zona da Mata and Tridngulo regions present the best
indexes in relation to water vulnerability, sewage index with and with-
out sewage treatment and water supply. The Triangulo Mineiro region
also presents high rates of total investment, average investment, per
capita income and MHDI.

It is also important to stress that the Sul de Minas and Alto Pa-
ranaiba regions present better conditions in the evaluated indexes.
An exception of the correlation model was observed in Sul de Minas.
Despite the high MHDI values, sanitation indexes do not have the
same behavior. A similar conclusion was presented by Souza et al.
(2016) for the State of Goids.

In a study on access to water supply and sewage in the mesoregions of
Minas Gerais, Rodrigues et al. (2019b) noticed a relationship between the
greatest access deficits and the lowest rates of urbanization and income
levels, especially in the north of the State. Oliveira and Ervilha (2019)

Table 6 - Compilation of the values and attributes related to the variables analyzed for the planning regions of Minas Gerais.

WEG) | TRG | W00 | AIRS | PGl sy

North Very high, high and average =~ 29,04
Northwest High and average 30.27

Jequitinhonha-Mucuri Very high, high and average =~ 54.21

Midwest High, average and low 56.73
Central High, average and low 60.30
Rio Doce Average and low 62.49
Mata Average and low 66.02
South Average and low 66.63
Alto Paranaiba Average and low 67.45
Triangulo Average and low 67.67

24,76 96,85

Low, average

3,497,769.6 1,2 and 3

and high
Average
34.88 96.53 7,755,130.7 1,2and 3
and high
Low, average
18.08 96.70 1,466,942.4 1,2 and 3
and high
Average
27.62 96.91 7,467,952.8 1,2and 3 .
and high
Low, average,
14.54 96.74  248,342,594.8 1,2,3,4and5 high and
very high
Low, average
16.53 97.36 21,807,711.9 1,2and 3 .
and high
Low, average
11.28 97.54 10,679,258.7 1,2 and 3 .
and high
Average
14.99 95.68 5,214,528.5 1,2 and 3 .
and high
Average
20.22 98.10 4,830,966.25 1,2and 3
and high
Average
18.09 99.38 85,995,600.2 1,2and 3
and high

WV: water vulnerability; NT: sewage without treatment; TR: sewage with treatment; WS: water supply coverage; Al: average investment; PCI: per

capita incom); MHDI: municipal human development index.
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concluded there are significant inequalities between the municipalities of
Minas Gerais concerning access to basic sanitation, with the worst rates
in the North, Jequitinhonha and Mucuri valleys. Assessing the inequi-
ty in access to water, Aleixo et al. (2016) concluded there is an obvious
influence of regional (country, state, type of area — urban or rural), socio-
economic (income and schooling), demographic (gender and race) and

cultural factors (religion) in access or lack of access to water.

Conclusion

Based on the aforementioned results, the Model of Integrated Territo-
rial Assessment for Environmental Justice Applied to Sanitation proposed
in this paper and applied for the State of Minas Gerais allows a systemic
and integrated analysis of environmental justice in the sanitation sector.

Principles and practices of environmental justice in access to san-
itation were not considered when allocating financial resources in
Minas Gerais. It is worth noting that in only 43 - out of the 674 munic-
ipalities in Minas Gerais studied by Siqueira et al. (2018) - the quality
of investment in sanitation showed high level of efficiency in the allo-
cation, which, in fact, may be related to political determinants (Kresch
and Schneider, 2020).

The comparison between the Central and North regions, repre-
senting extremes, shows that the Central region received 79.23% of the
investment in water supply and sewage in the last 20 years, whereas
the North received 0.13%. The Central region has about 2/3 of its ter-
ritory with average and low water vulnerability, while the North has
almost all cities with high and very high vulnerability. In the Central
region, 60.3% of the sewage is collected, but not treated, against 29.04%
in the North. The lowest income and MHDI rates occur in the munic-
ipalities of the North region.

The North and Jequitinhonha-Mucuri planning regions have the
highest water vulnerability, as well as the lowest levels of water supply,
sewage without treatment and investment. This, associated with the
unfavorable socioeconomic results (low income and MHDI), points to
a critical situation of the mentioned regions in relation to environmen-
tal justice in sanitation, coherent with what is verified in the global
scenario (Local Burden of Disease WaSH Collaborators, 2020).

The results show there is inequality between the Minas Gerais re-
gions regarding water supply and sewage, not only because of the nat-
ural context, marked by water vulnerability, but also by the socioeco-

nomic status and different concentrations of investments.
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RESUMO

Brazil is a significant producer of agricultural and agro-industrial waste,
which can be used to recover valuable resources, such as struvite,
hydroxyapatite, methane gas, hydrogen gas, and carboxylic acids,
to mitigate the environmental impacts of the agro-industrial sector,
add economic value to organic waste, and promote the sustainability
of natural resources. Thus, this work’s objective was to compile and
analyze data on the composition, physical-chemical characterization,
and volumetric production of six agricultural and agro-industrial
wastewaters (AWWSs) from activities of paramount importance in
Brazilian agribusiness and to report studies on resource recovery
from those liquid wastes. The literature review was carried out by
analyzing scientific works obtained by searching for keywords in
different databases. It was concluded that swine wastewaters (SWs),
slaughterhouse wastewaters (SHWs), and dairy wastewaters (DWs) are
the most promising for struvite recovery. DWs also stand out for the
recovery of hydroxyapatite. SWs and brewery wastewaters (BWs) are
commonly used for prospecting for algae or bacterial biomass and their
derivative products. All AWWs analyzed are considered promising for
biogas, methane and hydrogen, while the most soluble AWWSs are more
valuable for carboxylic acid production.

Keywords: nexus concept; organic liquid waste; environmental
sustainability; agro-industrial wastewater; wastewater treatment.

O Brasil é um grande produtor de residuos agricolas e agroindustriais,
0s quais podem ser utilizados para a recuperagdo de recursos valiosos,
como a estruvita, a hidroxiapatita, o gas metano, o gas hidrogénio e os
acidos carboxilicos, visando mitigar os impactos ambientais do setor
agroindustrial, agregar valor econémico aos residuos organicos e promover
a sustentabilidade dos recursos naturais. Assim, o objetivo deste trabalho
foi compilar e analisar dados de composigdo, de caracterizagdo fisico-
quimica e de produgdo volumétrica de seis aguas residudrias agricolas e
agroindustriais (ARA) provenientes de atividades de suma importancia ao
agronegocio brasileiro e reportar estudos sobre recuperagdo de recursos
a partir desses residuos liquidos. A revisdo de literatura foi elaborada por
meio da andlise de trabalhos cientificos obtidos mediante a busca de
palavras-chave em diferentes bancos de dados. Concluiu-se que as dguas
residudrias da criagdo de suinos (ARCS), as dguas residudrias de abate
bovino (ARAB) e as aguas residuarias do beneficiamento de leite (ARBL)
sd0 as mais promissoras para a recuperagao de estruvita. As ARBL também
se destacam para a recuperagdo de hidroxiapatita. As ARCS e as aguas
residudrias da producdo de cerveja (ARPC) sdo comumente utilizadas
para a prospecgdo de biomassa algacea ou bacteriana e seus produtos
derivados. Todas as ARA analisadas sdao adequadas para a prospecgdo de
biogds, metano e hidrogénio, enquanto as ARA mais solUveis sdo as mais
promissoras para a producao de acidos carboxilicos.

Palavras-chave: conceito nexus; residuos

aguas

liquidos organicos;

sustentabilidade ambiental; residuarias  agroindustriais;

tratamento de aguas residuarias.
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Introduction

According to the Center for Advanced Studies in Applied Econom-
ics at the University of Sdo Paulo (Centro de Estudos Avangados em
Economia Aplicada da Universidade de Sao Paulo — CEPEA/USP)
and the National Confederation of Agriculture and Livestock of Brazil
(Confederagdo Nacional da Agricultura e Pecuaria do Brasil — CNA),
in the first half of 2020, Brazil was the fourth largest exporter of agri-
cultural products in the world, second only to the European Union, the
United States of America (USA) and China. It was also a world leader
in coffee production and a leader in the export of sugar, coffee, orange
juice, soybeans, beef and chicken, showing agribusiness as one of the
main activities that sustain the Brazilian economy (CNA, 2020).

In 2019, agribusiness was responsible for 43% of national exports,
21.4% of the Brazilian gross domestic product (GDP), and generating
more than 18.2 million jobs, corresponding to 19.54% of the employed
population with and without formalization (CEPEA and CNA, 2020).
The share of agribusiness in the national GDP increased from 20.8% to
21.4% between 2018 and 2019 and showed a growth of 1.9% of GDP in
the first quarter of 2020 compared to the same period of 2019 (Barros
et al., 2020).

Due to agro-industry growth, there is an increasing generation of
liquid organic waste, such as agricultural and agro-industrial wastewa-
ters (AWWs), in production processes and related activities. These res-
idues cause environmental impacts when they are not treated and dis-
posed of properly, which contributes to soil, air and water pollution,
contributing to the eutrophication of water bodies, in addition to caus-
ing possible harm to human and animal health (Dornelles et al., 2017;
Morais et al., 2020b). Only dairy wastewaters generated worldwide, for
example, have a polluting potential equivalent to 60% of the world pop-
ulation (Silva et al., 2020a).

In addition to the high generation of effluents from agribusiness
activities, it is estimated that the global demand for water, energy
and food will increase by more than 50% by 2050 compared to 2015
(Zhang et al., 2018). Such demand, driven by rapid population growth,
urbanization, climate change and the depletion of fossil fuels, requires
the adoption of solutions or alternatives that allow global resources
management in a comprehensive, interconnected and efficient man-
ner. Thus, the nexus water-energy-food concept was designed to study
how these three systems are related and propose integrated planning
strategies to optimize the use of natural resources in a sustainable way
(Zhang et al., 2018).

In this context, aiming not only to mitigate the environmental im-
pacts caused by its inadequate disposal but also to add economic value
to organic liquid waste, the development of new treatment technolo-
gies and the study of the characteristics and potential of production
and resource recovery from AWWs and other wastes have become es-
sential to the progress of society and the maintenance of environmen-

tal resources (Bustillo-Lecompte and Mehrvar, 2015).
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Thus, wastewater treatment can be directed towards the produc-
tion and recovery of resources of commercial and industrial interest,
such as struvite, hydroxyapatite, methane (CH 4), hydrogen (Hz), and
carboxylic acids (Song et al., 2018). In this scenario, due to the high
agricultural and agro-industrial activity in Brazil, it is essential to an-
alyze the potential for prospecting these resources from different res-
idues, stimulating the design and implementation of treatment plants
with resource recovery.

Accordingly, scientific studies on resource recovery from AWWs
can be facilitated by reviewing the technical literature that provides
scientists with fundamental knowledge for developing their research.
Despite several scientific studies on the treatment of AWWs, data on
the composition and physical-chemical properties are dispersed in the
literature and, generally, are reported superficially in applied research.

Thus, this work’s objective was to compile and analyze data on the
composition, physical-chemical characterization, and volumetric pro-
duction of six agricultural and agro-industrial wastewaters from activ-
ities of paramount importance in Brazilian agribusiness and to report

studies on resource recovery from those liquid wastes.
Methodology

Agricultural and agro-industrial wastewaters

The AWWs analyzed in this work were: slaughterhouse wastewa-
ters (SHWs), swine wastewaters (SWs), brewery wastewaters (BWs),
dairy wastewaters (DWs), fruit processing wastewaters (FPWs) from
the production of ice cream and biodiesel production wastewaters (re-
sidual glycerol - RG).

It is already consolidated in the technical literature that these
AWWs can be used to recover bioenergy from anaerobic methane pro-
duction (Silva et al., 2020a), demonstrating the potential of these liquid
residues for the recovery of other bioproducts. Thus, the possibility of
recovering resources from low-cost substrates prompted us to inves-
tigate these AWWs and to build a literature review compiling data on
their composition, physical-chemical characterization and volumetric
production, aiming to provide researchers, in an only material, funda-
mental knowledge about each wastewater evaluated and to stimulate

the development of new scientific research.

Resource recovery studies

The technical literature reports several chemical, physical and
biological processes in which AWWSs can be submitted aimed at the
production and prospecting of resources. Due to the impossibility
of deepening and discussing all the strategies reported in the litera-
ture, the most common ones were adopted in the context of waste-
water treatment, such as anaerobic and aerobic biological treatment.
In addition to these, in the context of nutrient removal, the chemical
precipitation process was selected (Chernicharo, 2007; Metcalf and
Eddy, 2016).
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On the basis of scientific studies reporting the use of AWWs for
resource recovery, a significant amount of research has been observed
associated with the removal of nutrients from the recovery of miner-
als (such as struvite and hydroxyapatite), the production of biomass
for the prospecting of compounds of industrial interest (such as algal
biomass) and the production and extraction of compounds commonly
exploited in the anaerobic digestion of organic waste (methane, hydro-
gen and carboxylic acids, for example). Therefore, these resources were
chosen for detail in this review. Thus, on the basis of the composition
and physical-chemical characterization of the AW Ws selected for eval-
uation, one can analyze which ones are most promising for obtaining

these resources.

Data collection

The literature review was carried out through the analysis of scien-
tific articles and other academic works, such as monographs, master’s
dissertations, and doctoral theses, obtained by searching keywords in
different databases, such as SciVerse Scopus, Google Scholar, SciELO,
Science Direct and CAPES Journals (Higher Education Personnel Im-
provement Coordination Journals — Periddicos da Coordenagdo de
Aperfeicoamento de Pessoal de Nivel Superior — CAPES). The data
survey took place between January and July 2020.

The main keywords used (in English and in Portuguese) in the
databases to search for scientific works were: slaughterhouse waste-
waters (dguas residudrias de abate bovino), swine wastewaters (dguas
residudrias da criagdo de suinos), brewery wastewaters (dguas residudrias
da produgdo de cerveja), dairy wastewaters (dguas residudrias do bene-
ficiamento de leite), fruit processing wastewaters (dguas residudrias do
beneficiamento de frutas), residual glycerol (glicerol residual), meth-
ane (metano), hydrogen (hidrogénio), carboxylic acids or volatile fatty
acids (dcidos carboxilicos), algae biomass (biomassa algdcea), struvite
(estruvita) and hydroxyapatite (hidroxiapatita). Context-related words
were also used, such as slaughterhouse (abatedouro), swine farming
(suinocultura), brewery (cervejaria), dairy (laticinios), fruit processing
(beneficiamento de frutas), ice cream (sorvetes), and glycerol (glicerol).
These words were combined in different ways to carry out the research.

For the selection of scientific articles, the summary and objectives
of each one were read. Subsequently, articles that contained data on
the composition, physical-chemical characterization, volumetric pro-
duction of raw wastewaters and those that addressed resource recovery
using these AWWSs were selected. The publication date was another
selection criterion used, considering only articles published between
1990 and 2020. However, preference was given to collecting data re-
ported in papers published since 2010 in international journals with
scientific relevance. Articles with cross-cutting themes were also se-
lected, such as environmental pollution, the nexus concept, biological
treatment of wastewater and bioproducts, to support the introduction
and discussion. The choice of articles published in recent years (2015

to 2020) was prioritized.
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Through consultation with electronic portals (websites), technical
and economic reports were also obtained and analyzed from different
relevant institutes or organizations, such as the Brazilian Institute of
Geography and Statistics (Instituto Brasileiro de Geografia e Estatisti-
ca — IBGE), the Food and Agriculture Organization of the United
Nations (FAO), the Ministry of Agriculture, Livestock and Supply
(Ministério da Agricultura, Pecudria e Abastecimento — MAPA), the
Center for Advanced Studies in Applied Economics (Centro de Estu-
dos Avangados em Economia Aplicada — CEPEA) and the National
Confederation of Agriculture and Livestock (Confederagiao Nacional
da Agricultura e Pecudria — CNA). In this case, only works published
since 2016 were considered to provide more recent information on the
evaluated agribusiness activities’ economic aspects.

The Statista portal (https://www.statista.com/), which consists
of a statistics and infographics platform for consultation, was also
used in data collection in some cases. After selecting scientific pa-
pers, the data of interest were compiled, and the review article was

constructed.

Composition, Physical-Chemical Characterization
and Volumetric Production of Agricultural and
Agro-Industrial Wastewaters

Table 1 summarizes the importance of some Brazilian agribusiness
activities in a national and international panorama based on 2017 and
adjacent years. This table also presents a range of volumetric produc-
tion for each AWW. Figure 1 shows the leading Brazilian states that
produce these wastes. It is noticed that these agribusiness sectors are
concentrated in the South, Southeast and Midwest regions.

The constant generation of wastewaters from cattle slaughter (slaugh-
terhouse wastewater — SHWs) and swine farming (swine wastewaters
— SWs) is the result of the growing demand for livestock products due
to the high nutritional value of meat (proteins, minerals, and bioavailable
vitamins), which is a crucial part of the diet of the population of several
countries, including Brazil (Moukazis et al., 2018).

SHWs are generally composed of blood, manure and viscera and
contain a high proportion of proteins and lipids, thus having a high
amount of biodegradable organic matter (Fia etal., 2015). Furthermore,
SHWs have a high concentration of pathogenic and non-pathogenic
microorganisms and can promote ecotoxicity at acute and chronic lev-
els, which makes the treatment of this effluent indispensable before it
is disposed of in water bodies (Pereira et al., 2016). SHWs may also
contain heavy metals and residues of cleaning agents and veterinary
medical products, which is why they are considered highly polluting
worldwide due to their complex composition and high volumetric pro-
duction (Souza and Orrico, 2016).

In the same sense, SWs are complex liquid wastes that can
be defined as a mixture of wasted feed, water spilled from drink-
ing fountains, animal excrement (feces and wurine) and wa-

ter used for cleaning and hygiene purposes in swine farming.
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Table 1 - National and international relevance and range of volumetric production of wastewaters generated by Brazilian agribusiness
activities, based on 2017 and adjacent years.

Agribusiness . . 0 q
iviti National relevance International relevance Volumetric production References
activities

Cattle
slaughter

Swine

farming

Beer

production

Milk
processing
and
production of

derivatives

Fruit
processing
for ice cream

production

Biodiesel

production

It is estimated that in 2017, 30.8
million heads were slaughtered. The
actual bovine data in 2018 indicate
that the country had, in that year,
222.0 million head. In 2019, Brazil
was the largest beef exporter, with
around 2.00 million tons, and the
second largest producer, with 9.90
million tons.

Around 3.75 million tons of pork
were produced in 2017, making Brazil
fourth in world production. In 2019,
Brazil was the fourth largest pork
producer and exporter, making 3.70
million tons available on the national
market and exporting 0.7 million

tons.

Brazil produces about 13 billion L of
beer per year. In 2016, 140 million
hL of beer were produced in the
country, giving Brazil third place
worldwide.

In 2017, Brazil produced around
35.1 billion liters of milk. Over four
decades, national production has
quadrupled. Sales of dairy products
abroad were mostly powdered milk
(62.2%), UHT milk (18.7%) and
different types of cheese (9.1%).

In 2017, about 1,129 million L of ice
cream were produced, with a per
capita consumption of 5.44 L per
year, making Brazil the sixth leading
country worldwide in consumption
(3.1%).

In 2017, biodiesel production was
4.3 million m?, which corresponded
to 56.2% of the total national
production capacity (21.2 thousand
m?® per day). That same year, 374,500
m?® of glycerol were generated as a
by-product of biodiesel production.

In 2017, world beef
production totaled 70 million
tons. Meat production is
dominated by Brazil, China,
the European Union, the
Russian Federation and the
United States.

World net pork production
totaled around 109.85
million tons of carcass weight
in 2016, with production
dominated by China, the
European Union, the United
States and Brazil.

In 2017, global beer
production reached around
1.95 billion hL, compared

to 1.3 billion hL in 1998.

The main countries in beer
production are China, the
United States and Brazil.
World milk production
reached 811 million tons in
2017. The world’s top five milk
producers are the European
Union (20%), India (20%), the
United States (12%), Pakistan
(6%) and China (5%).

In 2017, the global ice cream
market had an estimated
value of 56.91 million USD.
By 2024, it is expected to be
worth 74.96 billion USD.

The global production of
biodiesel was just over 34
million tons in 2016. The
most important producer
of biodiesel is the European
Union, followed by the
United States and Brazil.

During the bovine slaughter
process, about 3 m® of
wastewater are generated,

on average, by slaughtered
cattle. A processing facility
can consume between 2.5
and 40 m® of water per ton of

meat produced.

It is estimated that 4 - 9 L
of wastewater are generated

daily by swine on a farm.

It is estimated that for each
liter of beer produced, 4.5
- 10 L of wastewater are

generated.

The dairy and milk
processing industry produces
0.2 - 10 L of wastewater per

liter of milk processed.

The ice cream industry
generates 3 - 7 L of
wastewater per 0.45 kg of ice

cream produced.

For every 90 m® of
biodiesel produced by
transesterification, 10 m® of
glycerol are generated.

Bustillo-Lecompte and
Mehrvar (2015)
Pereira et al. (2016)
Brasil (2018)

CNA (2020)

Garcia et al. (2017)
USDA (2018)
Nagarajan et al. (2019)
CNA (2020)

Marcusso and Miiller
(2017)

Arantes et al. (2017)
Pachiega et al. (2019)
Statista (2019a)

Fernandes and Naval
(2017)

EMBRAPA (2018)
FAO (2018)

OECD and FAO (2018)
Silva, A.N. et al. (2019)

Enteshari and
Martinez-Monteagudo
(2018)

ABIS (2019)

Statista (2019b)

Mota et al. (2009)
Yazdani and Gonzalez
(2007)

ANP (2018)

UFOP (2017)
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Figure 1 - Leading Brazilian states producing agricultural and
agro-industrial wastewaters.

Source: adapted from Marcusso and Miiller (2017), EMBRAPA (2018),
ANP (2018), ABIS (2019) and CNA (2020).

For this reason, SWs are characterized by having high levels of organic
matter, suspended solids, nutrients and high microbial load (Pereira
et al., 2009). SWs can also contain considerable concentrations of an-
tibiotics (tetracyclines, sulfonamides and macrolides) and hormones
(estrogens, androgens, glucocorticoids and progestogens), extensively
used to treat infections and even used as promoters of animal growth.
For this reason, this type of AWW can introduce micropollutants, such
as antibiotics and hormones, indiscriminately into the environment
(Cheng et al., 2018).

In another perspective, the beverage sector makes up a funda-
mental part of the agribusiness in the national and international pan-
orama, emphasizing the production of soft drinks, coffee, beer and
milk (Cervieri Junior et al., 2014). In this type of industry, a large
amount of water is used to produce beverages, washing bottles and
cleaning equipment and machines, with an estimated 50% of the total
wastewater generated coming from washing bottles. Thus, the bever-
age sector contributes to the generation of polluting liquid effluents
due to the high concentrations of sugars and other biodegradable
compounds derived from its production process (Abdel-Fatah et al.,
2017).

In the beverage sector, beer is the fifth most consumed beverage
globally, behind tea, soda, milk and coffee (Olajire, 2012). The beer
industry generates residues called wastewaters from beer production
(brewery wastewaters — BWs), containing residual amounts of raw
materials for the drink, including suspended solids, sugars and yeasts.
BWs come from the beer production chain’s unitary operations, such
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as filtration, equipment discharges, container washing and cleaning of
tanks, vats, pipes, and floors (Arantes et al., 2017).

On the other hand, the dairy industry is one of the largest sectors of
food processing and, for this reason, consumes large amounts of water
for cleaning and sanitizing machines and equipment, exchanging heat
and washing its locations. Wastewaters from milk processing (dairy
wastewaters - DWs) and derived products are composed of wasted
milk residues, lactose, fats, nutrients and residues of detergents and
disinfectants. Depending on the season and the production system,
the characterization of DWs varies considerably (Chandra et al., 2018;
Daneshvar et al., 2019).

Still in the context of the food industry, ice cream is one of the most
popular luxury items in the world and the sector is overgrowing (Kon-
stantas et al., 2019). During the washing and pulping of fruits for ice
cream production, liquid residues referred to as wastewaters from the
processing of fruits for ice cream production (fruit processing waste-
waters — FPWs) are generated. These consist of a complex colloidal
mixture of suspended solids (flavoring compounds), soluble molecules
(carbohydrates, milk proteins and other sources, lipids and minerals)
and detergent and disinfectant residues (Demirel et al., 2013).

Biodiesel is increasingly considered an environmentally viable sub-
stitute for diesel in the biofuels business due to global energy needs.
Residual glycerol from biodiesel plants (RG) is a by-product of the
manufacture of this biofuel from a transesterification reaction of oils
(vegetables or animals) with alcohol (Pereira et al., 2019). Besides hav-
ing a high organic load, the generated RG includes many impurities
and chemicals, such as methanol, organic and inorganic salts, vegetable
dyes, traces of mono- and diglycerides and soap, making it a polluting
by-product (Anitha et al., 2016).

Due to the importance of the agro-industrial activities shown in
Table 1 and the environmental impacts potentially caused by them, it is
essential to know the physical-chemical characteristics of raw AWWs
generated in their production processes. Table 2 summarizes the main
physical-chemical characteristics of raw AWWs reported in the tech-
nical literature.

According to data expressed in Table 2, there is significant variability
in the physical and chemical characteristics of AWW s due to the produc-
tion processes, the routine inherent to each agribusiness and the sustain-
ability practices adopted (Ranade and Bhandari, 2014). Despite this vari-
ability, all of them have high levels of organic matter and nutrients, not
meeting the effluent release standards established by the federal legisla-
tion in force in Brazil (Brasil, 2011), showing that they must be treated

before being disposed of in the environment (Morais and Santos, 2019).

Resource Recovery from Agricultural and
Agro-Industrial Wastewaters

The following topics will briefly present an overview of
resource recovery from the AWWSs evaluated in this work,

mainly discussing these resources’ industrial applications.
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Table 2 - Range of values of physical-chemical characteristics of raw agricultural and agro-industrial wastewaters evaluated.

pH =

4.9-8.1

Al 83-1,500 mg L' CaCO, Bustillo-Lecompte and Mehrvar (2015)
COD 1,018-13.800 mgL O, Pereira et al. (2016)
Placido and Zhang (2018)
SHW:s BOD 420-5,770 mgL?! O, .
; Morais (2019)
A S0l oyl Morais et al. (2020b)
N-NH,* 20-340 mg L Morais et al. (2021)
TP 20-2,260 mg L'
pH 7.0-8.5 -
Al 560-4,780 mg L! CaCO3 Suto et al. (2017)
COD 3,000-30,000 mgL' O, Ding et al. (2017)
SWs BOD 1,500-8,700 mgL' O, Cheng et al. (2018)
TN 800-6,000 mg L' Xiao et al. (2018)
N_NH4+ 400-2,000 mg Lt Morais et al. (2020a)
TP 100-1,400 mg L!
pH 5.0-11.0 -
Al 190—3,170 mg L-1 CaCO3 Shl et aL (2010)
COD 2,000-32,500 mgL' O, Bakare et al. (2017)
BWs BOD 1,200-3,600 mgL?! O, Arantes et al. (2017)
TN 25-450 mg L Enitan et al. (2018)
N-NH,' 5.2 mg L Silva, A.S. et al. (2019)
TP 0.5-20 mgL!
pH 47-1.0 -
Al 140-620 mg L! CaCOS Lu et al. (2016)
COD 80-95,000 mgL' O, Justina et al. (2018)
DWs BOD 40-48,000 mgL?! O, Murcia et al. (2018)
TN 14-380 mg L Daneshvar et al. (2019)
N-NH,* 1-48 mg L' Coelho et al. (2020b)
TP 9-280 mg L
pH 3.2-7.7 -
Al 220-1,500 mg L' CaCO, Borja and Banks (1994)
COD 4,500-10,480 mgL"' O, HORE R S0E)
FPWs — 16202450 0 Hu et al. (2002)
TS me 2 Demirel et al. (2013)
1
N 145-165 mg L Morais et al. (2020b)
N-NH,* 32-43 mg L
pH 3.7-10.3 - Sittijjunda and Reungsang (2012)
COD 1,023-1,260 gL' o, Oliveira et al. (2015)
RG N 0-500 mg s Silva et al. (2017)
N-NH,’ 5_50 - Ren et al. (2017)
Pan et al. (2019)
TP 53-90 mg L™ Coelho et al. (2020a)

pH: hydrogenionic potential; Al: total alkalinity; COD: chemical oxygen demand; BOD: biological oxygen demand; TN: total nitrogen; N-NH *:
ammonium nitrogen; TP: total phosphorus.
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The constructive and operational aspects of treatment technolo-
gies and resource prospecting will not be analyzed. Table 3 pres-
ents a compilation of recent studies that aim to treat AWW s with

production and resource recovery.

Production of struvite and
hydroxyapatite by chemical precipitation

AWWSs have considerable concentrations of nutrients, such as
phosphorus (P) and nitrogen (N). These nutrients can be recovered
in the forms of orthophosphates (PO,”, HPO,>, H,PO*, H,PO,)
and ammonium nitrogen (N-NH,*), respectively, through solid pre-
cipitates, such as struvite (MgNH,PO,6H,0) and hydroxyapatite
(Ca,(PO,),OH). The great interest in the biorefinery of these nutrients
is since they can be applied in the production of fertilizers for the ag-

ricultural industry and as building block chemicals in the chemical in-

dustry for the production of nylon, plastic, explosives, rocket fuels and
animal feed supplements (Carey et al., 2016).

Struvite is considered a slow-release fertilizer, being less soluble
in water, and it contains low levels of heavy metals compared to
conventional fertilizers, causing less severe environmental impacts
on groundwater and water bodies (Wang et al. 2005). The recovery
of struvite from AWWSs provides the advantage of simultaneously
removing phosphorus and nitrogen, depending on the composi-
tion of the AWWSs, and has been extensively studied for a variety
of liquid effluents, especially wastewaters from animal husbandry,
particularly swine farming (in the case of struvite), and for effluents
from the dairy and soft drink industry as well (Muhmood et al.,
2019).

Recently, Kwon et al. (2018) investigated nitrogen and phos-
phorus removal via struvite formation by treating SWs (initial con-

centrations of ammonia and phosphate of 3.141 and 60.8 mg L,

Table 3 - Research on resource recovery from agricultural and agro-industrial wastewaters evaluated in this study.

Technology Recovered resource Efficiency of resource recovery process References

Anaerobic membrane bioreactor CH

(AnMBR) 4
Tubular anaerobic digestors Biogas
Pilot scale two-stage anaerobic

: CH,
digesters

SHW Microbial fuel cell with aerobic Bioelectricity and
s
and anaerobic bioreactors nitrogen
Batch anaerobic reactor
Fed-batch anaerobic reactors CA
s
Semi-continuous anaerobic
reactors
Batch anaerobic reactor CAs
Microbial electrolysis cell (MEC) H,
) Biomass and
Photobioreactor
carbohydrates
Anaerobic sequential batch CH
reactor (ASBR) 4
SWs

Constructed wetlands (CWs) Nitrogen
Anaerobic digester Struvite
Batch anaerobic reactor CAs

95% COD removal. Yield of CH,: 365 L per kg COD
applied.

COD removal: more than 70%. Maximum biogas
production: 0.2 m* m=d™.

68.5% COD removal. Maximum CH, yield: 384 mL
per g COD applied.

99% COD removal efficiency. Generation of 162.55

mW m? of bioelectricity and 100% nitrogen recovery.

Maximum concentration obtained of 100 g L CAs.
The predominant acids were C2, C4 and iso-C5.

On average, 76% of the applied COD was converted
to CAs. Yield 0.76 mg COD per mg COD applied.
69-75% COD removal. Productivity: 0.9 - 1.0 m’ m*
d'H,.

60-70% COD removal. 40-90% removal of NH,*-N.
3.96 g L' of maximum biomass concentration and
58% dry weight in carbohydrates.

Maximum CH, production rate: 1.952 LL" d™.

87.7-97.9% removal for N-NH,* and 85.4-96.1% for
TN. Nitrogen recovery: of 120-222 g m? year™.
Removal of ammonia and phosphorus of 91.95 and
99.65%, respectively, with struvite formation in the
molar ratio of 1.2 (Mg*): 1.0 (P-PO,*): 1.0 (N-NH,).
On average, 40% of the applied COD was converted
to CAs. Yield 0.40 mg COD per mg COD applied.

Jensen et al.
(2015)
Marti-Herrero
et al. (2018)
Wang et al.
(2018)
Mohammed and
Ismail (2018)

Placido and
Zhang (2018)

Morais (2019)

Wagner et al.
(2009)

Wang et al.
(2015)

Yang et al.
(2016)

Luo et al. (2018)
Kwon et al.
(2018)

Morais et al.
(2020a)

Continue...
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Table 3 - Continuation.

- Technology Recovered resource Efficiency of resource recovery process References

BWs

DWs

FPWs

Batch anaerobic reactor

Upflow anaerobic sludge blanket
(UASB) reactor

Immobilized-cells continuously
stirred tank reactors
(immobilized-cells CSTR)

Anaerobic membrane bioreactor
(AnMBR)
Upflow anaerobic sludge blanket

(UASB) reactor

Photosynthetic bacterial-
membrane bioreactor (PS-MBR)

Batch anaerobic reactor

Fed-batch anaerobic Reactors

Photobioreactor

Two-stage anaerobic reactors

Combined system: continuously
stirred tank reactor (CSTR) and
compartmented anaerobic reactor

Anaerobic
fluidized-bed reactor (AFBR)

Batch anaerobic reactor

Upflow anaerobic sludge blanket
(UASB) reactor
Upflow anaerobic sludge blanket
(UASB) reactor

Anaerobic filter
Batch anaerobic reactor

Batch anaerobic reactor

CH

H, and energy

CH,

CH,

Algal biomass,

bacterial biomass and

derived products

CAs

Struvite

Biodiesel and CAs

H, and CH,

Biogas

CAs
CH,
Biogas
CH
CH,

CH,
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Maximum H, yield: 149.6 mL per g COD applied.
The highest rate of CH, production occurred at 29
°C. Methane production rate increased from 0.29 to
1.46 L g COD", when the loading rate was increased
from 2.0 to 8.26 g COD L' d™.

The maximum rate of H, production of 55 L L' d!
was obtained in hydraulic detention time of 1.5 h.
High energy efficiency with an energy production
rate of 641 kJ L' ..

Removal efficiency of 98% COD with 0.53 L of biogas

per g COD removed. Biogas composition: 59% CH,,
31% CO, and 10% N

78.97% COD removal; 60.21% BOD removal; CH,
corresponded to about 60-69% of the biogas.

COD removal above 97%. Yields of biomass, proteins,

polysaccharides, bacteriochlorophyll and coenzyme
Q10 were respectively 0.51, 0.21, 0.089, 0.0013,
0.0054 and 0.019 g per g COD removed.

On average, 76% of the applied COD was converted.
Yield of 0.60 g acids per g COD applied.

Recovery of 89% ammonia and 93% phosphate in

various compounds, such as struvite.

Maximum COD, TN, and TP removal rates obtained
in indoor conditions were 88.38, 38.34, and 2.03 mg
Ltd?.

64% COD removal. Yield of H,: 105 mL per g COD
applied. Yield of CH,: 190 mL per g COD applied.

82% COD removal. Yield of Biogas: 0.26 m® per kg
COD removed.

32.2% COD removal. Maximum H, productivity:
0.80 Lh* L.

On average, 83% of the COD applied was converted
to CAs. Yield of 0.83 mg COD per mg COD applied.
87% TOC removed. Yield of CH,: 0.93 m’ per kg
TOC removed.

Biogas yield: 0.31 - 0.52 L g COD. 48.2% - 71.0% of
CH, in biogas.

70% COD removal. Yield of CH,: 0.36 m® per kg
COD removed.

Yield of CH,: 0.338 L per g COD removed.
Percentage of methane in biogas: 70%.

Yield of CH,: 0.283 L per g COD removed and 0.228
L per g COD applied. Biogas rich in CH, (83.7%).

Shi et al. (2010)

Enitan et al.
(2015)

Sivagurunathan
et al. (2015)

Chen et al.
(2016)

Enitan et al.
(2018)

Luetal. (2019)

Silva, A.S. et al.
(2019)
Krishan and
Srivastava
(2015)

Lu et al. (2015)

Kothari et al.
(2017)

Jirgensen et al.
(2018)

Silva, A.N. et al.
(2019)
Coelho et al.
(2020b)
Goodwin et al.
(1990)
Borja and Banks
(1994)
Hawkes et al.
(1995)
Demirel et al.
(2013)

Morais (2019)

Continue...
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Table 3 - Continuation.

Technology Recovered resource Efficiency of resource recovery process References

Upflow anaerobic sludge blanket H
(UASB) reactor 2

Batch anaerobic reactor CAs

Photobioreactor Biomass and lipids
RG

Upflow anaerobic sludge blanket -

(UASB) reactor 2

Batch anaerobic reactor CAs and 1,3-PDO

Batch anaerobic reactor CAs

) . Sittijjunda and
Total energy conversion efficiency of 44.8%. .
eungsan:
Maximum H, productivity: 6.2 mmol L' h™. S
(2012)
Yield 0.51 g COD per g COD applied. Maximum CAs
concentration: 38.5 g COD L.

Average biomass production of 16.7 g md!, lipid

Yin et al. (2016)

content of 23.6%, and the removal of 2.4 gm==d!
N-NH,"2.7gm>d "' TN, 3.0 gm>d™"' TP, and 103.0
gm™d of COD.

Total energy conversion efficiency of 63.63%. Yields

Ren et al. (2017)

Sittijjunda and

of 368 mmol H, per mol glycerol, 55 mmol H, per L Reungsang
of 1,3-PDO, and 71 mmol H, per L of ethanol. (2017)
Production of C2, C3, C4, C5, C6 and 1,3-PDO at

. Dams et al.
concentrations of 0.21, 0.50, 0.50, 2.31, 3.84 and 1.62 (2018)
g L', respectively. Conversion of 100% glycerol.
On average, 82% of the COD applied was converted

verag ’ PP W v Coelho (2019)

to CAs. Yield 0.82 mg COD per mg COD applied.

COD: chemical oxygen demand; BOD: biological oxygen demand; CAs: carboxylic acids; TOC: total organic carbon; TN: total nitrogen; N-NH W
ammonium nitrogen; TP: total phosphorous; CH = methane; H; hydrogen; C2: acetic acid; C3: propionic acid; C4: butyric acid; iso-C5: isovaleric

acid; C5: valeric acid; C6: caproic acid; 1,3-PDO: 1,3-propanediol.

respectively) in an anaerobic digester. The authors obtained ammonia
and phosphorus removal efficiency of 91.95 and 99.65%, respectively,
with the formation of struvite in the molar ratio of 1.2 (Mg**):1.0
(P-PO,*):1.0 (N-NH,). Krishan and Srivastava (2015) established the
same objective as the aforementioned authors, but treating DW's (ini-
tial concentrations of ammonia and phosphate of 69.96 and 45.05 mg
L', respectively) in an anaerobic batch reactor and achieved recovery
of 89% ammonia and 93% phosphate in the form of various com-
pounds together with struvite.

For the efficient recovery of struvite from AWWs that have low
concentrations of magnesium and phosphorus about ammonium ni-
trogen concentrations, it is necessary to supplement magnesium and
phosphorus salts, since, theoretically, the molar ratio 1:1:1 of Mg:N:P is
a requirement for its precipitation (Muhmood et al., 2019).

Among the AWWs presented in this work, the SWs would be the
most promising for the recovery of struvite due to the high levels of
total nitrogen (800-6,000 mg L' N) and total phosphorus (100-1,400
mg L' P) commonly found in its composition (Kumar and Pal, 2015;
Ding et al., 2017), which confirms the struvite recovery potential wide-
ly reported in the literature for this type of AWW (Suzuki et al., 2007;
Wang et al., 2019). However, it is expected that it will be necessary to
supplement the reaction medium with magnesium, since studies show
that, in general, SWs are rich in ammonium and phosphate, while their

magnesium content is low (Muhmood et al., 2019).

Despite this, the recovery of phosphorus as struvite is not always
possible or appropriate since the precipitation of this compound
competes with the precipitation of hydroxyapatite when the Ca*'/P
molar ratio is greater than 1, which can be a problem in the recov-
ery of struvite in AWWs that include calcium in their composition
(Monballiu et al., 2018). Ca** ions block struvite’s growth surface,
thus impairing its formation (Pastor et al., 2008). Tao et al. (2016)
reported that a high Ca**/Mg** molar ratio (greater than 0.5) caus-
es a competitive environment between the formation of struvite and
calcium-based phosphate products, causing adverse impacts on the
formation of struvite.

Accordingly, Hakimi et al. (2020) evaluated the recovery of stru-
vite from SHWSs using an anaerobic membrane bioreactor (AnMBR).
They reported that the molar ratio Mg**/Ca** of 0.8 (high concentra-
tion of calcium ions) has a significant negative impact on the produc-
tion and quality of struvite. The authors also observed that when SHW's
were treated with a negligible concentration of Ca** (molar ratio of
Mg?**/Ca** > 20), 80% of total phosphorus was removed via struvite pre-
cipitation. Also, higher rates of nitrogen and phosphorus removal were
obtained at pH 9.5 with a 2:1 Mg**/PO,* molar ratio. Sreyvich et al.
(2020) also evaluated SHWs for nutrient recovery and conclud-
ed that this residue is promising for struvite recovery by obtaining
99.3% phosphate and 98.1% ammonium removal using a PO*/Mg*
molar ratio of 1:3 at pH 9.0.
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In addition to SWs and SHWs, DWs are also commonly investi-
gated for struvite recovery due to their high concentrations of nitrogen
and phosphorus (Rabinovich et al,, 2018; Lavanya and Thanga, 2020).
However, DWs have high concentrations of Ca?* ions, which prompts
many researchers to study techniques and operational strategies aimed
at optimizing struvite recovery through the use of this AWW as a sub-
strate (Numviyimana et al., 2020).

Thus, another possibility is the recovery of phosphorus from hy-
droxyapatite precipitation. Hydroxyapatite is used in the medical and
dental fields as a coating material for metal implants and for filling
bone cavities (Valente, 1999). Ease of handling and low cost of inputs
are considered the main advantages of recovering this mineral from
AWWs (De-Bashan and Bashan, 2004). However, compared to stru-
vite, hydroxyapatite has no potential as a fertilizer for agriculture due
to its low solubility and sufficient Ca?*/P specific binding strength to
hinder P availability in the soil (Hao et al., 2013; Shashvatt et al., 2018;
Li et al.,, 2020).

DWs are promising for the recovery of phosphorus via hydroxy-
apatite precipitation since they commonly have high concentrations of
phosphate, ammonium and calcium (up to 950 mg L' Ca?*) (Demi-
rel et al,, 2005; Kharbanda and Prasanna, 2016). Generally, calcium
salts are used during the production of dairy products, which could
decrease costs by supplementing this compound in hydroxyapatite re-
covery (Karadag et al., 2015).

Production of algal biomass, bacterial biomass
and products derived from biological treatment
of agricultural and agro-industrial wastewaters

Besides prospecting for nutrients, a diversity of bioproducts can
be recovered through biological treatments in aerobic processes.
Among these products, algal biomass, bacterial biomass and products
derived from aerobic treatment stand out (Wang et al., 2015; Lu et al,,
2019). Aerobic treatment is an oxidation process by which microor-
ganisms degrade organic matter and other pollutants in the presence of
oxygen (O,). In this type of treatment, the main objective is to achieve
a high degree of substrate conversion. One of the fundamental advan-
tages is that the oxidative degradation of carbon present in wastewater
provides the necessary energy to propagate microorganisms that act
as catalysts. (Ranade and Bhandari, 2014). For this reason, biological
treatment in aerobic AWW processes has been studied to obtain bio-
mass to extract cellular components that may be useful industrially,
such as carbohydrates, proteins, lipids and enzymes.

Wang etal. (2015), for example, studied the treatment of SWs at dif-
ferent dilutions (without dilution and dilutions of 5, 10 and 20 times),
using the microalga Chlorella vulgaris JSC-6 in a photobioreactor to
obtain biomass rich in carbohydrates, which can be used as a raw ma-
terial for the fermentative production of biofuels. The authors achieved
about 60-70% removal of COD and 40-90% removal of N-NH, de-
pending on the dilution rate adopted, with the highest removal rate ob-
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tained at 20 times dilution. Mixotrophic cultivation using wastewater
diluted five times resulted in the highest biomass concentration (3.96
g L). Besides, the carbohydrate content in microalgae produced from
the SW's can reach 58% (dry weight).

Lu et al. (2019) investigated photosynthetic bacteria’s use to treat
BWs in a photosynthetic bacterial-membrane bioreactor (PS-MBR) on
a pilot scale, aimed at the production of bacterial biomass rich in com-
pounds of industrial interest. The authors obtained satisfactory results,
reaching COD removal above 97% and yields of biomass, proteins,
polysaccharides, carotenoids, bacteriochlorophyll and coenzyme Q10
of respectively 0.51, 0.21, 0.089, 0.0013, 0.0054 and 0.019 g g' COD
removed. These bioproducts are added value compounds that can be

used in agriculture and the cosmetic and medical industries.

Methane and hydrogen production from anaerobic
treatment of agricultural and agro-industrial wastewaters

Another biological treatment option for AWW:s is anaerobic treat-
ment, which is more complex than aerobic treatment due to the dif-
ferent metabolic pathways that microorganisms can use to degrade
organic matter present in waste. In recent years, this type of treatment’s
relevance has increased due to higher energy costs and the operational
and managerial problems of aerobic processes, such as excessive sludge
disposal (Show and Lee, 2017).

Conventionally, anaerobic digestion has been adopted for the pro-
duction of bioenergy from different organic residues, mainly for CH,
prospecting, which can be used for the generation of electricity, heat,
steam, as a vehicle fuel and for injection into the natural gas network
for domestic use, as well as for the production of H,, which can be used
as fuel in vehicles and for electricity generation (Silva et al., 2020a).
CH, is the biogas purification product, that is, the removal of impuri-
ties present, such as CO,, water, H,S and siloxanes. The main technolo-
gies used for this purpose are pressure swing adsorption, high-pressure
water washing, organic solvent washing, amine clearance, membrane
separation and cryogenic separation (Khan et al., 2017). This stage is
considered the most expensive in the CH, production and recovery
process. Therefore, it is crucial to adopt the most effective and efficient
technology to obtain the required degree of purity for a specific appli-
cation (Mufoz et al., 2015).

When considering the viability of waste as a raw material for a
biogas generation plant, it is necessary to understand how the pro-
duction of CH, or H, occurs from this substrate (Alzate et al., 2012).
For this, the biogas potential production (BPP) test is widely used,
and as the experimental conditions of this test are not yet fully stan-
dardized, it is possible to adapt it to evaluate different substrates,
inoculants and gases, mainly CH, and H, (Strémberg et al., 2014).
The BPP test results mostly in stoichiometric coefficients of biogas
production and cell growth, which can be used to estimate the gas
of interest and manage the sludge produced in anaerobic treatment
units (Sun et al., 2015).
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The technical literature presents research on the BPP for each of the
AWWs analyzed in this work, showing that these substrates have po-
tential for prospecting this bioproduct (Table 3). As an example, Yang
et al. (2016) studied the production of CH, in an anaerobic sequential
batch reactor (ASBR) using SWs as substrate. They reported that the
highest volumetric methane production rate (1.95 L L'* d* CH,) was
obtained when the system was operated at 35 °C with an organic load
of 7.2 g L' d' VS. Enitan et al. (2018) reported that 80% of the organic
matter used from the BWs was converted to CH, in an upflow anaero-
bic sludge blanket — UASB reactor.

Marti-Herrero et al. (2018) investigated the production of biogas
treating SHWs in tubular anaerobic digesters, aiming to identify the
best operational conditions for its production. The organic loading rate
(OLR) varied from 0.04 to 1.13 kg m™ d! VS and the hydraulic deten-
tion time (HDT) from 3.2 to 87.4 days. The authors observed a peak
of biogas production of 0.2 m* m* d! for OLR of 0.37 kg m~ d*! SV
with 9.7 days HDT. COD removal above 70% was achieved with HDT
greater than 19 days.

Regarding the production of H,, Silva, A.N. et al. (2019) evaluated
the effect of OLR on H, production from the use of DWs as a sub-
strate in an anaerobic fluidized-bed reactor (AFBR). Different OLRs of
28.7,53.2 and 101.7 kg m™ d'! COD and different HDT corresponding
to 8, 6 and 4 h, respectively, were applied. The researchers concluded
that the increase in OLR negatively affects the production of H, since
the gas yield fell from 2.56 £ 0.62 to 0.95 + 0.28 mol H, per mol of
carbohydrate as OLR increased from 28.65 to 95.76 kg m* d! COD.
The content of H, in biogas and the highest volumetric production of
H, were respectively 35.72 + 9.43% and 0.80 + 0.21 L h' L' H, when
the OLR was 53.25 = 7.81 kg m” d! COD. Sittijunda and Reungsang
(2017) evaluated the production of H, from RG and found a maximum
productivity rate of 3.2 L L' d' H,, but the COD removal efficiency
was not presented.

Despite extensive research on the anaerobic digestion of AWWs
and on the prospecting and purification of biogas, the use of CH, in
Brazil from landfills and sewage treatment plants (STPs) was only reg-
ulated in 2017 by the National Petroleum Agency, Natural Gas and Bio-
fuels (Agéncia Nacional do Petrdleo, Gas Natural e Biocombustiveis
— ANP) with ANP Resolution No. 685/2017, which promoted an
increase in the share of this resource in the Brazilian energy matrix
(ANP, 2017). According to the International Center for Renewable En-
ergies-Biogas (Centro Internacional de Energias Renovaveis-Biogas —
CIBiogas) between 2010 and 2018, the share of biogas in the Brazilian
energy matrix increased from 0.01%, (14 thousand toes, a ton of oil
equivalent) to 0.07% (CIBiogas, 2020). In 2018, the primary sources
of biogas production were landfills (72%), the food/beverage indus-
tries (14%), swine farming (7%) and sewage sludge (5%) (EPE, 2019).
Thus, the importance of STPs and agribusiness for consolidating a
market for biogas and CH, is perceived. Nonetheless, Brazil still has

an underutilized potential, having only 275 biogas production plants

in operation, mostly located in Brazil's South and Southeast regions
(CIBiogas, 2020).

Production of carboxylic acids from anaerobic
treatment of agricultural and agro-industrial wastewaters

There has been a trend in the search for by-products from the aci-
dogenic fermentation stage of anaerobic digestion, such as short-chain
carboxylic acids (SCCAs) (acetic acid — C2, propionic — C3, butyric
- C4, and valeric - C5). These compounds are building block chem-
icals widely applied in the industry in producing varnishes, paints,
perfumes, disinfectants, surfactants, textile auxiliaries, medicines and
food products (Lee et al., 2014). The organic production of carboxylic
acids (CAs) has been advocated as an effective way to generate sustain-
able fuels and chemicals from biomass and organic waste (Silva et al.,
2020b). Conventionally, CAs are produced by petrochemical routes,
and for this reason, their production by biological means from sub-
strates rich in organic matter, as is the case of AWWs, is interesting
both from an environmental and economic point of view (Sittijunda
and Reungsang, 2017).

The biological production of CAs occurs during the hydrolyt-
ic-acidogenic process of organic matter, requiring the inhibition of the
methanogenesis and sulfate reduction steps to block the conversion of
CAsto CH, and H,S (Kleerebezem et al., 2015). The main strategies for
inhibiting the activity of methanogenic archaea and sulfate-reducing
bacteria are the addition of chloroform, which acts by inhibiting the
coenzyme M reductase necessary for the metabolism of archaea (Vi-
ana et al., 2019), the addition of 2-bromoethanesulfonic acid (2-BES),
which acts in the inhibition of the acetyl-CoA route, and the combined
addition of chloroform and molybdate, which works directly in the
enzymatic inactivation. However, the use of chemical agents in this
inhibition increases the production of CAs, which encourages the de-
velopment of studies related to other inhibition strategies, such as pH
reduction and nutritional restriction (Siriwongrungson et al., 2007; Ge
etal., 2015).

SCCAs are the main products of acidogenic fermentation of or-
ganic residues, while medium-chain carboxylic acids (MCCAs), which
have six to twelve carbon atoms, are formed in lower concentrations
(Steinbusch et al., 2011). MCCCs are formed during the carboxylic
chain elongation process (CCEP), in which an SCCA such as C2 re-
acts with reduced organic material, usually ethanol or other alcohol,
forming an MCCA such as caproic acid (C6) and caprylic acid (C8)
(Cavalcante et al., 2017).

MCCAs are more economically attractive than SCCAs and can be
used as food additives, antimicrobial agents, precursors for biodiesel
production, and bioplastics production (Strazzera et al., 2018). In ad-
dition to greater industrial applicability, MCCAs are easier to extract
from the reaction medium compared to SCCAs because of their great-
er hydrophobicity, reducing costs with downstream processing of these
bioproducts (Grootscholten et al.,, 2013). It is estimated that the aggre-
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gate value of MCCAs is 2,000-2,500 USD ton’, thus being higher than
the market price of SCCAs (400-2,500 USD ton), CH, (200-600 USD
ton") and H, (800-1,600 USD ton™) (Bastidas-Oyanedel et al., 2015;
Moscoviz et al., 2018; Silva et al., 2020a).

In this sense, studies indicate that the recovery of CAs from the
acidogenic fermentation of agricultural and agro-industrial waste
is possibly more advantageous in economic terms than CH, and H,
(Bastidas-Oyanedel and Schmidt, 2018). Silva et al. (2020a) reported
that the gross added value of CAs is higher than that of CH, and H,.
However, it is necessary to carry out further economic studies, mainly
involving the analysis of downstream processing costs (e.g., costs in-
volved in extracting CAs from the fermentation medium).

Morais et al. (2020a) and Coelho et al. (2020b) assessed the CA
production potential of SWs and DWs, respectively. The experiments
were carried out in four batch reactors made of borosilicate glass
with a reaction volume of 250 and 50 mL of headspace, inoculated
with the brewery sludge at a substrate/inoculum (S/I) of 0.60 £ 0.04 g
COD per g SSV. To inhibit methanogenic activity, the authors added
chloroform 0.05% (v/v) to the basal medium. Morais et al. (2020a)
reported that 40% of the applied organic matter from SWs was bio-
converted to CAs, with a yield of 0.33 g acids per g COD. Coelho et al.
(2020b) observed that DWs have a high potential for acidification
under acidogenic conditions and obtained the conversion of 83% of
the COD applied to CAs, representing a yield of 0.66 g acids per g
COD. The leading CAs formed were C2 and C4; however, the authors
pointed out that SWs and DWs have the potential for the production
of MCCAs because even without the addition of electron donors or
the application of other methods to enhance CCEP, C6 was formed
in low concentrations.

In further research, Morais et al. (2021) and Coelho et al. (2020a)
also evaluated the prospecting of CAs from SHWs and RG, respective-
ly, using the same operational conditions as their previous studies with
SWs and DWs. For SHWs, the authors reported the conversion of 76%
of COD to CAs (yield of 0.55 g acids per g COD), while for RG a yield
of 0.62 g acids per g COD was obtained, corresponding to 82% conver-
sion of applied organic matter.

On the basis of these studies, the authors concluded that more sol-
uble AWWs generally have a greater potential for CA production due
to the reduction of the hydrolysis step and the fact that organic matter
is readily available for acidogenic microorganisms, which promotes
rapid use and bioconversion of the substrate into CAs. In this sense,
SHWs, DWs, BWs and RG because of their high levels of soluble or-
ganic matter are more promising substrates to be investigated for the
production of CAs than substrates that have a higher concentration
of organic matter in the particulate fraction, such as SWs. In this per-
spective, showing the high potential of soluble substrates for the or-
ganic production of CAs, Yin et al. (2016) investigated the acidogenic
fermentation of glucose, peptone and RG in batch reactors inoculated

with mixed biomass from a brewery wastewater treatment. They re-
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ported average yields of 0.66, 0.60 and 0.51 g COD per g COD for these
substrates, respectively.

To increase the production of MCCAs in acidogenic processes
and to enhance, several strategies have been investigated, such as
the establishment of optimized operational parameters (pH, tem-
perature, volumetric organic load, hydraulic detention time) and the
external addition of donors of electrons to the fermentation process
(Steinbusch et al., 2011). Approximately 80% of studies aimed at pro-
ducing C6 use ethanol as an electron donor to favor CCEP. How-
ever, this external addition can cause environmental impacts and
increase the costs of the fermentation process. Therefore, one of the
focuses of current research is to optimize ethanol’s dose required by
CCEP (Moscoviz et al., 2018).

Another technique to favor CCEP is bio-augmentation (addition
of microorganisms specialized in chain extension to mixed microbi-
al cultures). According to Hung et al. (2011), bio-augmentation can
improve the rate of degradation of complex compounds by combin-
ing microorganisms’ metabolic pathways and assisting in producing
precursors (C2 and C4) for CCEP. Dams et al. (2018) conducted a C6
production experiment in batch reactors by the RG’s acidogenic fer-
mentation using bio-increased brewing sludge with Clostridium ace-
tobutylicum ATCC 824 as an inoculum and adding 100 mM ethanol
to stimulate CCEP. The authors reported that the C6 concentration
increased from 1.61 to 3.82 g L.

Another resource studied to increase the production of MCCAs
in anaerobic reactors is the extraction concomitant with its output.
This process reduces problems of inhibition of microbial activity due
to the toxicity of the CAs formed. The production of CAs in anaerobic
reactors requires extraction techniques specific to the type of acid pro-
duced. Usually, a selective extraction module for only one MCCA is the
preferable choice to relieve toxicity to microorganisms of this product
and recirculate to the reactor the remaining SCCAs not yet elongated
to be reused in the process (Cavalcante et al., 2017).

Hybrid membrane modules with extracting liquids have been
among the leading technologies for prospecting CAs (Moraes et al.,
2015). In this process, the more hydrophobic CA in greater concen-
tration has removal priority (Ge et al., 2015). Although there are sev-
eral techniques capable of extracting CAs from anaerobic fermen-
tation processes, including ion exchange resin, electrodialysis and
liquid-liquid extraction membrane, the recovery of these bioproducts
from the reaction (fermented) liquid is still one of the main barriers
of the biological process production of CAs, requiring further studies
on the optimization of operational parameters (Lopez-Garzon and
Straathof, 2014).

Conclusion
On the basis of the technical literature review carried out on the
composition and physical-chemical characterization of agricultural

and agro-industrial wastewaters (AWWs), it was possible to conclude
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that swine wastewaters (SWs), slaughterhouse wastewaters (SHWs)
and wastewaters from milk processing (DWs) are the most promis-
ing for the recovery of struvite since they generally have high levels
of phosphorus and nitrogen. DWs also stand out for the recovery of
hydroxyapatite due to high concentrations of phosphorus and calci-
um. SWs and wastewaters from beer production (BWs) are commonly
used in research to recover biomass rich in carbohydrates, proteins and

polysaccharides. All the AWWs analyzed are suitable for prospecting

for biogas, methane and hydrogen. The more soluble AWWs (e.g.,
SHWs, DWs, BWs and residual glycerol — RG) are more promising
for research in producing carboxylic acids compared to more partic-
ulate substrates, such as SWs. The scarcity of studies with fruit pro-
cessing wastewaters (FPWs) from ice cream production is noteworthy.
Thus, due to the high output of AWWs, Brazil is a promising country
for the implementation of treatment plants that aim to recover resourc-

es from these liquid wastes.
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RESUMO

Conversions of natural vegetation into pasture can, in a short time, change
the carbon stock and the natural abundance of §**C in the soil. The objective
of this study was to evaluate changes in carbon (C) and nitrogen (N) stocks,
as well as in the natural abundance of §*3C and 6*N of Argissolo Vermelho
distroéfico (Acrisol), in an area of natural vegetation and planted pasture in
the Cerrado region of Aquidauana (MS), Brazil. In order to do this, an area
of pasture (PA), cultivated for 25 years with Urochloa brizantha, and an area
of natural vegetation (NV) were evaluated. Soil samples were collected at
intervals of 0.05 m up to 0.60 m depth, and physical attributes, C and N
stocks (CSt and NSt) and isotopic variations of §*C and 6N of soil were
determined. In the 0—0.05 m layer, the highest C and N stocks occurred in
NV, 21.99 and 1.9 Mg ha™, respectively. In the conversion to PA, 14.62 Mg
ha! of CSt and 1.36 Mg ha* of NSt were lost in the 0-0.05 m layer. The area
with PA had greater isotopic enrichment of §*3C in the layers of 0-0.05 and
0.05-0.10 m, with values of -18.3 and -17.4%o., respectively, while in the
other layers the isotopic values decreased with the mixture between C
of C,and C, plants. NV showed enrichment in the isotopic signals, in the
layers from 0.25-0.30 m up to 0.40-0.45 m, with values between -21.74
and -21.54%., respectively, which is characteristic of mixed vegetation
of C,and C, plants. The values of 6" N showed isotopic enrichment as
depth increased, indicating greater mineralization of soil organic matter
in both areas. The conversion of Cerrado into pasture and its consequent
fragmentation causes negative impacts on the C and N sequestration and
storage capacity, both in pasture and in natural vegetation.

Keywords: acrisol; isotopic composition; vegetation conversion;
organic matter.

As conversdes de vegetagdo natural em pastagem podem, em um curto
intervalo de tempo, alterar o estoque de carbono e a abundancia natural de
81C no solo. O objetivo deste trabalho foi avaliar alteragdes nos estoques de
carbono (C) e nitrogénio (N) e na abundancia natural de §*C e §*°N no Argissolo
Vermelho distréfico (Acrisolo) em uma area de vegetagdo natural e pastagem
plantada no Cerrado em Aquidauana (MS). Para isso, foram avaliadas uma
area de pastagem (PA), cultivada durante 25 anos com Urochloa brizantha,
e uma area de vegetagdo natural (VN). Foram coletadas amostras de solo
em intervalos de profundidade de 0,05 m até 0,60 m, e a partir delas foram
determinados os atributos fisicos, os estoques de C e N (EstC e EstN) e as
variagdes isotopicas de 63C e 6°N do solo. Na camada de 0-0,05 m, os maiores
estoques de C e N ocorreram na VN; 21,99 e 1,9 Mg ha™, respectivamente. Na
convers3o para PA, 14,62 Mg ha do EstC e 1,36 Mg ha™ do EstN foram perdidos
na camada de 0-0,05 m. A drea com PA apresentou maior enriquecimento
isotdpico do &3C nas camadas de 00,05 e 0,05-0,10 m, cujos valores foram
de -18,3 e -17,4%., respectivamente, enquanto, nas demais camadas, os
valores isotopicos diminuiram com a mistura entre C de plantas C,e C,. AVN
apresentou enriguecimento nos sinais isotdpicos nas camadas 0,25-0,30
até 0,40-0,45 m, com valores entre -21,74 e -21,54%., respectivamente,
0 que € caracteristico de vegetacdo mista de plantas C, e C,. Os valores de
8N apresentaram enriquecimento isotdpico de acordo com o aumento da
profundidade, indicando maior mineralizagdo da matéria organica do solo em
ambas as areas. A conversdo do Cerrado em pastagem e, consequentemente,
sua fragmentagdo, provoca impactos negativos na capacidade de sequestro e
armazenamento do C e N, tanto na pastagem quanto na vegetagdo natural.

Palavras-chave: argissolo vermelho; composicdo isotdpica; conversdes
da vegetacdo; matéria organica.
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Isotopic variations of carbon and nitrogen and their implications on the conversion of Cerrado vegetation into pasture

Introduction

Brazilian Cerrado is an ecological hotspot with great diversity
of species that are endemic, but vulnerable to anthropic modifica-
tions, which cause several environmental impacts and the disorder-
ly conversion of original vegetation into land used by agriculture
and livestock, one of the main factors of degradation of this ecosys-
tem (Rocha et al., 2011; Silva and Bacani, 2017; Ozdrio et al., 2019).
According to deforestation data gathered up to the year 2013 by
TerraClass Cerrado — a project implemented by Instituto Nacional
de Pesquisas Espaciais (Inpe) and Empresa Brasileira de Pesquisa
Agropecuaria (Embrapa) —, the remaining natural vegetation rep-
resents 54.5% of the total Cerrado area. Regarding the classes of
anthropic use, planted pasture was the one with the highest pre-
dominance (29.5%), which leads to the conclusion that this activity
has great impact in Cerrado (Brasil, 2015).

Recent estimates predict an increase in deforestation in the Cer-
rado biome at an average annual rate of 0.34% to 0.5% (772 ha year!
on average), particularly affecting forests and savannas (Sano et al.,
2019; Alencar et al., 2020). Considering that Cerrado is a vegetation
complex consisting of forest vegetation (riparian forest, gallery for-
est, dry forest and Cerradio), grassland vegetation (dirty grassland,
clean grassland and rupestrian grassland) and savanna vegetation
(Cerrado sensu stricto, Cerrado park, palm grove and vereda), the
environmental impact of its deforestation will be even greater (Ri-
beiro and Walter 2008). Specifically, the state of Mato Grosso do Sul
has lost an average 17% of its native vegetation in the last 33 years,
and the greatest losses occurred between the years 1985 and 1995, a
period of expansion of livestock farming and agriculture in the state
(Alencar et al., 2020).

The conversion of native vegetation for anthropic use, if poorly
managed, can have negative effects on the carbon (C) and nitrogen
(N) cycle. In Cerrado, the imbalance in C and N stocks is largely due
to the replacement of the original vegetation with pasture, the main
anthropic class of land use in the biome, which leads to changes in the
physical and chemical attributes of soil organic matter (SOM), both
in degree of oxidation and lability, and may result in the simultaneous
release of large amounts of C and N accumulated in the vegetation,
increasing the release of greenhouse gases (Carvalho et al., 2010;
Dortzbach et al., 2015).

Changes in land use forms also alter the nature of the soil’s C
and N sources. C, plants (typical in tree vegetation) and C, plants
(typical in Poaceae species) leave different isotopic values of C and
N in organic matter, an indicator of the type of existing vegetation
and the modifications to which an area has been subjected, which
can be determined using isotopic techniques based on the natural
abundance of ®C (88**C) and *N (8"N). These isotopic techniques
have been widely used in studies on landscape transformations,
since they presuppose that organic matter reflects the plant material

from which it was derived, constituting an efficient method to iden-
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tify anthropic effects on the structure of ecosystems (Costa et al.,
2009; Loss et al., 2014).

The objective of this work was to evaluate changes in C and N
stocks, as well as in the natural abundance of 8"°C and 8"“N in Argis-
solo Vermelho distrofico (Acrisol), in areas of natural vegetation and
planted pasture (Urochloa brizantha) of the Cerrado region of Aquid-
auana (MS), Brazil.

Materials and Methods

The study was carried out at Universidade Estadual do Mato
Grosso do Sul, Aquidauana unit, located in the municipality of
Aquidauana, Mato Grosso do Sul, at 20°27°20” S latitude and
55°40’17” W longitude, with an altitude of approximately 180 m
(Figure 1). The predominant soil class in the region is Argissolo
Vermelho distréfico (Acrisol), with sandy loam textural class (Schi-
avo et al., 2010; Santos et al., 2018). According to Képpen’s classi-
fication, the climate of the region is Aw, defined as sub-humid hot
tropical, with an average annual rainfall of 1,200 mm, rainy season
in summer and dry season in winter.

For the study, two areas were selected under two conditions of
land use. The first was an area of planted pasture (PA) for cattle graz-
ing in the extensive system, implemented in 1973 and reformed in
2005, by removing Urochloa brizantha and planting Panicum maxi-
mum (Guinea grass), with no fertilizer application. In 2011, the pas-
ture was reformed for the second time, removing Panicum maximum
and replanting Urochloa brizantha cv. BRS Piata, which remained in
the sampled picket in 2015. The second, used as reference, was an
area of natural Cerrado vegetation, with gallery forest, on the Fundo
stream (NV) (Figure 2).

In each studied area, a representative plot of 10,000 m? was demar-
cated, and one soil pit with dimensions of approximately 1 x 1 m sur-
face and 0.6 m depth was opened in a random position. In each of the
soil pits, undisturbed samples were collected using a volumetric ring,
taking one sample every 5 cm deep. Leaf samples were also collected
from the main plant species of the NV area — Anadenanthera colubri-
na, Anadenanthera peregrina, Bauhinia forficata, Cecropia sp., Xylopia
sp. and Tabebuia sp. — and from Urochloa brizantha in the PA area.
After collection, the soil samples were air dried, pounded to break up
clods and passed through a 2-mm-mesh sieve, in order to obtain air-
dried fine earth (ADFE), which was subjected to the physical analyses
(Teixeira et al., 2017).

Bulk density (BD) was determined using the volumetric ring
method (Teixeira et al., 2017). Particle density (PD) was deter-
mined by the volumetric flask method, and this data, together
with BD data, was used to calculate the percentage of total po-
rosity (TP).

C and N contents were determined by dry combustion in a CHNS
analyzer (Elementar Analysensysteme GmbH, Hanau, Germany).
Data of C and N contents and BD were then used to calculate carbon
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Figure 1 - Location of collection points in the natural vegetation (NV) of Cerrado and in the pasture area (PA), Mato Grosso do Sul, Brazil.

Figure 2 - History of land use change processes, with the respective dates for implementing of the areas: planted pasture (PA) and natural
vegetation (NV), in the Cerrado biome in Mato Grosso do Sul, Brazil.
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(CSt) and nitrogen (NSt) stocks through the mathematical expression
proposed by Veldkamp (1994) (Equation 1).

t_(ExBDxe)
B 10

1

Where:

St = the stock of C or N in a given layer (Mg ha™);

E = the total content of organic C or N in the sampled layer (g kg™);
BD = the bulk density of the layer (Mg m™);

e = the thickness of the layer considered (m).

The natural abundance of ®C and N was determined with the
Finnigan Delta Plus mass spectrometer at the Isotopic Ecology Labora-
tory of CENA-USP, in Piracicaba-SP. The results of '*C were expressed
in the form of delta 8"*C (%o), in relation to the international standard
PDB (Belemnitella americana from the Pee Dee Formation). The results
of N were expressed in the form of delta 8'°N (%o), in relation to the
0N of air (0.3663%).

Isotopic dilution was calculated according to Equation 2, with the

objective of identifying the percentage of carbon from C, plants (%C,):

613CAmostra - 613CC3
613(:64 - 513CC3

%Cy = x 100 (@)

Where:

8"C,, = the value of 6"°C of the pasture C, plant, Urochloa brizan-
tha (-13.33%o);

8"C_, = 8"C of C, plants, averages of species of natural vegetation
(-31.77%o).

The percentages of remaining carbon from native vegetation (C))

were obtained through Equations 3 and 4:

B 613CPA — 613CNV

C, = 100 3

P= 8B, — 68Cy X ®)
¢ =100 - C, @)
Where:

8"C,, = 8"C of the soil sample analyzed;

8"C,, = the value of 6"°C of the pasture C, plant, Urochloa brizan-
tha (-13.33%o);

8"C,,, = the value of 8"*C of the soil underforest (Balbinot, 2009).

Pearson’s correlation and multiple linear regression analyses were

performed. Statistical analyses were carried out using Microsoft Excel.
Results and Discussion
Physical attributes

Bulk density (BD) showed an increase in subsurface trend, with

higher values in the PA area, ranging from 1.72 to 1.83 Mg m™ in the

layers from 0-0.05 to 0.45-0.50 m, respectively, whereas, in the NV
area, values ranged from 1.45 to 1.72 Mg m™ in the layers of 0.05-0.10
and 0.50-0.55 m, respectively (Figure 3). The total porosity of the soil
(TP) was higher in the NV area, ranging from 41.4 to 30% in the layers
0f 0.05-0.10 and 0.40-0.45 m, respectively, when compared to the val-
ues of PA, which ranged from 30.4 to 28.4% in the layers of 0.05-0.10
and 0.10-0.15 m, respectively. The higher BD values and lower TP
values in the PA area when compared to NV, both in surface and in
subsurface, are probably attributed to the intense trampling of animals,
often exceeding the adequate stocking rate, triggering the process of
soil compaction (Ozoério et al., 2019).

The increase of BD in subsurface is directly related to the reduc-
tion of organic matter contents, lower aggregation, lower root pene-
tration, reduction of soil fauna activity, greater compaction caused by
the weight of overlying layers, reduction of total porosity due to clay
eluviation, among other processes (Reichert et al., 2007; Silva et al.,
2011). These relationships are confirmed by the correlation analysis,
where the BD values of the NV area showed negative correlations with
TP (r = -0.95), CSt (r = -0.66) and NSt (r = -0.70), and TP showed a
positive correlation with CSt (r = 0.76) and NSt (r = 0.80) (Table 1).

The values of BD in PA only showed negative correlation with po-
rosity (r = -0.81). The nonsignificant correlation with the attributes CSt
and NSt can be explained by the intensification of compaction, result-
ing from the irregular management of the extensive livestock system,
hampering the development of the pasture root system in subsurface,
thus drastically reducing the contents of organic matter in subsurface
(Ferreira et al., 2010).

Figure 3 - Bulk density (BD) and total porosity (TP) of the soil in
areas with planted pasture (PA) and natural vegetation (NV), in the
Cerrado biome in Mato Grosso do Sul, Brazil.
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Soil carbon and nitrogen stocks

CStand NSt in NV in the 0-0.05 m layer were 21.99 and 1.9 Mg ha™!,
respectively, higher than those of the PA area in the same layer, which
were 7.37 and 0.54 Mg ha’!, respectively. These differences between the
stocks of NV and PA in this layer are equivalent to 14.62 Mg ha' of C
and 1.36 Mg ha of N. No differences between the evaluated areas were
observed in the other layers, and there was only a reduction in both
contents in subsurface (Figure 4). The higher stocks of these elements
in the NV area (0-0.05 m) can be attributed to the greater supply of lit-
ter causing greater entry of C in the surface layers (Rosset et al., 2016).
The density of tree species present in the NV area promotes higher
quality of residues in the soil, which contributes to the results of stocks
in the surface layer, mainly for NSt (Carvalho et al., 2017).

Many studies in the literature have shown that soils under
well-managed pastures with good fertility conditions have C contents
equal to or higher than those found in forest environments, due to the
greater supply of organic matter provided by the roots, which explains
similar C and N contents between the areas in subsurface (Carval-
ho et al., 2010; Rosset et al., 2016; Assuncéo et al., 2019; Falcdo et al.,
2020). However, the PA area is still under intensive grazing system, a
common practice in the sandy soils of Cerrado, which results in the re-
striction of root system distribution and reduction in the accumulation
of residues, consequently restricting the increment of C in subsurface,
as observed in the PA area (Carvalho et al., 2010; Macedo et al., 2013).

The PA area had a higher C/N ratio than the NV area in the layers
from 0.05-0.10 m to 0.40-0.45 m, with values from 14.10 to 14.63, respec-
tively, and a maximum of 17.13 in the 0.35-0.40 m layer. Because it has a
higher content of lignin, a carbon-rich organic polymer, the pasture has
organic matter with high C/N ratio and difficult degradation, which con-
tributes to the C values in subsurface being similar to or even higher than
that of NV (Costa et al., 2009; Braz et al.,, 2013). However, the higher C

Table 1 - Pearson’s correlation between the variables bulk density (BD),
total porosity (TP) and carbon and nitrogen stocks (CSt and NSt) of the
soil in areas in the Cerrado biome, Mato Grosso do Sul, Brazil.

Natural vegetation (N'V)

BD TP CSt NSt
BD 1
TP -0.95%* 1
CSt -0.66* 0.76** 1
NSt -0.70%* 0.80%* 0.99%* 1
BD TP CSt NSt
BD 1
TP -0.81%* 1
CSt -0.30 -0.20 1
NSt -0.26 -0.26 0.96** 1

contents in the layers from 0.45-0.50 m up to 0.55-0.60 m of the NV area
may be associated with the presence of coal, due to the history of regular
fires in the Cerrado biome and the preservation of SOM in structures, or
complexed with oxides and clay minerals, resulting in increased C/N ratio
at these depths (Costa et al., 2009; Sant-Anna et al., 2017).

Natural abundance of **C and **N

The values of 3"°C (%o) reflect the current vegetation in each area
(Figure 5). The NV area had the lowest values of 8"°C (%o), with vari-
ation from -26.9%o (0-0.05 m) to -21.5%o (0.30-0.35 m). The isotopic
values of the first layers of NV discriminate the predominance of C,
plants, resulting in the intensity of *C, which is described in the liter-
ature with values of 8'*C between -33%o and -22%o (Tarré et al., 2001;
Carvalho et al,, 2017), confirmed by the percentages of %C . below 50%
in the 0-0.05 m and 0.05-0.10 m layers.

From the layers of 0.25-0.30 m extending up to 0.40-0.45 m, there was
isotopic enrichment, with a difference greater than 4%o from the surface
and %C, greater than 50%. Isotopic variations greater than 4%o are asso-
ciated with changes in plant communities (Saia et al., 2008). This result
indicates that, in some past period, the existing vegetation was mixed and
more open than the current one, or that it underwent anthropic interfer-
ences, such as wood extraction and introduction of exotic species of grass
and cattle, resulting in the mixture of C, plants (arboreal vegetation) and C,
plants (pasture) (Assad et al., 2013; Sant-Anna et al., 2017).

In the deeper layers, below 0.45-0.50 and 0.55-0.60 m, the enrich-
ment remained below 4%o, with values of 8"*C (%o) below -22%o and
%C, less than 50%. This enrichment in subsurface is due to the process-
es of decomposition and humification of organic matter, where '*C is
released in greater amount, which leads to an increase in the concen-
tration of the enriched forms in C compared to the recently incor-

porated organic matter (Boutton et al., 1998; Dortzbach et al., 2015).

Figure 4 - Carbon stocks (CSt), nitrogen (NSt) and carbon/
nitrogen ratio (C/N) of the soil in areas with planted pasture (PA)
and natural vegetation (NV), in the Cerrado biome, Mato Grosso
do Sul, Brazil.
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The PA area had the highest values of natural abundance of $C (%o)
in the 0-0.05 and 0.05-0.10 m layers, with isotopic values from -17.4%o
to -18.3%o, respectively, and %C . higher than 70% at these depths, from
the organic matter of C, plants. These results indicate that there was
considerable deposition of C, plants derived from grass residues up to
a depth of 0.10 m (Sant-Anna et al., 2017). In the other layers, the isoto-
pic values decrease between -19.0%o and -21.8%, typical of vegetation
mixed between C,and C, plants. Thus, it is possible to observe the evo-
lution of a C, photosynthetic cycle vegetation to C,, but it still indicates
that the organic matter in subsurface has remnants of the characteristics
of transition from native vegetation to native pasture and of natural veg-
etation (Carvalho et al., 2010; Strey et al., 2016; Menezes et al., 2017).

The percentage of remaining C from native vegetation in the PA
area (%Cf) is below 40% in the first two layers, but these values in-
crease dramatically in subsurface, exceeding 70% in most layers and
reachg 91.7% in the 0.30-0.35 m layer. Some studies report similar
results, with an average of 70% of soil organic carbon derived from
the original forest in soils conducted from low-productivity pastures
(Costa et al., 2009; Dortzbach et al., 2015).

The values of %Cf in subsurface suggest the preservation of the re-
maining organic matter from NV in these layers, corroborating the results
of the C/N ratio at these same depths. The poorly formed pasture with high
animal stocking rate in Argissolo with sandy texture resulted in a low car-
bon increment to the soil, associated with the rapid cycling of this material
by microorganisms (Dortzbach et al., 2015). Argissolos or Acrisols (IUSS

Working Group WRB, 2015) tend to lose less C derived from the forest
when compared to Ferralsols, due to their physical characteristics in the
subsurface layers (Strey et al., 2016). The addition of fertilizer can lead to
higher rates of decomposition of the remaining organic matter from natu-
ral vegetation and an increase in the release of C from grasses (Sant-Anna
etal,, 2017). However, the area with PA has no fertilization management in
its history, which restricts the development of the pasture root system and
the decomposition of the remaining SOM in subsurface.

The values of §'°N showed an isotopic enrichment as depth increased,
and this pattern was more pronounced in NV. In the NV area, the values
of "N ranged from 3.99 to 16.83%o, whereas, in the PA area, there were
values between 7.93 and 15.15%o (Figure 5). The lower values of §*°N in
the surface layers, mainly in NV, are attributed to the constant addition
of organic matter in the surface layers of the soil, as well as to the diver-
sity of sources present in NV, with some species of the Fabaceae family,
which promotes higher contents of readily available nitrogen (*N, light-
er isotope) (Loss et al., 2014).

The enrichment of §"°N values in subsurface can also be attributed
to transformations from organic N to mineral N. Thus, as the reactions
of mineralization, nitrification, denitrification and volatilization occur
associated with N assimilations by plants, there is greater decomposition
of the isotope “N, leaving the remaining organic matter enriched in "N
atoms (Couto et al., 2017). Therefore, isotropic values of §°N serve as an
indication of the decomposition of organic matter, as the highest values

of 8N are found in areas with low contents of organic carbon.

Figure 5 - Natural abundance of 5"°C and 6"°N (%o), percentage of carbon from C, plant origin (%C4) and carbon remaining from native
vegetation (%Cf) in the soil of areas with planted pasture (PA) and Natural vegetation (NV), in the Cerrado biome, Mato Grosso do Sul, Brazil.
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Effects of Cerrado conversion and fragmentation

The conversion of native vegetation into cultivated pasture for ex-
tensive livestock farming in the 1970s, 1980s and 1990s, in the Cerrado
area of Aquidauana, resulted in a fragmentation of this biome in the re-
gion, as it was shown in the NV area evaluated, with the fragmentation
of natural vegetation in favor of the expansion of livestock farming and
agriculture, a common practice in Cerrado, an ecological hotspot in
Brazil (Silva and Bacani, 2017; Ozdrio et al., 2019; Alencar et al., 2020).

The NV area (fragmented area) possibly suffered or is still suffering
from anthropic actions (introduction of animals, wood extraction and
advance of pasture) and edge effect, factors that were not evaluated in
the present study, as the collection was performed at the center of the
NV area. However, the drastic reductions of CSt and NSt in subsur-
face and the isotopic enrichment in the layers of 0.25-0.30 m up to
0.40-0.45 m of NV may be associated with these factors (Nascimento
and Laurance, 2004; Barros and Fearnside, 2016).

The fragmentation of NV may have resulted in a change in the com-
position and structure of the vegetation from edge to center, with death
of climax trees and the development of pioneer species, affecting the dis-
tribution and dynamics of aboveground biomass, enabling the increase
in the rate of decomposition and shifting the C flow to the soil (Barros
and Fearnside, 2016; Ma et al., 2017). Thus, fragmentation contributed

with negative impacts within biogeochemical cycles, such as reduction

of the capacity of sequestration and storage of C and N in the vegetation,
rapid mineralization of these elements in the soil, reduction of C and N
stocks in surface and subsurface and, consequently, increase in green-

house gas (GHG) emissions (Nascimento and Laurance, 2004).

Conclusions

The highest carbon and nitrogen stocks occur in the 0-0.05 m lay-
er of natural vegetation, and conversion to pasture leads to significant
losses in the carbon and nitrogen stocks of the 0-0.05 m layer. In the
subsurface layers, the area of natural vegetation has similar contents to
those of planted pasture.

The conversion of natural vegetation into pasture causes changes in
the signal of 8"*C, with the highest isotopic values in the first two layers of
pasture; however, in subsurface, the signals of §"°C decrease, indicating the
presence of the mixture between C, and C, plants, and the percentage of
remaining carbon from the native vegetation in the pasture area increases.

The enriched values of 8"*C in a subsurface layer of natural vegeta-
tion suggest change in vegetation community in this area during past
periods, with a mixed vegetation of C,and C, plants.

The values of 8'°N showed an isotopic enrichment as depth in-
creased, indicating greater mineralization of soil organic matter.
Because it was composed of a C, species, the area with pasture had
the highest values of 8"°N, with low enrichment in subsurface.
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RESUMO

The purpose of this paper was to analyze palm oil biodiesel
production under different conditions and to verify the relationships
between production variablesin order to optimize biofuel production
using response surface methodology (RSM). Biodiesel was produced
through transesterification process by methyl route and alkali
catalyst (NaOH) 1% (m/m). The analyzed variables were: four molar
ratios (3:1, 4:1, 6:1 and 8:1); three temperature reactions (45°, 52°
and 60°C); and three time reactions (40, 60 and 80 minutes). For the
palm oil biodiesel production, the highest yield was 93%, obtained
via a molar rate of 3:1, 52°C and 60 minutes. This result differs
from previous studies that found a higher yield with molar ratio
increases, implying greater expenses of methanol. Kinetic viscosity
and specific mass were also analyzed, and the values are within the
Brazilian, American, and European standards. The results showed
that the most influent factor in biodiesel production was the molar
rate. In relation to the biodiesel characterization, using the RMN
H1 technique, it was possible to obtain the transesterification
reaction yield of 79.50% for the 3:1 palm oil biodiesel. Through gas
chromatography, it can be verified that the predominant fatty acids
in the samples were palmitic and oleic acids. .

Keywords: methyl esters; biofuel viscosity; biofuel specific mass;
production efficiency.

O objetivo deste trabalho foi analisar a produgdo de biodiesel de
dleo de palma em diferentes condi¢Ges e verificar as relagdes entre
variaveis de produgdo para otimizar a produgdo de biocombustiveis
usando a metodologia da superficie de resposta (response surface
methodology — RSM). O biodiesel foi produzido através do processo de
transesterificagdo via rota metilica e com catalisador alcalino (NaOH) a
1% (m/m). As variaveis analisadas foram: quatro razdes molares (3:1, 4:1,
6:1 e 8:1); trés temperaturas de reagdo (45°, 52° e 60°C) e trés tempos
de reacdo (40, 60 e 80 minutos). Para a produgdo de biodiesel de éleo de
palma, o maior rendimento foi de 93%, obtido na razdo molar de 3:1, 52°C
e 60 minutos. Esse resultado difere de outros estudos que encontraram
maior rendimento com o aumento da razdo molar, implicando em maiores
gastos com metanol. A viscosidade cinética e a massa especifica também
foram analisadas, e os valores estdo dentro dos padrGes brasileiro,
americano e europeu. Os resultados mostraram que o fator mais influente
na produgdo de biodiesel foi a razdo molar. Em relagdo a caracterizagdo
do biodiesel, pela técnica de RMN 1H, foi possivel obter o rendimento da
reagdo de transesterificagdo de 79,50% para o biodiesel 3:1 de dleo de
palma. Por meio da cromatografia gasosa, pode-se verificar que os acidos
graxos predominantes nas amostras foram os acidos palmiticos e oleico.

Palavras-chave: ésteres metilicos; viscosidade de biocombustivel;
massa especifica de biocombustivel; eficiéncia de produgdo.
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Optimization of palm oil biodiesel production using response surface methodology

Introduction

Alternative fuel sources have been widely studied due to the non-renew-
able character of the current and most used energy source, oil. For Razack
and Duraiarasan (2016), biodiesel has emerged as the main substitute for
petroleum diesel. Biodiesel promotes sustainable development through en-
ergy savings, in addition to presenting characteristics, such as low toxicity
and low emission of polluting gases (Ambat et al., 2018).

Biodiesel is a renewable energy source, biodegradable and derivates
from renewable sources, such as vegetable oils and animal fat. There are
several technologies for biodiesel production, such as cracking, esteri-
fication and transesterification, which involve the management of vari-
ables, such as the molar ratio of alcohol:oil, temperature, time, and cat-
alyst amount, determinants for the efficiency of biodiesel production.
The transesterification process of fatty acids present in oils and fats is
the most common and can be carried out using ethanol (ethyl route) or
methanol (methyl route), which generally present better yields in the
presence of an acid or basic catalyst (Rodrigues et al., 2011; Victorino
et al., 2016; Abdullah et al., 2017; Gongalves et al., 2019).

In both processes the production of glycerol is obtained as a
by-product, which contributes in the increasing biodiesel competitive-
ness, since this substance can be used as raw material in the production
of paints, pharmaceuticals, and textiles.

Biodiesel or fatty acid methyl ester (FAME), when using methanol,
or fatty acid ethyl ester (FAEE), when using ethanol, is a fuel that can
be applied pure or mixed with petroleum derived diesel in various pro-
portions in internal combustion engines without the need for mechan-
ical modifications in the engine (Rincén et al., 2014).

Brazilian national law no. 12,490 of September 16, 2011 (in item
XXIV of Article 6) defines biofuel as a “substance derived from renew-
able biomass, such as biodiesel, ethanol and other substances established
in Brazilian National Agency of Petroleum, Natural Gas and Biofuels
(ANP) regulations, which can be used directly or through changes in in-
ternal combustion engines or for other types of power generation, being
able to replace fossil fuels partially or totally” (Brasil, 2011).

Due to its origin, biodiesel provides lower environmental impacts
when compared to diesel fuel, emitting less particulate material, car-
bon dioxide (CO,) and nitrogen oxides (NO,), which are gases that
contribute to the greenhouse effect. When this biofuel shows similar
characteristics to diesel fuel, it is able to replace it as an energy source
(Kumar et al., 2016).

However, as stated by Ge et al. (2020), a possible disadvantage is that
viscosity and density tend to be slightly higher in biodiesel than in diesel
due to the presence of saturated and unsaturated long chain fatty acids.

The USA is the country with the highest biofuel production, fol-
lowed by Brazil (Sawin et al., 2017). According to Sawin et al. (2017),
the total production of biofuels in Brazil was 30.8 billion liters in 2016,
27 billion of which were ethanol and 3.8 billion were biodiesel. In Bra-
zil, biodiesel has soy oil and pork fat as its main feedstocks, with a par-
ticipation of 72.51 and 14.93%, respectively, while palm oil represents

275

only 0.16%. These facts show the minor participation on a wide variety
of potential raw materials for biodiesel production, so it is necessary
to increase the participation of raw materials in matrix, especially of
products with highly productive yield such as the palm oil crop.

According to Feroldi et al. (2014), palm is considered the raw
material with the highest oil productivity among the oilseeds for con-
sumption around the world, with 20 to 22% of oil and a yield of four
to six tons per hectare each year. Besides, palm oil is also a significant
profitable oil for biodiesel production due to its compositional charac-
teristics, high productivity with low cost, whole year well distributed
production and no competition with other crops for feeding purposes.
Nowadays in Brazil, most palm oil plantations are concentrated in the
states of Pard, Amazonas, Amapa, and Bahia (D’Agosto et al., 2015).
Moreover, palm oil biodiesel production is encouraging a new segment
for the productive chain that is strengthening, generating, and multi-
plying employment and increasing income in the agricultural phase,
input market and services and transport, storage, blending and bio-
diesel marketing activities (Lebid and Henkes, 2015).

The cultivation of the African palm (Elaeis guineenses), originat-
ing from the Gulf of Guinea on the West coast of Africa, is an oleagi-
nous plant species from which oil is extracted out of its fruit mesocarp.
This palm has a life cycle of 20 to 30 years and begins to produce clus-
ters at the age of 3.5 years after planting, reaching its peak between 7
and 15 years, after which it begins to decrease slowly until the 25th year.
The favourable development conditions are moderate air temperature,
solar radiation associated with a good distribution of precipitation with
2,000 mm year and deep soils without compaction, with a maximum
slope of 5% and an altitude up to 600 meters (Kuss et al., 2015).

Palm oil is the main raw stock for biodiesel production in Malaysia
(Mekhilef et al., 2011), which is one of the leading palm oil producers
in the world. There are many advantages and disadvantages from the
economic, social, and environmental features of the Malaysian biodies-
el palm production.

Apart from the economic aspect, the environmental issue is a major
fact. According to Kong et al. (2014), the producing biochar from palm
oil biomass provides promising co-benefits, including the generation of
renewable electricity, liquid and gas biofuels, large amounts of heat or
low-pressure steam and the potential of a net withdrawal of carbon di-
oxide from the atmosphere. In the future, biochar alone is not going to be
enough to reduce Greenhouse Gas Protocol (GHG) to manageable safety
levels. However, it can be implemented and integrated to the palm oil pro-
ducing countries using many different approaches to create a substantial
positive impact on the challenges of climate change and crop productivity.

Different studies carried out by Ali and Tay (2013), Sukjit and
Punsuvon (2013), Feroldi et al. (2014), Wong et al. (2015), Angue-
bes-Franseschi et al. (2016), among others, analysed the variables asso-
ciated with the biodiesel production from palm oil, and found that the
molar ratio ethanol:oil, temperature and stirring time are the most im-

portant factors involved in the reaction. Some authors, such as Ali and
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Tay (2013) and Feroldi et al. (2014), found the optimal conditions for
palm oil biodiesel production using methanol in the transesterification
process: the methanol:oil molar ratio of 6:1, reaction time of 60 min-
utes and temperature of 60°C with 1% of KOH as a catalyst, resulting in
88% yield. Likewise, Anguebes-Franseschi et al. (2016) obtained a yield
of 90% in palm oil biodiesel production with a reaction temperature of
56°C, 135 minutes, and a NaOH catalyst proportion of 0.65%.

It is important to monitor the process from the formation of the
main product, the fatty esters, in the transesterification. Thus, high-per-
formance liquid chromatography, gas chromatography, proton nuclear
magnetic resonance (1H NMR) and thin layer chromatography meth-
ods are used. Among these techniques, gas chromatography is consid-
ered the most effective to determine the amount of fatty acid esters
present in the biodiesel composition (Marques et al., 2010).

Using response surface methodology (RSM), Sukjit and Punsuvon
(2013) determined that the best conditions were a molar ratio of 7:1
methanol:palm oil, temperature of 60°C with 70 minutes of reaction
time and a proportion of 1.2% of KOH catalyst, resulting in a 96.24%
yield. Using RSM, the highest yield obtained in the reaction with palm
oil was 97.67% with a molar ratio of 13.04:1 methanol:oil, time of 2.67
hours and a catalyst proportion of 3.60% (Wong et al., 2015).

Thus, taking into account the different studies about molar ratio,
temperature and reaction time for biodiesel production, as well as the
importance of determining a more efficient process for the production
of renewable energies, this paper aimed to establish the process with
the highest yield using RSM in the production of palm oil biodiesel,
testing the values of factors, such as molar ratio, temperature and time,

as well as analyzing the kinetic viscosity and specific mass.
Materials and Methods

Biodiesel production

The structure of this paper comprised two steps: the first involved
the biodiesel produced experimentally and the second consisted in bio-
diesel characterization and elaboration of the response surface. The palm
oil biodiesel production and characterization were performed at the Uni-
versidade Federal Fluminense (UFE Brazil). For biodiesel production,
palm oil and methanol were used and NaOH was the catalyst.

The different characteristics of molar ratio, temperature and time
were considered for the experimental analyses of biodiesel production.
The data were obtained for three temperatures (45, 52 and 60°C), three
production times (40, 60 and 80 minutes), and four molar ratios of
methanol:oil (3:1, 4:1, 6:1, 8:1), as shown in Table 1.

Table 1 - Analysis of variation sources.

Molar ratio (methanol:oil) 3:1, 4:1, 6:1, 8:1
Temperature (°C) 45, 52, 60
Time (min) 40, 60, 80

Palm oil is red due to the presence of carotenoids and is rich in
vitamins, coenzymes, and sterols (Porcayo-Calderon et al., 2017).
In addition, it is more saturated than soybean oil and rapeseed due
to its higher amount of fatty acids, such as palmitic (C16:0), stearic
(C18:0), oleic (C18:1) and linoleic (C18:2) acids (Issariyakul and Dalai,
2014). High-quality palm oil is mainly used in the food industry, and
low-quality (non-edible) oil is used to produce soap, waxes, cosmetics,
biofuels, and other types of goods (Porcayo-Calderon et al., 2017).

Table 2 shows the fatty acid composition of palm oil. It is possi-
ble to observe 50% of saturated fatty acids (SFA), mainly palmitic acid
(44%), and lower amounts of stearic acid (5%), 40% of monounsaturat-
ed fatty acids (AGMI), mainly oleic acid and 10% of polyunsaturated
fatty acids (PUFA), mainly linoleic acid.

Biodiesel was obtained via alkali transesterification reaction. Ini-
tially, the quantities of palm oil, methanol and NaOH based on the
treatment were weighed. Consequently, the oil was heated in the cor-
responding treatment temperature (45, 52 and 60°C) and then mixed
with the methanol and NaOH mixture in the magnetic stirrer at the
temperature and reaction time of the treatment. After the reaction
time, the biodiesel was separated from the glycerol phase and washed
with distilled water and hydrochloric acid, heated at 105°C and finally
filtered. The mass yield production of each treatment was determined
from the biodiesel mass divided by oil mass, as shown in Equation 1.

Yield (%) = (biodiesel mass (g))/(oil mass (g)) (1)

Biodiesel characterization

The biodiesel characterization was carried out according to the
Brazilian (ABNT), American (ASTM) and European (EN ISO) stan-
dards (Table 3). A specific mass at 20°C was determined, as well as
biodiesel kinetic viscosity, separated according to molar ratio (3:1, 4:1,
6:1 and 8:1). The Brazilian National Agency of Petroleum, Natural Gas
and Biofuels (ANP) defines biodiesel as a fuel composed of alkyl esters

of long-chain carboxylic acids, produced through the transesterifica-

Table 2 - Fatty acid composition of palm oil.

Fatty Acid Name Composition (%)

Lauric (12:0) 0.2
Myristic (14:0) 1.1
Palmitic (16:0) 44
Stearic (18:0) 4.5
Oleic (18:1) 39.2
Linoleic (18:2) 10.1
Linolenic (18:3) 0.4
Arachidic (20:0) 0.1

Source: adapted from Mancini et al. (2015).
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tion and/or esterification of fatty substances, of fats from vegetable or
animal origins (Brasil, 2014).

The specific mass was determined using a pycnometer with
biodiesel at 20°C (Lima et al., 2010). The known volume using a
pycnometer was 50 mL, and the specific mass was calculated ap-
plying Equation 2, considering the mass difference between empty

and full pycnometers.
p = (fpm-epm)/pv*1000 2)

In which:

p = specific mass of biodiesel (kg m~);
fpm = full pycnometer mass (g);

epm = empty pycnometer mass (g);

pv = pycnometer volume (mL).

Kinetic viscosity was calculated from the dynamic viscosity divid-
ed by specific mass. Dynamic viscosity was determined using rheome-
ter Haake RS50, and specific mass was calculated. Biodiesel samples at
40°C (ASTM, 2012) were used for these analyses.

Biodiesel characterization by hydrogen
nuclear magnetic resonance

1H NMR spectrometry characterization of palm oil and biodiesel
samples with higher mass yield was carried out at the Multi-Nuclear
Magnetic Resonance Laboratory (LaReMN) at UFF (Brazil). The sam-
ples were diluted in deuterated chloroform (CDCI3) and analyzed on
a Varian spectrometer — VNMRS 300MHz. Tetramethylsilane (TMS)
was used as reference, according to the methodology proposed by Fa-
gundes (2011).

Gas chromatography

Samples with the highest mass yield biodiesel were analyzed
qualitatively in the gas chromatograph coupled to mass spectrom-
etry (GC-MS) GCMS-QP2010 (Shimadzu, Tokyo, JP) using the
following conditions: injection with flow division in the ratio of
1:20; DB5-MS column (30 m x 0.25 mm D.I. and 1 pm of 5% phe-
nyl-polydimethylsiloxane); the carrier gas used was He (99.999%
pure) under a constant flow of 3 mL min’'; oven temperature set-
ting was 50-180°C with heating rate of 8°C min™', 180-230°C with

heating rate of 5°C min™, 230-310°C with heating rate of 20°C
min’', followed by isotherm for 15 minutes. The chromatographic
profiles were made in comparison with the Nist 147 library (US
National Institute of Standards and Technology 147), indicating
the presence of some methyl esters in the samples. The distribu-
tion of the observed substances was determined by standardizing
the area of each present peak, that is, in percentage of relative

chromatographic area.

Degree of transesterification conversion

The biodiesel sample with the highest mass yield had its transes-
terification reaction characterized by the spectrum of nuclear mag-
netic resonance. The conversion of oil into biodiesel was calculated
according to Equation 3, following the methodology proposed by
Ruschel et al. (2016). Based on this equation, the conversion is de-
termined by the integration of the biodiesel sample 1H NMR signals.
The integration of each spectrum was generated using the MestreN-
ova software v. 12.0.

C, = ((y/3)/(1,,/2))*100 3)

In which:
C, = the conversion rate of the transesterification process;
I, and I, = obtained integrating the signals attributed to hydro-

gen of methylene group adjacent to carbonyl and hydrogen of methyl

ester group, respectively.

As mentioned, the signal from methylene group adjacent to car-
bonyl (2.1-2.4 ppm) is used in the conversion parameter, as it is pres-

ent in all triglyceride derivatives.

Response surface

In order to elaborate the response surface, the Matlab Software®
(academic version) was used. The response surface was obtained for
the variables molar ratio (x), reaction time (y), temperature (z), and
yield (response), shown in Equation 4, using the linear interpolation
method. Maximum yield was then obtained from the maximum value

of the surface in Equation 4.

Yield = F (xq, yq, zq) 4)

Table 3 - Biodiesel specifications established by Brazilian, American, and European regulations.

Characteristic Limit
ABNT ASTM D EN ISO
) 7148 1298 EN ISO 3675
Specific mass at 20°C 850 to 900 kg.m™
14065 4052 ENISO 12185
Kinematic viscosity at 40°C 3 to 6 mm’s’ 10441 445 ENISO 3104

Source: adapted from Brasil (2014).
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Results and Discussion

Specific mass

The specific mass results of biodiesel samples at 20°C are presented
in Table 4. The results obtained are according to the Brazilian (ABNT),
American (ASTM) and European (EN ISO) standards (Table 3), which
demand a specific mass value from 850 to 900 kg m=. It is also possible
to observe that the molar ratio did not significantly alter the specific
mass values of the produced biodiesel.

According to Lobo et al. (2009), biodiesel specific mass is di-
rectly linked to its molecular structure. The higher the length of the
alkyl ester carbon chain, the greater the density. However, density
can decrease with a greater number of unsaturation present in the
molecule. Density can also be affected by the presence of impurities,
such as alcohol or adulterants. Compared to diesel, biodiesel is less
compressible and denser, causing a decrease in the calorific value and
increasing consumption.

The specific mass is a determinant parameter of maximum bio-
diesel percentage in the mixture with diesel, since mixtures with a high
proportion of biodiesel or those which diesel density is close to the up-
per limit allowed could exceed the limits established by the standards
(Avellaneda, 2010).

Based on Ali et al. (2014), the raw material used in the production
process has a direct influence on the specific biodiesel mass. The re-
sults presented for specific mass are according to the ones obtained
by Ali et al. (2012), Vargas (2010), Sarkar and Bhattacharyya (2012).
These authors indicated values for specific mass from palm oil biodies-
el as 867, 871.6 and 874 kg m™, according to Ali et al. (2012), Vargas
(2010), Sarkar and Bhattacharyya (2012)”

Table 4 - Specific mass of biodiesel at 20°C according to molar ratio*.

3:1 871.90 a
4:1 872.46 a
6:1 872.26 a
8:1 871.58 a

*Average values followed by the same letter do not differ in the 5%
probability level by Tukey test.

Table 5 - Biodiesel kinetic viscosity according to molar ratio*.

Molar ratio Kinetic viscosity (mm?s™)

3:1 4.89a
4:1 545d
6:1 539¢
8:1 5.09b

*Average values followed by different letter differ in the 5% probability
level by Tukey test.

Kinetic viscosity

The kinetic viscosity results obtained are presented in Table 5
and are according to the Brazilian (ABNT), American (ASTM) and
European (EN ISO) standards (Table 3), which require values of 3
to 6 mm?* s

Several authors, such as Ali et al. (2012), Yusop et al. (2018),
Kim et al. (2019), Tziourtzioumis and Stamatelos (2019), Yoon et al.
(2019), and Ong et al. (2020), who produced biodiesel from palm oil,
obtained kinematic viscosity values between 4.56 and 4.74 mm?s™.

According to Zahan and Kano (2018), biodiesel produced from
palm oil has better properties compared to biodiesel produced from
other raw materials, including kinematic viscosity. As explained by
Yusop et al. (2018), fuel viscosity plays an important role in engine
injection systems, as lower viscosities cause injectors and pumps to
leak, interfering with the engine’s power production. In addition, vis-
cosity also interferes with atomization and spraying within the com-
bustion chamber.

Hydrogen nuclear magnetic resonance

Using the hydrogen nuclear magnetic resonance (1H NMR) tech-
nique, it is possible to determine whether the transesterification reac-
tion of triglycerides in monoesters occurred directly. The results from
RMNI1 H were similar for both palm oil and 3:1 molar ratio biodiesel.
Figure 1 shows the 1H NMR spectrum of palm oil, in which the pres-
ence of a multiplet signal in the area of 4-4.4 ppm can be observed.
This area shows the presence of hydrogen characteristic of triglycerides.

After the transesterification reaction, the 1H NMR spectrum in
the produced biodiesel (Figure 1B) has no sign of the characteristic
area of triglycerides 4-4.4 ppm. In addition, it is also possible to ob-
serve that in this spectrum, unlike the oil sample, a singlet is observed
in the 3.4-3.7 ppm area, and this signal is attributed to the hydrogen
of the methoxy group -OCHS3 present in the produced methyl esters.

Furthermore, it appears that the signal from the 2.1-2.4 ppm
area was highlighted, as it can be observed both in the source mate-
rial (vegetable oil) and in the biodiesel samples. This area is attribut-
ed to the hydrogen in the carbonyl (0.-CH2) adjacent group. In addi-
tion to the chemical information that this signal provides, it is also used
to determine the degree of the transesterification conversion process.

The main chemical shifts (ppm) observed in the spectra of the pro-
duced biodiesel are shown in Table 6.

Analyzing the 1H NMR spectrum of 3:1 palm biodiesel, a triplet
with an integration of approximately 3 H is observed in the displace-
ment range of 0.92-0.84 ppm in relation to TMS. In the displacement
range of 1.27-1.21 ppm, a singlet with an integration of approximately
13 H is observed. A singlet is observed in the displacement range of
1.56-1.59 ppm with an integration of approximately 2 H. In the dis-
placement range of 2.32-2.28 ppm, a triplet with an integration of ap-
proximately 2 H is observed. In the displacement range of 3.69-3.65
ppm, a singlet with an integration of approximately 3 H is observed
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and in the displacement range of 5.42-5.29 ppm a multiplet with an
integration of approximately 1 H is observed.

Analysis of the data from the 1H NMR spectrum of the produced
biodiesel proved that the transesterification reaction occurred observ-
ing the disappearance of the signals from the area of 4-4.4 ppm, indi-
cating the disappearance of the hydrogen attributed to the triglycerides
and the appearance of the singlet in the 3.5-3.7 ppm area, which is
attributed to the hydrogen of the formed ester. The obtained results
for chemical displacement and yield were compared to data already

described in previous studies.

Transesterification conversion degree

As shown in Table 7, the 1H NMR analysis suggested that the yield
of the transesterification reaction is mainly associated with the pres-
ence or absence of signal in the 4-4.4 ppm area attributed to the tri-
glyceride H. As a result, a 79.50% conversion rate was observed.

It is important to note that the greater the conversion of biodiesel, the
lower the amount of glycerin produced, suggesting that the cotton-coco-

nut mixture has a lower amount of glycerin compared to other oils.

Gas chromatography analysis coupled to mass spectrometry

In the chromatogram corresponding to the palm oil methyl bio-
diesel sample (Figure 2), it is evident that the 16-22-minute interval
shows signs related to the fatty esters that contribute the most to the
composition of palm oil biodiesel. Comparing the experimental data
to the data from ANVISA (Brasil, 1999) and Mancini et al. (2015),
there is an agreement in relation to the largest compositions, which
were oleic and palmitic acids, such as those of a greater area present
in the sample (Table 8).

Statistical analysis

The software used for statistical analysis was the SISVAR v. 5.6 (Fer-
reira, 2014) with the Tukey test at a 5% significance level (p < 0.05). 108
samples were also analyzed in order to estimate the effects in biodiesel
production yield of the studied variables and their interactions (Table 9).
All three studied variables and the interactions between molar ratio ver-
sus temperature and temperature versus time had a significant effect on
biodiesel production yield. However, the interaction between molar ratio
versus time did not present significant effects.

It can be observed in Figure 3 that the highest yield in biodiesel
production (93%) was obtained in the 3:1 molar ratio with a tempera-
ture of 52°C and stirring time of 60 minutes. The curves are quadratic
regressions over average yield and temperature (or time) for all sets of
molar ratios experiments. For the other molar ratios, the yield was low-
er and decreasing as the molar ratio increased. It can also be observed
that the yield variation (between temperatures and stirring times) was

lower at the 3:1 molar ratio.

Table 6 - Chemical shift (ppm) of biodiesel samples.

it )

1H NMR (CDCI3, 300 Hz): 5.42-5.29
(m, 1H); 3.69-3.65 (s, 3H);
2.32-2.28 (t, 2H); 1.59-1.56 (s, 2H);
1.27-1.21 (s, 13H); 0.92-0.84 (t, 3H)

Palm 3:1

Table 7 - Conversion rate values for higher mass yield biodiesel.

Palm 3:1 79.50

Figure 1 - 1H NMR spectrum of the source of triglycerides in (A) palm oil and (B) biodiesel formed.
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Figure 3A shows the temperature performance in the production the molecular interaction between the reagents benefits the increase in
of biodiesel from palm. It was expected that the yield would be in- the reaction temperature. However, the increase in temperature causes
creased at higher temperatures, since, according to Feng et al. (2017), loss of reaction yield. According to Ramos et al. (2011), a possible ex-

Figure 2 - Palm oil methyl biodiesel chromatogram.

Table 8 - Palm oil biodiesel fatty acid.

Fatty acid Retention time (min) Mancini et al (2015) Brasil (1999)

Cl14:0 Myristic 16.53 0.82 0.5-2

C16:0 Palmitic 19.22 16.72 44 35-47
C18:0 Stearic 21.10 8.23 4.5 3.5-6.5
C18:1 Oleic 21.79 64.39 39.2 36-47
C18:2 Linoleic 21.67 9.34 10.1 6.5-15

Table 9 - Variance analysis of the effect on biodiesel production yield of the studied variables and their interactions.

Degreeof ficedon

Molar ratio 0.2213 0.0738 313.528 0.0000
Temperature 2 0.0508 0.0254 107.849 0.0000
Time 2 0.0050 0.0025 10.592 0.0000
Molar ratio*Temperature 6 0.0233 0.0039 16.530 0.0000
Molar ratio*Time 6 0.0023 0.0004 1.653 0.1429
Temperature*Time 4 0.0051 0.0013 5.458 0.0000
Error 84 0.0198 0.0002
Corrected Total 107 0.3277
CV (%) 1.78
Mean 0.8606
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planation is that the increase in temperature not only favors the desired
kinetics, but also the competing reactions such as hydrolysis. Ahiekpor
and Kuwornoo also (2010) concluded that low temperatures in the re-
action decrease the saponification degree.

Figure 3B shows the reaction time effect on the transesterification
of palm oil. The yield showed a slight increase when the reaction time
went from 40 to 60 minutes in the molar ratio of 3:1. However, the in-
crease in time from 60 to 80 minutes led to a reduction in the reaction
yield. For the other molar ratios, the increase in reaction time result-
ed in decreased yield. These results differ from those of Roschat et al.
(2018), which obtained higher yields with increased reaction times.

Figure 4 shows the standardized distribution of production yields,
and it is possible to verify that the lower molar ratios (3:1 and 4:1) present
a higher density of values in the area of 85 to 90% yield, with emphasis on
the molar ratio of 3:1, which showed greater density in the area of 90 to
95% of yield. At the highest molar ratios (6:1 and 8:1), the value density
was greater in the area of 85 to 90% yield for the 6:1 molar ratio (with a
density lower than the 4:1 ratio), and in the area of 80 to 85% yield for the
8:1 molar ratio. These values are evidenced by the better performance of

the 3:1 molar ratio in the different reaction times studied.

Response surface
Figure 5 shows the effects of molar ratio, temperature, and time

over a response surface of palm oil biodiesel production yield.

A maximum yield response, indicated by the dark red color, corre-
sponds to a molar ratio of 3:1, temperature of 52°C and 60 minutes time,
whose yield is 93%. The response surface indicates that, as molar ratio
increases, yield decreases. This is different from the results observed by
Feroldi et al. (2014), which suggested that in order to obtain a higher
yield it is necessary to increase molar ratio in palm oil biodiesel produc-
tion. Off the surface maximum, the yield decreases, especially for a molar
ratio of 8:1 and 80 minutes, illustrated by the dark blue color on surface,
resulting in a yield of 70%. According to Guerrero-Pena et al. (2013), a
possible cause of this effect is linked to the reversibility reaction, due to
long reaction time, resulting in a decrease of methyl esters production.

Sukjit and Punsuvon (2013), while also using the RSM determined
optimum conditions for palm oil biodiesel production at a molar ratio
of 7:1, temperature of 60°C and 70 minutes reaction time with a propor-
tion of 1.2% KOH catalyst, resulting in a yield of 96.24%. Wong et al.
(2015), using RSM, observed that the highest yield of 97.67% was ob-
tained by molar ratio of 13.04:1, reaction time of 2.67 hours, and a
proportion of 3.60% of catalyst.

Using the RSM and the Taguchi method, Tan et al. (2017) found
a biodiesel yield around 95% under optimal reaction conditions at a
temperature of 65°C, 1.9 at 2 hours’ time and a molar ratio of 10 at 11:1,
indicating that the integration of both methods is practically effective.
However, RSM is more reliable in predicting the nonlinear relationship

between the processing variables and response.

Figure 3 - Average and standard deviation of the experimental set (molar ratio) for (A) temperature (°C) and (B) time (minutes).
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According to the results of Alkabbashi et al. (2009), the optimal
conditions for biodiesel production with palm oil using methanol
in the transesterification process were a reaction time of 60 min-
utes, a temperature of 60°C, a molar ratio of 10:1 (m.m™), and a
proportion catalyst of 1.4% based on the oil mass, thus obtaining
ayield of 93.6%.

These results corroborate those obtained by Paula et al. (2017),
which state that the characteristic molar ratio of the reaction is 3:1,
meaning that for every 3 moles of alcohol, 1 mol of triglycerides is
required for the stoichiometric balance of the complete transesterifi-
cation reaction to ensure that all oil is consumed in the process and
transformed into methyl ester and glycerin.

The results found in the current study also corroborate with
Uribe et al. (2014), as the authors state that methanol has high
toxicity, although its advantages refer to the greater use in biofuel
plants for biodiesel production, once it is more reactive and rela-
tively cheaper than ethanol, requiring a shorter reaction time and

lower molar ratios.

Figure 5 - Response surface of biodiesel production yield based on
molar ratio, temperature, and time.

Figure 4 - Normalized probability distribution of production yields for 3:1, 4:1, 6:1 and 8:1 molar ratios.
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The optimization method results from the importance of improv-
ing the performance of the systems and processes without increasing
the costs. The RSM is a set of statistical and mathematical techniques
used for the development, improvement and optimization of processes,
in which the response is influenced by several variables, with the goal
of optimizing the response (Khuri and Mukhopadhyay, 2010).

Conclusions

Based on the methodology and the results, the molar ratio was the
most influential variable in the production yield of palm oil biodiesel
using alkali catalyst and methyl route. Through response methodolo-
gy and variation of the production factors (molar ratio, temperature,

and time), the highest yield was for the molar ratio of 3:1, 52°C and

60 minutes. This result varies from those previously investigated in
other studies, which generally had increased yields for higher molar
ratios and indicated that when the molar ratio increases, the yield
increases as well, opposing the results in the current study.

The produced biodiesel was characterized according to specific mass
and kinetic viscosity properties, and the found values are included in
Brazilian, American, and European standards. Therefore, the palm oil
biodiesel has may be used as fuel for igniting compression engines.

In relation to the biodiesel characterization, using the HI NMR
technique, the transesterification reaction yield for the 3:1 palm oil
biodiesel reached 79.50%. Using gas chromatography, the fatty acids
present in the 3:1 palm oil biodiesel showed predominance of palmitic

and oleic acids.
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RESUMO

The aim of this study was to evaluate the stock of total organic carbon
(TOC) and to perform the physical-granulometric fractionation of
soil organic matter (SOM) in different management systems (MS).
Three MS and one reference area of Native Forest (NF) were studied,
and the three systems were sugarcane (SC), permanent pasture
(PP) and no-tillage system (NTS). Soil samples were collected in
the 0-0.05, 0.05-0.10, 0.10-0.20-m layers. Soil density (Sd), TOC,
stratification index (Sl), carbon stock (StockC), variation in StockC
(AStockC), carbon content of particulate organic matter (C-POM)
and mineral organic matter (C-MOM), carbon stock index (CSl),
lability (L), lability index (LI), and carbon management index (CMI)
were determined. The MS presented higher Sd than the NF area.
The NF area had higher TOC contents in the first layers, reaching
25.40 g kg* in the 0-0.05-m layer, with the PP area having higher
values than the NF in the 0.10-0.20-m layer. The NF area showed
the highest levels of C-POM (15.25 g kg?) and C-MOM (10.15 g kg*)
in the first layer. In the 0.10—0.20-m layer, the PP and NTS systems
were superior to the others. Regarding the C-MOM content, SC and
PP showed higher levels in the 0.10-0.20-m layer. The highest CMI
values were observed in the NTS and PP areas in the 0.10-0.20-
m layer. The MS increased the Sd and reduced the TOC levels.
The different MS modified the POM fraction, and the MOM fraction
was most impacted by the SC area. The lability of the SOM was
altered by the MS in the most superficial layers.

Keywords: soil quality; labile carbon; environmental assessment.

O objetivo do presente trabalho foi avaliar os estoques de carbono
organico total (COT) e realizar o fracionamento fisico-granulométrico da
matéria organica do solo (MOS) em diferentes sistemas de manejo (SM).
Foram estudados trés SM e uma area de referéncia de Mata Nativa (MN),
sendo os trés sistemas: cana-de-aglcar (CA); pastagem permanente
(PP) e sistema plantio direto (SPD). Foram coletadas amostras de solos
nas camadas 0-0,05, 0,05-0,10 e 0,10-0,20 m. Foram determinados a
densidade do solo (Ds), o COT, o indice de estratificacdo (IE), o estoque
de carbono (EstC), a variagdo do EstC (AEstC), os teores de carbono da
matéria organica particulada (C-MOP) e mineral (C-MOM), o indice de
estoque de carbono (IEC), a labilidade (L), o indice de labilidade (IL) e o
indice de manejo de carbono (IMC). Os SM apresentaram Ds superior
a area de MN. A area de MN apresentou maiores teores de COT nas
primeiras camadas, chegando a 25,40 g kg* na camada 0-0,05 m,
sendo a area de PP superior a MN na camada de 0,10-0,20 m. A area
de MN apresentou os maiores teores de C-MOP (15,25 g kg) e C-MOM
(10,15 g kg) na primeira camada. Para a camada de 0,10-0,20 m, os
sistemas de PP e SPD foram superiores aos demais. Para os teores de
C-MOM, a CA e PP apresentaram maiores teores na camada 0,10-0,20
m. Os maiores valores de IMC foram observados nas areas de SPD e PP
na camada de 0,10-0,20 m. Os SM aumentaram a Ds e reduziram os
teores de COT. Os diferentes SM modificaram a fragdo MOP, sendo a
fragdo MOM mais impactada pela area de CA. A labilidade da MOS foi
alterada pelos SM nas camadas mais superficiais.

Palavras-chave: qualidade do solo; carbono labil; avaliagdo ambiental.
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Stock and indices of carbon management under different soil use systems

Introduction

The conversion of natural areas into production systems can,
in addition to modifying the landscape, change the edaphic quality
when not properly handled (Freitas et al., 2018). The different uses
and managements directly influence soil attributes, such as carbon
(C) (Lal, 2018; Ozdrio et al., 2019), besides causing changes in physi-
cal (Sales et al., 2018; Falcdo et al., 2020), chemical (Souza et al., 2018;
Assuncdo et al,, 2019), and biological attributes of the soil (Borges
et al., 2015; Barbosa et al., 2018).

Among the many attributes analyzed to evaluate the effects of the
management systems and soil quality (SQ), soil organic matter (SOM)
stands out (Nanzer et al., 2019; Lavallee et al., 2020; Poffenbarger et al.,
2020). Thus, one of the methods for evaluating SQ is the analysis of
C compartments of the physical fractions of the SOM (Cambardella
and Elliott, 1992). Those are divided into two fractions, the particulate
organic matter (POM), a fraction with high potential to indicate SQ in
a short period of time (Bayer et al., 2002; Bongiorno et al., 2019); and
the mineral organic matter (MOM), which is the most stable fraction
of the SOM, being less sensitive to changes in a short period of time
(Cambardella and Elliott, 1992).

With the data of physical fractionation, it is possible to obtain the
carbon management index (CMI), developed by Blair et al. (1995),
which is a useful tool to analyze the effects of different management
systems, as it analyzes the effects of the systems on the quality and
quantity of SOM in the same index (Ghosh et al., 2019).

The implementation of conservation production systems, such as
well-managed pastures and the no-tillage system, can maintain or even
increase soil carbon stocks (Salton et al., 2008; Rosset et al., 2019; Fal-
cdo et al., 2020), maintaining productive capacity and mitigating the
emission of C dioxide (COZ) into the atmosphere (Borges et al., 2015;
Besen et al., 2018). In conventional soil tillage systems, the yearly plow-
ing hinders the formation of stable soil aggregates, with consequent
damage to the storage of C (Salton et al., 2008), as reported in studies
analyzing soil quality in systems with sugarcane cultivation (Bordonal
et al., 2018; Gomes et al., 2019).

Thus, the evaluation of SQ by quantifying the total organic carbon
(TOC) contents and their respective fractions in areas with a known
history of cultivation can produce accurate and conclusive results on
the edaphic quality of the area. Therefore, the present study aimed to
evaluate soil TOC contents and stocks, and the physical fractions of

SOM in different management systems.

Materials and Methods

Soil collections were carried out at Vezozzo Farm, located in the
municipality of Eldorado (Figure 1), Southern Cone region of the state
of Mato Grosso do Sul, Brazil. The climate of the region is subtrop-
ical (Cfa), according to Koppen’s classification and native vegetation
of Atlantic Forest — Semideciduous Seasonal Forest (SEMADE, 2015),

with soils classified as Argissolo Vermelho Amarelo distrofico tipico

(Santos et al., 2018), equivalent Acrisols (IUSS WORKING GROUP
WRB, 2015) and Ultisols (SOIL SURVEY STAFF, 2014), of sandy tex-
ture (Santos et al., 2018).

Four different areas were evaluated, three management systems in
addition to a reference area of native forest, namely: sugarcane crop
area (SC) - with 350 hectares, cultivated with sugarcane since 2006;
permanent pasture area (PP) —implanted in 2003, with 2.5 hectares,
with Brachiaria brizantha species subjected to grazing pressure by
goats, with approximately 12 AU ha’; no-tillage system area (NTS) -
240 hectares, where a succession of corn/soybean and cassava has been
cultivated since 2002; and a native forest area (NF) of legal reserve with
160 hectares.

Disturbed and undisturbed soil samples were collected in the
0-0.05, 0.05-0.10 and 0.10-0.20-m layers, with four replicates per
management system and layer. Each composite sample of deformed
soil was represented by ten simple samples within the four evaluat-
ed areas. In the NTS and SC, collection was carried out between the
cultivation rows. In the areas of PP and NF, samples were random-
ly collected. The undisturbed samples for soil density analysis (Sd)
were collected with the aid of a volumetric ring with a volume of
48.86 cm®, with four replicates in the areas and layers. In order to
characterize the study areas, soil samples from the 0-0.20-m layer
were collected and then sent to the laboratory for chemical and phys-
ical characterization (Table 1).

Sd analyses were performed according to Claessen (1997), using
the volumetric ring method. TOC was determined according to the
methodology adapted from Yeomans and Bremner (1988). Based on
the TOC results, the total organic carbon stocks (StockC) were cal-
culated according to the equivalent mass method (Ellert and Bettany,
1995; Sisti et al., 2004).

To assess trends of accumulation or loss of TOC in relation to the
NF (reference system of the original soil condition in this study),
the variation in the StockC (AStockC) was calculated by the difference
between the mean values of StockC of the NF and each of the manage-
ment systems. The obtained value was divided by the thickness (cm) of
each layer and in the profile of 0-0.20 m. With the results of the TOC
contents, the carbon stratification index (SI) (Franzluebbers, 2002) was
calculated using the relation between the TOC contents of the 0-0.05-
m and the 0.10-0.20-m layers.

The physical-granulometric fractionation of the SOM was per-
formed according to the methodology of Cambardella and Elliott (1992),
in which 20 g of air-dried fine earth (ADFE), together with 60 mL of
sodium hexametaphosphate (5 g L) were placed in Erlenmeyer flasks of
250 mL, being stirred for 16 hours in stirring table at a speed of 150 rpm.
After the stirring period, samples were washed in a 53-pum sieve, and
the material retained in the sieve comprised the POM. Subsequently, the
carbon content of particulate organic matter (C-POM) was obtained by
the methodology of Yeomans and Bremner (1988), and the carbon con-

tent of mineral organic matter (C-MOM) was obtained from the differ-
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ence between TOC and C-POM. For the calculations of carbon stock of After the determination of C fractions, the following indices were
particulate organic matter (StockC-POM) and carbon stock of mineral calculated to evaluate the quality of the SOM: carbon stock index
organic matter (StockC-MOM), the methodology of the equivalent mass (CSI), lability of SOM (L), lability index (LI), and carbon management
was used (Ellert and Bettany, 1995; Sisti et al., 2004). index (CMI), according to Blair et al. (1995).

Figure 1 - Location of the municipality of Eldorado, state of Mato Grosso do Sul (MS), indicating the location of Vezozzo Farm, where the
study collections were carried out. Cartography software: QGIS 3.12 Bucuresti.

Table 1 - Physical and chemical characterization of the soil (0-0.20-m layer) in the study areas.

---------

779 100 121 5.13 10.11 3.52 0.20 2.1 1.1 0.02 1.4 3.40 4.80 70.8
PP 831 84 85 5.53 12.85 26.10 0.17 1.6 1.2 0 1.2 2.97 4.17 71.2
NTS 815 83 102 4.53 16.94 35.58 0.14 0.8 0.5 0.13 1.8 1.44 3.24 44.4
NF 831 50 119 4.16 14.76 3.03 0.03 0.5 0.3 0.49 2.8 0.87 3.67 23.7

SA: Study area; SC: sugarcane crop area; PP: permanent pasture; NTS: no-tillage system; NF: native forest. Physical characterization - Granulome-
try: pipette method. Chemical characterization — Calcium Chloride (pH); Mehlich (P and K); KCI IN (Ca, Mg and Al); Calcium Acetate pH 7 (H
+ Al); OM: Organic matter; CEC: Cationic exchange capacity; V: Base Saturation; SB: Sum of bases.
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The results were subjected to variance analysis with F-test applica-
tion, and the mean values were compared with each other by the Tukey
test at 5% probability with the aid of the GENES software (Cruz, 2006).

Results and Discussion

Regarding the Sd, it can be observed that the three managed areas
had higher values than the area of NF in the 0-0.05-m layer, being sim-
ilar to each other, ranging from 1.35 to 1.52 Mg m~, whereas the area
of NF presented a value of 1.08 Mg m™ (Table 2). In the 0.05-0.10-m
layer, the highest Sd values were observed in the SC and PP areas, with
values of 1.63 and 1.74 Mg m?, respectively. In this same layer, the area
of NTS (1.35 Mg m~) and NF (1.20 Mg m"*) were similar to each other.
In the 0.10-0.20-m layer, the areas of SC and PP had the highest values
of Sd, and the area of NTS was similar to the NF (Table 2).

The highest values of Sd in the areas of SC and NTS are associated
with the use of agricultural machinery during crop management pro-
cedures, which increase the pressure under the soil surface, promoting
soil compaction (Sales et al., 2018). Awe et al. (2020), studying changes

Table 2 - Soil density (Sd), total organic carbon (TOC), and
carbon stock (StockC) in the different management systems in the
municipality of Eldorado, MS.

TS | toc | sede

"

SC 1.52a 12.68¢ 6.84b

PP 1.50a 15.79b 8.53ab

NTS 1.35a 15.01b 8.05ab

NF 1.08b 25.40a 10.18a

CV (%) 9.0 4.8 15.1
I T Y T

SC 1.63a 11.63c¢ 7.00a

PP 1.74a 13.71b 8.25a

NTS 1.35b 12.57bc 7.56a

NF 1.20b 16.60a 7.63a

CV (%) 5.2 5.5 8.4
I T T T S

SC 1.62a 9.21b 11.42bc

PP 1.70a 13.00a 16.11a

NTS 1.49ab 11.13ab 13.82ab

NF 1.24b 9.72b 10.46¢

CV (%) 7.9 8.8 9.3

MS: management systems; SC: sugarcane; PP: permanent pasture;
NTS: no-tillage system; NF: native forest; CV (%): coeflicient of varia-
tion. Means followed by equal letters in the column, in each layer, do
not differ from each other according to the Tukey test (p < 0.05).

in soil physical attributes in sugarcane areas, reported an increase in
Sd up to the 0.40-m layer, due to machine traffic and soil revolving,
corroborating the results of Rosset et al. (2014b) in sugarcane crop ar-
eas in the state of Mato Grosso do Sul. The highest values of Sd pre-
sented by the PP area are due to the absence of pasture maintenance,
which favors degradation processes, such as surface disaggregation
and particle rearrangement, thus increasing the Sd (Falcdo et al., 2020).
Vasques et al. (2019) in a pasture management study in Brazil, con-
cluded that inadequate pasture management results in direct impacts
on soil physical attributes, directly on Sd and soil porosity, which are
extremely important in soil water regulation.

In the area of NF, the lowest values of Sd are associated with the
intense litter deposition in these areas — which, together with the fact
that there is no revolving, favors the activity of organisms (Borges et al.,
2015), especially the edaphic macrofauna, that directly contribute to
the decrease in Sd through their movement of the soil profile (Menan-
dro et al,, 2019; Velasquez and Lavelle, 2019). In all evaluated areas
and layers, Sd values did not exceed 1.75 Mg m?, considered an im-
pediment for root development of crops in this sandy soil condition
(Reinert et al., 2008; Sales et al., 2016).

It is noteworthy that in the 0-0.05 and 0.05-0.10-m layers, the TOC
contents of the managed areas are lower than the NE In the 0.05-0.10-
m layer, the SC, PP, and NTS presented contents of 11.63, 13.71, and
12.57 g kg'!, respectively. These higher contents in the NF area are due
to the higher litter deposition of different forest extracts (Ozdrio et al.,
2019), which increases the TOC contents in the most superficial layers
of the soil (Assungio et al., 2019). Several authors have reported higher
TOC contents in higher native areas compared with production sys-
tems in different regions of Brazil, soil types, and management systems
(Borges et al., 2019; Maia et al,, 2019; Santos et al., 2019; Ferreira et al,,
2020; Medeiros et al., 2020).

Regarding the 0.10-0.20-m layer, the highest levels of TOC were
found in the PP area, with 13 g kg (Table 2). These higher levels of
TOC in more subsurface layers of areas cultivated with PP are explained
because the root system of grasses deposits significant amounts of TOC
in subsurface (Nanzer et al., 2019). Another explanation for the higher
levels of TOC in the 0.10-0.20-m layer of PP, even with lower levels of
TOC in surface layers, might be related to the process of pasture degra-
dation by excessive grazing, with increased production of exudates in
the roots, which increase the intake of C in more subsurface layers, as
reported by Shen et al. (2020).

The highest StockC value in the 0-0.05-m layer was observed in the
NF area, with 10.18 Mg ha, being higher than the SC with 6.84 Mg ha™’.
In the 0.05-0.10-m layer, all the evaluated areas were similar to each
other, ranging from 7.00 to 8.25 Mg ha™. In the 0.10-0.20-m layer, the
highest values of StockC were observed in the areas of PP (16.11 Mgha™')
and NTS (13.82 Mg ha!), being higher than the area of NF (Table 2).

These results show that the management adopted in NTS and PP
have contributed to the maintenance of the StockC both in surface and
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subsurface soil layers, a behavior previously observed by other authors
(Rosset 2014a; 2014b; Rosset et al., 2016; Sales et al., 2018; Assungdo et al.,
2019; Rosset et al., 2019). This increase in soil StockC in the PP and NTS
areas is important for improving soil quality, considering that C directly
acts in the reduction of Sd (Velasquez and Lavelle, 2019; Falcdo et al.,
2020), porosity maintenance (Bertollo and Levien, 2019) as well as in
the regulation of water infiltration (Silva et al., 2019), improving micro-
organism activity (Souza et al., 2018) and providing greater soil aggrega-
tion (Ozdrio et al., 2019; Udom and Omovbude, 2019).

The results of the TOC stratification index (SI) assessed in all stud-
ied areas, presented values above 1 (Figure 2). The managed areas did
not present differences between them, with values ranging from 1.22
to 1.38, which were different from the NF area, which presented an SI
value of 2.63.

According to Franzluebbers (2002) and Sé and Lal (2009), SI values
greater than 1 indicate a high stratification ratio of soil C, which con-
tributes to storing C in more subsurface soil layers. The highest SI value
in the NF area is due to the constant entry of SOM into the soil surface,
which causes the TOC content of the first layer to be higher in relation
to deeper layers, as observed in Table 2. Salton et al. (2014) found SI of
1.70 for NF area in the Cerrado. Rosset et al. (2014a) reported a value
of 3.43 SI in an Atlantic Forest area in western Parand, Brazil.

Regarding the variation in carbon stock (AStockC), all managed
areas showed negative variation, especially in the 0-0.05-m layer (Fig-
ure 3). This negative variation in StockC in the 0-0.05-m layer is more
evident in the SC area. This is mainly due to the intense soil manage-
ment in the SC area, where gradation is used for crop renewal (Lopes
et al., 2017). This process breaks the soil aggregates, leaving the SOM
exposed to microorganisms that consume this organic matter, releas-
ing CO, (Bertollo and Levien, 2019; Gongalves et al., 2019). This fact

Figure 2 - Stratification index (SI) of total organic carbon as a
function of different management systems in the municipality of
Eldorado, MS. SC: sugarcane crop area; PP: permanent pasture;
NTS: no-tillage system; NF: native forest.

was also observed by Rosset et al. (2014b) in areas with different forms
of sugarcane cultivation in the municipality of Maracaji, MS, Brazil.

In the PP area, especially in the 0.10-0.20-m layer, but also in the
0-0.2-m profile, the positive variation in the StockC was higher than
the other managed areas. Nanzer et al. (2019) found higher StockC in
a Brachiaria brizantha PP area, mainly due to the continuous renewal
of the root system. Shen et al. (2020) highlights the importance and
contribution of pastures to increase the StockC in deeper soil layers,
even in pastures that show signs of degradation.

Considering the AStockC in the three stratified layers evaluated to-
gether (profile of 0-0.2 m), it is possible to observe negative variation
in the StockC only in the area of sugarcane cultivation (Figure 2). Some
authors studying the effect of sugarcane production on soil C also ob-
served StockC reduction in the layer of 0-0.2 m in SC areas in Brazil
(Rosset et al., 2014b; Oliveira et al., 2016; Borges et al., 2019).

In the 0-0.05-m layer, the highest C-POM contents were observed
in the NF area with 15.25 g kg, and the lowest content was observed in
the SC area (4.93 g kg'), whereas the PP and NTS areas presented in-
termediate levels. This same pattern was observed in the 0.05-0.10-m
layer, where the SC area presented 43.68% of the C-POM content com-
pared with the reference area (Table 3). Gomes et al. (2019), in a study
in southeastern Brazil, concluded that areas of SC are prone to losses of
C-POM, both by soil revolving during crop renewal, and by losses in
erosive processes that occur between the rows of these areas.

In the NF area, the highest levels of C-POM are attributed to the
continuous deposition of soil litter (Gazolla et al., 2015; Rosset et al.,
2019), with different plant extracts and different carbon-to-nitro-
gen (C/N) ratios between them (Ozério et al., 2019). The C-POM
is extremely important for soil quality due to the strong relation-
ship with the formation of soil macroaggregates (Tisdall and Oades,
1982; Six et al., 2000).

Regarding the C-MOM in the 0-0.05-m layer, the highest content
was observed in the NF area, 10.15 g kg™, and the areas of SC, PP and
NTS were similar to each other, with contents from 6.75 g kg to 7.75
g kg, respectively (Table 3). The absence of soil disturbance in the NF
area favors the humification of SOM in the most superficial layer of
the soil (Rosset et al., 2019). Similar results were found by Bueno et al.
(2017), according to which a secondary forest area presented C-MOM
values higher than managed areas, in the 0-0.10-m layer, and by Rosset
etal. (2019) in Atlantic Forest vegetation.

In the deepest layer evaluated (of 0.10-0.20 m), there is an increase
in the C-MOM content in the PP area (Table 3). This increase corrob-
orates the pattern of increase in the TOC content of this area (Table 2).
The increase in TOC content in subsurface layers and soil stability in
PP areas favor the SOM humification process, becoming more recalci-
trant (Rosset et al., 2019; Shen et al., 2020).

The representativeness of POM was higher in the most superficial
layer of the soil, while the MOM percentage (%MOM) increased ac-
cording to increased depth in all areas (Table 3). The SC area presented
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lower POM percentage (%POM) than the other areas, with 38.75%,
35.14%, and 31.80% in relation to TOC, in layers of 0-0.05 m; 0.05-
0.10 m; and 0.10-0.20 m, respectively. On the other hand, the SC area
presented %MOM higher than 60% in all evaluated layers. This char-
acterizes the absence of constant deposition of SOM (Bordonal et al.,
2018), which hinders the balance between these two fractions of the
SOM (Lal, 2018).

The areas of NF, PP, and NTS in all layers showed variations be-
tween 39% and 60% for %POM and %MOM, respectively, and they
were influenced by the evaluated layer (Table 3). Higher %POM in
surface soil layers is common due to the entry of organic matter de-

posited on the soil surface (Cotrufo et al., 2019; Rosset et al., 2019;
Lavallee et al., 2020).

The NF area had the highest value of StockPOM in the first layer
evaluated, 6.12 Mg ha!, with PP and NTS areas having similar val-
ues, and the SC area had the lowest StockPOM, 2.68 Mg ha’'. In the
0.05-0.10-m layer, the areas of PP, NTS, and NF were similar to each
other, ranging from 4.23 Mg ha to 4.30 Mg ha, higher than the SC
area. Finally, in the 0.10-0.20-m layer, the PP and NTS areas showed
the highest StockPOM, 7.17 Mg ha! and 7.22 Mg ha™, respectively (Ta-
ble 3). C accumulation in the particulate fraction is important to keep
the flow of biological activities in the soil (Batista et al., 2013), mainly

Figure 3 - Variation in TOC stock (AStockC) in the managed areas in the 0-0.05-m, 0.05-0.10-m, and 0.10-0.20-m layers in relation to the

native forest area, and in the 0-0.20-m layer.
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by microorganisms that consume this SOM, turning it into more stable
fractions (Borges et al., 2015; Rosset et al., 2019).

When observing the carbon stocks associated with minerals (Stock-
MOM), in the first two layers evaluated, no difference was observed be-
tween the studied areas, ranging from 3.62 Mg ha to 4.16 Mg ha! in the
0-0.05-m layer, and from 3.32 Mg ha! to 4.53 Mg ha in the 0.05-0.10-
m layer. In the 0.10-0.20-m layer, the highest values were observed in
the SC and PP areas differing from the NF area (Table 3). This fraction
presents advanced humification stage, being highly stable due to the in-
teraction with the soil colloids and being located inside stable microag-
gregates (Assungao et al., 2019; Rosset et al., 2019; Ferreira et al., 2020).

The NF area had higher values of CSI for the first two layers stud-
ied (Table 3). This difference between the managed areas and the NF
demonstrates the potential for C accumulation in the first layers of soil
of areas under native vegetation (Ozdrio et al., 2019). When only as-
sessing the managed areas, the NTS and PP areas differed from the SC
area in the 0-0.05-m layer. It is worth highlighting, mainly in the
0-0.05-m layer, the low value of CSI (0.50) in the SC area, indicating
that this area is not efficient in stocking C (Bordonal et al., 2018). In the

0.10-0.20-m layer, the highest CSI was found in the PP area, being
even higher than in the NF and SC areas (Table 3). The higher CSI in
areas cultivated with PP are due to their volume of root system, which
is efficient in the accumulation of C (Nanzer et al., 2019; Ozdrio et al.,
2019; Shen et al., 2020).

In general, in all evaluated layers, the lability values (L) of the SOM
ranged from 0.47 to 1.50. In the three layers evaluated, the SC area
had values lower than 0.64, different from the other managed areas,
PP and NTS, and the NF area (Table 3). Regarding the LI, the same L
pattern was found in the 0-0.05-m and 0.05-0.10-m layers, with the
SC presenting the lowest values and the other treatments being similar
to each other.

In this study, the L and LI values showed differences in C quality
between the managed areas, especially comparing the SC area with the
others (Table 3), demonstrating sensitivity in detecting changes in soil
organic fraction of the evaluated areas. This assessment is essential to
evaluate how different management systems alter soil attributes, thus
allowing to develop strategies to minimize the negative impacts of ag-
ricultural production over the years of cultivation (Lal, 2018).

Table 3 - Carbon of particulate organic matter (C-POM), carbon of mineral organic matter (C-MOM), POM percentage (%POM), MOM
percentage (%MOM), carbon stock of particulate organic matter (StockPOM), carbon stock of mineral organic matter (StockMOM), carbon
stock index (CSI), lability of SOM (L), lability index (LI), and carbon management index (CMI) in the different management systems in the
municipality of Eldorado, MS*.

MS %-------
SC 4.93¢c 7.75b 38.75b 61.25a 2.68¢ 4.16a 0.50c 0.64b 0.42b 21.30c
PP 8.54b 7.25b 54.44a 45.56b 4.58b 3.94a 0.62b 1.22a 0.81a 49.80b
NTS 8.26b 6.75b 54.92a 45.08b 4.42b 3.62a 0.59b 1.22a 0.82a 48.37b
NF 15.25a 10.15a 60.05a 39.95b 6.12a 4.06a 1.00a 1.50a 1.00a 100.00a
CV (%) 6.1 10.0 7.6 8.2 14.6 18.4 4.7 15.9 15.8 10.6
I T Y T
SC 4.08¢c 7.55a 35.14b 64.86a 2.45b 4.53a 0.70c 0.55b 0.42b 29.73b
PP 7.30b 6.41ab 53.66a 46.34a 4.38a 3.86a 0.83b 1.20a 0.96a 78.04a
NTS 7.05b 5.52b 56.25a 43.75b 4.23a 3.32a 0.75¢ 1.30a 1.03a 77.46a
NF 9.34a 7.26ab 56.24a 43.76b 4.30a 3.32a 1.00a 1.29a 1.00a 100.00a
CV (%) 7.2 14.2 10.5 10.6 9.6 16.0 4.0 23.7 29.9 24.6
I ¥ T S
SC 2.92¢ 6.29ab 31.80c 68.20a 3.61b 7.80ab 0.95b 0.47¢ 0.59¢ 56.57d
PP 5.79a 7.21a 44.61b 55.39b 7.17a 8.93a 1.34a 0.81b 1.03b 137.39b
NTS 5.82a 5.31b 52.31a 47.69¢ 7.22a 6.59bc 1.15ab 1.10a 1.40a 160.36a
NF 4.26b 5.46b 44.00b 56.00b 4.59b 5.86¢ 1.00b 0.79b 1.00b 100.00c
CV (%) 8.5 10.7 4.6 3.5 8.9 11.2 8.9 6.8 7.3 8.1

*Means followed by equal letters in the column, in each layer, do not differ from each other according to the Tukey test (p < 0.05); CV: coefficient
of variation.
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It was observed that in the 0-0.05-m layer, the NF area presented
higher CMI in relation to the managed areas, and the cultivation ar-
eas presented values between 21.30 and 49.80 in the 0-0.05-m layer,
and 29.73 and 78.04 in the 0.05-0.10-m layer (Table 3). This shows
the impact that the areas of SC, PP, and NTS caused on the quantity
and quality of C in the most superficial layers of the soil, compared
with the NF area. Similar results were observed by other authors in
several study areas (Rosset et al., 2019; Lavallee et al., 2020; Poffen-
barger et al., 2020).

Considering the CMI results in the 0.10-0.20-m layer, the PP
and NTS areas exceed the reference value of the NE which indicates
that even compromising the quantity and quality of C on the sur-
face, the systems have been contributing to the improvement of SOM
in the most subsurface layer of the soil. This may benefit the edaphic

quality in these areas, favoring other chemical, physical, and biological

attributes of the soil (Lal, 2018; Assuncéo et al., 2019; Ozério et al.,
2019; Rosset et al., 2019; Ferreira et al., 2020).

Conclusions

The managed areas modify the density, total organic carbon con-
tent, and soil carbon stock when compared with the reference area.

The particulate and mineral fractions of soil organic matter are
altered in the different management systems, and the sugarcane area
compromised the presence of particulate organic matter.

The managed areas, through the evaluation of the carbon manage-

ment index, compromise organic matter in the most superficial layers.

Acknowledgments
The authors thank the farmers who made their areas available for

the development of this study.

Contribution of authors:

Morais, D.H.O.: Conceptualization, Methodology, Validation, Formal analysis, Investigation, Resources, Data curation, Writing — original draft. Silva, C.A.:

Conceptualization, Methodology, Validation, Formal analysis, Investigation, Resources, Writing — original draft. Rosset, J.S.: Conceptualization, Methodology,

Validation, Formal analysis, Investigation, Visualization, Supervision, Project administration. Farias, P.G.S.: Methodology, Validation, Formal analysis,

Investigation, Resources. Souza, C.B.S.: Formal analysis, Investigation, Resources, Data curation, Writing — review & editing. Ozério, ].M.B.: Resources,

Software, Project administration, Formal analysis, Funding. Castilho, S.C.P.: Methodology, Validation, Formal analysis, Investigation, Visualization. Marra, L.M.:

Methodology, Validation, Formal analysis, Investigation, Supervision, Visualization.

References

Assungio, S.A.; Pereira, M.G.; Rosset, ].S.; Berbara, R.L.L.; Garcia, A.C.,
2019. Carbon input and the structural quality of soil organic matter as a
function of agricultural management in a tropical climate region of Brazil.
Science of the Total Environment, v. 658, 901-911. https://doi.org/10.1016/j.
scitotenv.2018.12.271.

Awe, G.O; Reichert, ].M.; Fontanela, E., 2020. Sugarcane production in the
subtropics: Seasonal changes in soil properties and crop yield in no-tillage,
inverting and minimum tillage. Soil and Tillage Research, v. 196, 104447.
https://doi.org/10.1016/j.still.2019.104447.

Barbosa, E.A.A.; Matsura, E.E,; Santos, L.N.S.; Nazdrio, A.A.; Gongalves,
1.Z.; Feitosa, D.R.C., 2018. Soil attributes and quality under treated domestic
sewage irrigation in sugarcane. Revista Brasileira de Engenharia Agricola e
Ambiental, v. 22, (2), 137-142. https://doi.org/10.1590/1807-1929/agriambi.
v22n2p137-142.

Batista, L; Pereira, M.G.; Correia, M.E.E; Bieluczyk, W.; Schiavo, J.A.; Rows,
JR.C., 2013. Teores e estoque de carbono em fragdes ldbeis e recalcitrantes da
matéria organica do solo sob integra¢do lavoura-pecudria no bioma Cerrado.
Semina: Ciéncias Agrdrias, v. 34, (6 Suppl. 1), 3377-3388. http://dx.doi.
org/10.5433/1679-0359.2013v34n6Supl1p3377.

Bayer, C.; Mielniczuk, J.; Martin-Neto, L.; Ernani, PR., 2002. Stocks and
humification degree of organic matter fractions as afeccted by no-tillage
on a subtropical soil. Plant and Soil, v. 238, (1), 133-140. https://doi.
org/10.1023/A:1014284329618.

Bertollo, A.M.; Levien, R., 2019. Compactagio do solo em Sistema de Plantio
Direto na palha. Pesquisa Agropecuaria Gatcha, v. 25, (3), 208-218. https://
doi.org/10.36812/pag.2019253208-218.

Besen, R.M.; Ribeiro, R.H.; Monteiro, A.N.T.R.; Iwasaki, G.S.; Piva, ].T., 2018. Préticas
conservacionistas do solo e emissdo de gases do efeito estufa no Brasil. Scientia
Agropecuaria, v. 9, (3), 429-439. http://dx.doi.org/10.17268/sci.agropecu.2018.03.15.

Blair, G.J; Lefroy, B; Lisle, L., 1995. Soil carbon fractions, based on their
degree of oxidation, and the development of a carbon management index for
agricultural systems. Australian Journal of Agricultural Research, v. 46, (7),
1459-1466. https://doi.org/10.1071/AR9951459.

Bongiorno, G.; Biinemann, E.K.; Oguejiofor, C.U; Meier, J.; Gort, G.; Comans,
R.; Méder, P; Brussaard, L.; Goede, R., 2019. Sensitivity of labile carbon fractions
to tillage and organic matter management and their potential as comprehensive
soil quality indicators across pedoclimatic conditions in Europe. Ecological
Indicators, v. 99, 38-50. https://doi.org/10.1016/j.ecolind.2018.12.008.

Bordonal, R.O.; Menandro, L.M.S.; Barbosa, L.C.; Lal, R.; Milori, D.M.B.P;
Kolln, O.T; Franco, H.C.J,; Carvalho, ]J.L.N., 2018. Sugarcane yield and soil
carbon response to straw removal in south-central Brazil. Geoderma, v. 328,
79-90. https://doi.org/10.1016/j.geoderma.2018.05.003.

Borges, C; Ribeiro, B.T.; Wendling, B.; Cabral, D.A., 2015. Agregagao do solo,
carbono organico e emissao de CO, em dreas sob diferentes usos no Cerrado,
regido do Tridngulo Mineiro. Revista Ambiente & Agua, v. 10, (3), 660-675.
https://doi.org/10.4136/ambi-agua.1573.

RBCIAMB | v.56 | n.2 | Jun 2021 | 286-295 - ISSN 2176-9478


https://doi.org/10.1016/j.scitotenv.2018.12.271
https://doi.org/10.1016/j.scitotenv.2018.12.271
https://doi.org/10.1016/j.still.2019.104447
https://doi.org/10.1590/1807-1929/agriambi.v22n2p137-142
https://doi.org/10.1590/1807-1929/agriambi.v22n2p137-142
http://dx.doi.org/10.5433/1679-0359.2013v34n6Supl1p3377
http://dx.doi.org/10.5433/1679-0359.2013v34n6Supl1p3377
https://doi.org/10.1023/A
https://doi.org/10.1023/A
https://doi.org/10.36812/pag.2019253208-218
https://doi.org/10.36812/pag.2019253208-218
http://dx.doi.org/10.17268/sci.agropecu.2018.03.15
https://doi.org/10.1071/AR9951459
https://doi.org/10.1016/j.ecolind.2018.12.008
https://doi.org/10.1016/j.geoderma.2018.05.003
https://doi.org/10.4136/ambi-agua.1573

Morais, D.H.O. et al.

Borges, L.D.A.B.; Ramos, M.L.G.; Fernandes, PM.; Carneiro, M.A.C;; Silva,
A.M.M., 2019. Organic cultivation of sugarcane restores soil organic carbon
and nitrogen. Organic Agriculture, v. 9, (4), 435-444. https://doi.org/10.1007/
$13165-018-0234-x.

Bueno, ].M.M.; Dalmolin, R.S.D.; Miguel, P,, 2017. Fragdes do carbono
organico do solo sob diferentes usos da terra em dreas de agricultura
familiar. Revista Brasileira de Agroecologia, v. 12, (3), 194-201.

Cambardella, C.A; Elliott, E.T., 1992. Particulate soil organic-matter
changes across a grassland cultivation sequence. Soil Science Society
of America Journal, v. 56, (3), 777-783. https://doi.org/10.2136/
$552j1992.03615995005600030017x.

Claessen, M.E.C., 1997. Manual de métodos de analise de solo. 2. ed. Embrapa,
Rio de Janeiro, 212 pp.

Cotrufo, M.E; Ranalli, M.G.; Haddix, M.L;; Six, J.; Lugato, E., 2019. Soil
carbon storage informed by particulate and mineral-associated organic
matter. Nature Geoscience, v. 12, (12), 989-994. https://doi.org/10.1038/
541561-019-0484-6.

Cruz, C.D., 2006. Programa genes: biometria. Editora da UFV, Vigosa, 382 pp.

Ellert, B.H.; Bettany, J.R., 1995. Calculation of organic matter and nutrients
stored in soils under contrasting management regimes. Canadian Journal Soil
Science, v. 75, (4), 529-538. https://doi.org/10.4141/cjss95-075.

Falcio, K.S.; Monteiro, EN.; Ozdrio, ].M.B.; Souza, C.B.S.; Farias, P.G.S.;
Menezes, R.S.; Panachuki, E.; Rosset, ].S., 2020. Estoque de carbono e
agregacao do solo sob diferentes sistemas de uso no Cerrado. Revista Brasileira
de Ciéncias Ambientais (Online), v. 55, (2), 242-255. https://doi.org/10.5327/
72176-947820200695.

Ferreira, C.R,; Silva Neto, E.C.; Pereira, M.G.; Guedes, ].N.; Rosset, J.S.; Anjos,
L.H.C,, 2020. Dynamics of soil aggregation and organic carbon fractions over
23 years of no-till management. Soil & Tillage Research, v. 198, 104533. https://
doi.org/10.1016/j.still.2019.104533.

Franzluebbers, A.]., 2002. Soil organic matter stratification ratio as an
indicator of soil quality. Soil & Tillage Research, v. 66, (2), 95-106. https://doi.
0rg/10.1016/S0167-1987(02)00018-1.

Freitas, L.; Oliveira, I.A.; Casagrande, J.C; Silva, L.S.; Campos, M.C.C.,
2018. Estoque de carbono de Latossolos em sistemas de manejo
natural e alterado. Ciéncia Florestal, v. 28, (1), 228-239. http://dx.doi.
org/10.5902/1980509831575.

Gazolla, P.R.; Guareschi, R.E; Perin, A.; Pereira, M.G.; Rossi, C.Q., 2015.
Fragoes da matéria organica do solo sob pastagem, sistema plantio direto e
integragéo lavoura-pecudria. Semina: Ciéncias Agrarias, v. 36, (2), 693-704.
http://dx.doi.org/10.5433/1679-0359.2015v36n2p693.

Ghosh, B.N.; Meena, V.S; Singh, R.J.; Alam, N.M.; Patra, S.; Bhattacharyya, R ;
Sharma, N.K.; Dadhwal, K.S.; Mishra, P.K., 2019. Effects of fertilization on soil
aggregation, carbon distribution and carbon management index of maize-
wheat rotation in the north-western Indian Himalayas. Ecological Indicators,
v. 105, 415-424. https://doi.org/10.1016/j.ecolind.2018.02.050.

Gomes, T.F; Van De Broek, M.; Govers, G.; Silva, R.-W.; Moraes, ].M.;
Camargo, P.B.; Mazzi, E.A.; Martinelli, L.A., 2019. Runoff, soil loss, and sources
of particulate organic carbon delivered to streams by sugarcane and riparian
areas: An isotopic approach. Catena, v. 181, 104083. https://doi.org/10.1016/j.
catena.2019.104083.

Gongalves, V.A.; Melo, C.A.D;; Assis, L.R.; Ferreira, L.R.; Saraiva, D.T., 2019.
Biomassa e atividade microbiana de solo sob diferentes sistemas de plantio e
sucessoes de culturas. Revista de Ciéncias Agrarias, v. 62, 1-8. http://dx.doi.

org/10.22491/rca.2019.2611.

294

IUSS Working Group WRB. 2015. World Reference Base for Soil Resources
(WRB), sistema universal reconhecido pela International Union of Soil Science
(IUSS) e FAO. Available from: <http://www.fao.org/3/a-i3794e.pdf>. Access on
May 16, 2021.

Lal, R., 2018. Digging deeper: A holistic perspective of factors affecting soil
organic carbon sequestration in agroecosystems. Global Change Biology, v. 24,
(8), 3285-3301. https://doi.org/10.1111/gcb.14054.

Lavallee, ].M.; Soong, J.L.; Cotrufo, M.E, 2020. Conceptualizing soil organic
matter into particulate and mineral-associated forms to address global change
in the 21st century. Global Change Biology, v. 26, (1), 261-273. https://doi.
org/10.1111/gcb.14859.

Lopes, I.M.; Assungao, S.A; Oliveira, A.P.P; Anjos, L.H.C,; Pereira, M.G.;
Lima, E., 2017. Carbon fractions and soil fertility affected by tillage and
sugarcane residue management an Xanthic Udult. Semina: Ciéncias Agrarias,
v. 38, (5), 2921-2932. http://dx.doi.org/10.5433/1679-0359.2017v38n5p2921.

Maia, S.M.E; Otutumi, A.T.; Mendonga, E.S.; Neves, ].C.L. Oliveira, T.S.,
2019. Combined effect of intercropping and minimum tillage on soil carbon
sequestration and organic matter pools in the semiarid region of Brazil. Soil
Research, v. 57, (3), 266-275. https://doi.org/10.1071/SR17336

Medeiros, A.S.; Maia, S.M.E; Santos, T.C.; Gomes, T.C.A., 2020. Soil carbon
losses in conventional farming systems due to land-use change in the Brazilian
semi-arid region. Agriculture, Ecosystems & Environment, v. 287, 106690.
https://doi.org/10.1016/j.agee.2019.106690.

Menandro, L.M.S.; Moraes, L.O.; Borges, C.D.; Cherubin, M.R.; Castioni,
G.A; Carvalho, J.L.N,, 2019. Soil Macrofauna Responses to Sugarcane Straw
Removal for Bioenergy Production. Bioenergy Research, v. 12, (4), 944-957.
https://doi.org/10.1007/s12155-019-10053-2.

Nanzer, M.C,; Ensinas, S.C.; Barbosa, G.F; Barreta, P.G.V,; Oliveira, T.P; Silva,
J.R.M.; Paulino, L.A., 2019. Estoque de carbono orgénico total e fracionamento
granulométrico da matéria orgénica em sistemas de uso do solo no Cerrado.
Revista de Ciéncias Agroveterinarias, v. 18, (1), 136-145. https://doi.
0rg/10.5965/223811711812019136.

Oliveira, D.M.S.; Paustian, K.; Davies, C.A.; Cherubin, M.R.; Franco, A.L.C;
Cerri, C.C.; Cerri, C.E.P, 2016. Soil carbon changes in areas undergoing
expansion of sugarcane into pastures in south-central Brazil. Agriculture,
Ecosystems & Environment, v. 228, 38-48. https://doi.org/10.1016/j.
agee.2016.05.005.

Ozorio, ].M.B.; Rosset, J.S.; Schiavo, J.; Panachuki, E.; Souza, C.B.S.; Menezes,
R.S;; Ximenes, T.S.; Castilho, S.C.P; Marra, L.M., 2019. Estoque de carbono
e agregacdo do solo sob fragmentos florestais nos biomas Mata Atlantica e
Cerrado. Revista Brasileira de Ciéncias Ambientais, (53), 97-116. https://doi.
0rg/10.5327/22176-947820190518.

Poffenbarger, H.J.; Olk, D.C.; Cambardella, C.; Kersey, J.; Liebman, M.;
Mallarino, A.; Six, J.; Castellano, M.]., 2020. Whole-profile soil organic matter
content, composition, and stability under cropping systems that differ in
belowground inputs. Agriculture, Ecosystems & Environment, v. 291, 106810.
https://doi.org/10.1016/j.agee.2019.106810.

Reinert, D.J.; Albuquerque, J.A.; Reichert, ].M.; Aita, C.; Andrada, M.M.C,,
2008. Limites criticos de densidade do solo para o crescimento de raizes de
plantas de cobertura em Argissolo Vermelho. Revista Brasileira de Ciéncia do
Solo, v. 32, (5), 1805-1816. https://doi.org/10.1590/50100-06832008000500002.

Rosset, ].S.; Lana, M.C.; Pereira, M.G.; Schiavo, J.A.; Rampim, L.; Sarto,
M.V.M,, 2016. Fragdes quimicas e oxidaveis da matéria organica do solo

sob diferentes sistemas de manejo, em Latossolo Vermelho. Pesquisa
Agropecudria Brasileira, v. 51, (9), 1529-1538. https://doi.org/10.1590/s0100-
204x2016000900052.

RBCIAMB | v.56 | n.2 | Jun 2021 | 286-295 - ISSN 2176-9478


https://doi.org/10.1007/s13165-018-0234-x
https://doi.org/10.1007/s13165-018-0234-x
https://doi.org/10.2136/sssaj1992.03615995005600030017x
https://doi.org/10.2136/sssaj1992.03615995005600030017x
https://doi.org/10.1038/s41561-019-0484-6
https://doi.org/10.1038/s41561-019-0484-6
https://doi.org/10.4141/cjss95-075
https://doi.org/10.5327/Z2176-947820200695
https://doi.org/10.5327/Z2176-947820200695
https://doi.org/10.1016/j.still.2019.104533
https://doi.org/10.1016/j.still.2019.104533
https://doi.org/10.1016/S0167-1987(02)00018-1
https://doi.org/10.1016/S0167-1987(02)00018-1
http://dx.doi.org/10.5902/1980509831575
http://dx.doi.org/10.5902/1980509831575
http://dx.doi.org/10.5433/1679-0359.2015v36n2p693
https://doi.org/10.1016/j.ecolind.2018.02.050
https://doi.org/10.1016/j.catena.2019.104083
https://doi.org/10.1016/j.catena.2019.104083
http://dx.doi.org/10.22491/rca.2019.2611
http://dx.doi.org/10.22491/rca.2019.2611
http://www.fao.org/3/a-i3794e.pdf
https://doi.org/10.1111/gcb.14054
https://doi.org/10.1111/gcb.14859
https://doi.org/10.1111/gcb.14859
http://dx.doi.org/10.5433/1679-0359.2017v38n5p2921
https://doi.org/10.1071/SR17336
https://doi.org/10.1016/j.agee.2019.106690
https://doi.org/10.1007/s12155-019-10053-2
https://doi.org/10.5965/223811711812019136
https://doi.org/10.5965/223811711812019136
https://doi.org/10.1016/j.agee.2016.05.005
https://doi.org/10.1016/j.agee.2016.05.005
https://doi.org/10.5327/Z2176-947820190518
https://doi.org/10.5327/Z2176-947820190518
https://doi.org/10.1016/j.agee.2019.106810
https://doi.org/10.1590/S0100-06832008000500002
https://doi.org/10.1590/s0100-204x2016000900052
https://doi.org/10.1590/s0100-204x2016000900052

Stock and indices of carbon management under different soil use systems

Rosset, J.S.; Lana, M.C.; Pereira, M.G; Schiavo, J.A.; Rampim, L.; Sarto,
M.V.M,, 2019. Organic matter and soil aggregation in agricultural systems with
different adoption times. Semina: Ciéncias Agrarias, v. 40, (6 Suppl.), 3443-
3460. http://dx.doi.org/10.5433/1679-0359.2019v40n6Supl3p3443.

Rosset, J.S.; Lana, M.C.; Pereira, M.G.; Schiavo, J.A.; Rampim, L.; Sarto,
M.V.M,; Seidel, E.P, 2014a. Carbon stock, chemical and physical properties of
soils under management systems with different deployment times in western
region of Parand, Brazil. Semina: Ciéncias Agrarias, v. 35, (6), 3053-3072.
http://dx.doi.org/10.5433/1679-0359.2014v35n6p3053.

Rosset, J.S.; Schiavo, J.A.; Atandzio, R.A.R., 2014b. Atributos quimicos,
estoque de carbono orgénico total e das fragdes humificadas da matéria
orgénica do solo em diferentes sistemas de manejo de cana-de-agucar. Semina:
Ciéncias Agrarias, v. 35, (5), 2351-2366. http://dx.doi.org/10.5433/1679-
0359.2014v35n5p2351.

§4,].C.M,; Lal, R., 2009. Stratification ratio of soil organic matter pools as an
indicator of carbon sequestration in a tillage chronosequence on a Brazilian
Oxisol. Soil & Tillage Research, v. 103, (1), 46-56. https://doi.org/10.1016/j.
still.2008.09.003.

Sales, A.; Silva, A.R.; Veloso, C.A.C.; Carvalho, E.J.M.; Miranda, B.M., 2018.
Carbono orgénico e atributos fisicos do solo sob manejo agropecudrio
sustentavel na Amazonia legal. Colloquium Agrariae, v. 14, (1), 1-15.

Sales, R.P; Portugal, A.F.; Moreira, ].A.A.; Kondo, M.K.; Pegoraro, R.E, 2016.
Qualidade fisica de um Latossolo sob plantio direto e preparo convencional no
semiarido. Revista Ciéncia Agronomica, v. 47, (3), 429-438.

Salton, J.C.; Mercante, EM.; Tomazi, M.; Zanatta, J.A.; Concengo, G.;

Silva, W.M.; Retore, M., 2014. Integrated crop-livestock system in tropical
Brazil: Toward a sustainable production system. Agriculture, Ecosystems &
Environment, v. 190, 70-79. https://doi.org/10.1016/j.agee.2013.09.023.

Salton, J.C.; Mielniczuk, J.; Bayer, C.; Boeni, M.; Conceigéo, P.C.; Fabricio,
A.C.; Macedo, M.C.M.; Broch, D.L., 2008. Agregacdo e estabilidade de
agregados do solo em sistemas agropecuarios em Mato Grosso do Sul. Revista
Brasileira de Ciéncia do Solo, v. 32, (1), 11-21. https://doi.org/10.1590/S0100-
06832008000100002.

Santos, H.G.; Jacomine, P.K.T.; Anjos, L.H.C; Oliveira, V.A.; Lumbreras,
J.E; Coelho, M.R.; Almeida, J.A.; Araujo Filho, J.C,; Oliveira, J.B.; Cunha,
T.J.E, 2018. Sistema Brasileiro de Classificagao de Solos. 5. ed. Embrapa,
Brasilia, 356 pp.

Santos, U.J.; Duda, G.P; Marques, M.C.; Medeiros, E.V,; Lima, J.R.S.; Souza,
E.S.; Brossard, M.; Hammecker, C., 2019. Soil organic carbon fractions and
humic substances are affected by land uses of Caatinga forest in Brazil. Arid
Land Research and Management, v. 33, (3), 255-273. https://doi.org/10.1080/1
5324982.2018.1555871.

295

Secretaria de Estado de Meio Ambiente e Desenvolvimento Econémico
(SEMADE). 2015. Estudo da Dimensao Territorial do Estado de Mato Grosso
do Sul: Regioes de Planejamento. Governo do Estado de Mato Grosso do Sul,
Campo Grande, 91 pp.

Shen, X,; Yang, F; Xiao, C.; Zhou, Y., 2020. Increased contribution of root
exudates to soil carbon input during grassland degradation. Soil Biology and
Biochemistry, v. 146, 107817. https://doi.org/10.1016/j.s0ilbio.2020.107817.

Silva, B.O.; Moitinho, M.R.; Santos, G.A.A.; Teixeira, D.D.B.; Fernandes,

C.; La Scala Jr., N., 2019. Soil CO2 emission and short-term soil pore class
distribution after tillage operations. Soil & Tillage Research, v. 186, 224-232.
https://doi.org/10.1016/j.still.2018.10.019.

Sisti, C.PJ.; Santos, H.P; Kohhann, R.; Alves, B.J.R.; Urquiaga, S.; Boddey,
R.M., 2004. Change in carbon and nitrogen stocks in soil under 13 years of
conventional or zero tillage in southern Brazil. Soil & Tillage Research, v. 76,
(1), 39-58. https://doi.org/10.1016/j.5till.2003.08.007.

Six, J.A.E.T;; Elliott, E.T.; Paustian, K., 2000. Soil macroaggregate turnover and
microaggregate formation: a mechanism for C sequestration under no-tillage
agriculture. Soil Biology and Biochemistry, v. 32, (14), 2099-2103. https://doi.
0rg/10.1016/50038-0717(00)00179-6.

Soil Survey Staff. 2014. Keys to Soil Taxonomy, 12th ed. USDA-Natural
Resources Conservation Service, Washington, DC, 681p.

Souza, L.C.; Fernandes, C.; Moitinho, M.R.; Bicalho, E.S.; La Scala Jr., N., 2018.
Soil carbon dioxide emission associated with soil porosity after sugarcane field
reform. Mitigation and Adaptation Strategies for Global Change, v. 24, 113-
127. https://doi.org/10.1007/s11027-018-9800-5.

Tisdall, J.M.; Oades, ].M., 1982. Organic matter and water-stable
aggregates in soils. Journal of Soil Science, v. 33, (2), 141-163. https://doi.
org/10.1111/j.1365-2389.1982.tb01755.x.

Udom, B.E.; Omovbude, S., 2019. Soil physical properties and carbon/
nitrogen relationships in stable aggregates under legume and grass fallow. Acta
Ecologica Sinica, v. 39, (1), 56-62. https://doi.org/10.1016/j.chnaes.2018.05.008.

Vasques, 1.C.; Souza, A.A.; Morais, E.G.; Benevenute, P.A ; Silva, L.D.C.;
Homem, B.G,; Casagrande, D.R; Silva, B.M., 2019. Improved management
increases carrying capacity of Brazilian pastures. Agriculture, Ecosystems &
Environment, v. 282, 30-39. https://doi.org/10.1016/j.agee.2019.05.017.

Velasquez, E.; Lavelle, P, 2019. Soil macrofauna as an indicator for evaluating
soil based ecosystem services in agricultural landscapes. Acta Oecologica, v.
100, 103446. https://doi.org/10.1016/j.acta0.2019.103446.

Yeomans, J.C.; Bremner, ].M., 1988. A rapid and precise method for routine
determination of organic carbon in soil. Soil Science, v. 19, (13), 1467-1476.
https://doi.org/10.1080/00103628809368027.

RBCIAMB | v.56 | n.2 | Jun 2021 | 286-295 - ISSN 2176-9478


http://dx.doi.org/10.5433/1679-0359.2019v40n6Supl3p3443
http://dx.doi.org/10.5433/1679-0359.2014v35n6p3053
http://dx.doi.org/10.5433/1679-0359.2014v35n5p2351
http://dx.doi.org/10.5433/1679-0359.2014v35n5p2351
https://doi.org/10.1016/j.still.2008.09.003
https://doi.org/10.1016/j.still.2008.09.003
https://doi.org/10.1016/j.agee.2013.09.023
https://doi.org/10.1590/S0100-06832008000100002
https://doi.org/10.1590/S0100-06832008000100002
https://doi.org/10.1080/15324982.2018.1555871
https://doi.org/10.1080/15324982.2018.1555871
https://doi.org/10.1016/j.soilbio.2020.107817
https://doi.org/10.1016/j.still.2018.10.019
https://doi.org/10.1016/j.still.2003.08.007
https://doi.org/10.1016/S0038-0717(00)00179-6
https://doi.org/10.1016/S0038-0717(00)00179-6
https://doi.org/10.1007/s11027-018-9800-5
https://doi.org/10.1111/j.1365-2389.1982.tb01755.x
https://doi.org/10.1111/j.1365-2389.1982.tb01755.x
https://doi.org/10.1016/j.chnaes.2018.05.008
https://doi.org/10.1016/j.agee.2019.05.017
https://doi.org/10.1016/j.actao.2019.103446
https://doi.org/10.1080/00103628809368027

Revista Brasileira de Ciéncias Ambientais
Brazilian Journal of Environmental Sciences

Medicinal plants of the Unified Health System (Sistema Unico de Satde)

with antifungal potential

Plantas medicinais do Sistema Unico de Satide com potencial antifliingico

Moénica Jachetti Maciel’ ¥, Claudete Rempel’

ABSTRACT

, Amanda Luisa Stroher?!

, Patricia Caye Bergmann' (2, Diorge J6natas Marmitt!

RESUMO

Medicinal plants synthesize various secondary metabolites that
can be used for therapeutic and antimicrobial purposes. In Brazil,
the Unified Health System (SUS) offers several herbal medicines as
an alternative in the treatment of various diseases. Considering the
importance of these plants in the production of chemicals that expand
therapeutic options and improve the health of SUS users, this review
was carried out to quantitatively determine the antifungal activity of
plants used as phytotherapeutics at RENAME. The selection of papers
was performed at three distinct stages: examining and choosing titles
related to antifungal action, reading the abstracts, and reading the
whole selected articles. This review selected 22 studies of interest;
12 of them were conducted in Brazil and 10 were carried out in other
countries. The papers chosen tested the growth inhibitory effect of
plants against fungal species of agricultural and health importance,
ranging from filamentous to yeast-like fungi, and Candida albicans
was the most tested species. The growth of 39 fungal species were
inhibited by some concentration of the extract used, with either an
increase or decrease in antifungal activity depending on the extract
used. The most frequently analyzed plant was the species Schinus
terebinthifolius Raddi., studied in seven papers. The results found
demonstrate the importance of analyzing medicinal plants and
incorporating plant-based medicines in healthcare as an alternative
source of treatment, highlighting the need for studies that evaluate
the mechanisms action of their cytotoxicity and therapeutic effects
in the human body.

Keywords: herbal medicines; fungi; secondary metabolites.

As plantas medicinais produzem uma série de metabdlitos secundarios
que podem ser usados para fins terapéuticos e antimicrobianos.
No Brasil, o SUS disponibiliza uma série de medicamentos fitoterapicos
como alternativa ao tratamento de diversas enfermidades.
Considerando a importancia da utilizagdo dessas plantas na produgdo
de medicamentos que ampliem as opg¢Oes terapéuticas e melhorem
a atengdo a salde de usudrios do sistema, elaborou-se este estudo
de revisdo com o objetivo de estimar quantitativamente a atividade
antifungica das plantas utilizadas como fitoterapicos contidas na
RENAME. A selecdo de artigos deu-se por meio de trés etapas distintas:
leitura e escolha de titulos relacionados a agao antifungica, leitura dos
resumos e leitura na integra dos artigos selecionados. Esta revisdo
selecionou 22 estudos de interesse, sendo 12 elaborados no Brasil e 10
em outros paises. Os artigos escolhidos testaram a agdo inibitdria das
plantas contra espécies de fungos de importancia agricola e sanitaria,
entre filamentosos e leveduriformes, sendo Candida albicans a
espécie mais testada. Trinta e nove espécies foram inibidas por alguma
concentragdo do extrato utilizado, havendo aumento ou diminuicdo da
atividade antifungica conforme substancia extratora utilizada. A planta
mais analisada foi a espécie Schinus terebinthifolius Raddi., estudada
em sete artigos. Os resultados encontrados demonstram a importancia
da analise de plantas medicinais e da incorporagdo de medicamentos
a base de plantas como fonte alternativa de tratamento, salientando
a necessidade de estudos que demonstrem sua citotoxicidade e
mecanismos de agdo terapéutica no organismo humano.

Palavras-chave: medicamentos fitoterapicos; fungos; metabdlitos secundarios.
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Medicinal plants of the Unified Health System (Sistema Unico de Satide) with antifungal potential

Introduction

the set of chemical reactions performed by plants produces a series
of substances called secondary metabolites, which include flavonoids,
tannins, alkaloids, saponins, coumarins and quinones, also encom-
passing the so-called essential oils or essences. These metabolites have
various functions, which are related to the defense against animals, in-
sects and other plants, protection from physical factors and attraction
of animals for reproductive purposes (Simdes et al., 2017; Tamariz-An-
geles et al,, 2018). In addition, many of these substances are important
for characterizing and confirming the identity and quality of the plant
in question, also manifesting antimicrobial activities, especially against
bacteria, protozoa and fungi (Maciel et al., 2017).

Several studies have shown the beneficial use of extracts and ac-
tive principles extracted from plants against pathogens that can infect
and cause harm to animals, humans and plant crops (Chansue, 2007;
Itako et al., 2009; Marmitt et al., 2015a; 2015b; Pinho et al., 2012; Ro-
drigues et al., 2007). New antimicrobial assets derived from natural
sources can decrease the amount of pesticides and other chemical
products for environmental control applied on farms, reducing the
risks to our health and to the environment. Hence, they become a
safer — and often more effective — alternative than pesticides (Mauli
et al., 2009; Schwan-Estrada et al., 2000). they can also be an alterna-
tive to prevent many microorganisms from developing resistance to
drugs used for their control, which increases the incidence of diseases
caused by these pathogens and hampers the treatment of people af-
fected (Cavalcanti et al., 2012; Franga et al., 2009; Maciel et al., 2017;
Nogueira et al., 2008).

In 2009, the National List of Medicinal Plants of Interest to SUS
(RENISUS) was established. Consisting of 71 plant species with ther-
apeutic potential according to traditional medicine knowledge, with
the purpose of promoting the study of herbal medicines and their pro-
duction in Brazil (Brazil, 2009a; 2009b). The provision of plant-derived
medicines by the Brazilian public healthcare system began in 2007
through the National List of Essential Medicines (RENAME) (Brazil,
2017b), and currently comprises 12 plants: Aloe vera (L.) Burm.f., Cy-
nara scolymus L., Glycine max (L.) Merr., Harpagophytum procumbens
(Burch.) DC. ex Meisn., Maytenus ilicifolia Mart. ex Reissek, Mentha
piperita L., Mikania glomerata Spreng., Plantago ovata Forssk, Rham-
nus purshiana DC., Salix alba L., Schinus terebinthifolius Raddi, and Un-
caria tomentosa (Willd. ex Schult.) DC,; offered in the form of syrups,
tablets, capsules, gels, creams and dyes (Brazil, 2012; 2017a; 2017b).

Considering the purpose for which RENISUS has been created,
the aim of this systematic review was to show the amount of studies
published on medicinal plants with antifungal activity as described
in the national list of medicinal plants provided by SUS, using the
CAPES (Coordination for the Improvement of Higher Education
Personnel) Journals Portal as database, which encompasses publi-
cations from several other platforms, such as SciELo, PubMed and

Springer, among others.
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Materials and methods

The present study used a systematic review of the literature as a
technical procedure for gathering scientific information encompass-
ing different cases, locations and perspectives from different research-
ers, summarizing their objectives and results in a simplified manner
(Greenhalgh, 1997; Carneiro; Takayanagui, 2009). The studies ad-
dressed here were those concerning the antifungal potential of medic-
inal plants provided as phytotherapeutics by SUS through RENISUS,
and those with the full text available at the Capes Journals Portal in
English, Portuguese or Spanish, were analyzed with no restrictions as
to their publication year. Descriptors used were the scientific names of
the plants (or phytotherapeutics) at RENAME and the term “antimi-
crobial’, followed by the Boolean operator “and”, with no restrictions of
language or publication year.

The access link used was the one made available in the database.
The titles of all the papers found when searching each species were
read and the repeated ones were excluded, thus being counted only
once. Review studies, interviews, reports, and studies on the practical
use of plants or referring to their chemical constituents without either
confirming or proving their antifungal effect were also excluded.

A total of 10,763 articles were found in the initial search; 382 were
reports and 267 were repeated scientific papers, and they were thus
excluded from the study. Of all articles found in the initial search, 417
studies were selected to comprise the further stages of this review.
The publications chosen were analyzed in three stages: first, by read-
ing the title of all articles found in the database, and selecting those
that included terms related to antifungals, such as “fungos”, “fungi’,

» « » «

“levedura’, “yeast”, “Aspergillus”, “Candida”, “Penicillium”, “Fusarium”
and “antifingico’, among others. A total of 67 studies were selected.
Afterwards, the next stage consisted of reading the abstracts of the pa-
pers selected in the first stage, which resulted in 32 papers selected.
Those that somehow mentioned the method used and proved the an-
tifungal effect of the studied plant were chosen. In the third and last
stage, the papers selected in the second phase were completely read, to
prove the antifungal effect of the plants of interest, and 22 studies were
found to be compatible with the criteria established here, and were thus
chosen to be included in the present review. The scientific names of the
plants mentioned were written according to updated references for na-
tive plants in Brazil (Reflora, 2010) and introduced plants (Taxonomic
Name Resolution Service, 2020).

During the search, a methodological adjustment was required
to include the plant Glycine max. While using the same procedure
adopted for the other plants, it was not possible to read the papers
available starting on page 281 due to problems in the platform used
for the search. To complete the search for this plant, restricting the
publication year to 2009, the year in which RENISUS was created,
was required. Only with this adjustment, was it possible to access all
the studies published as of this date and the search for this descriptor

was not complete.
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Results and Discussion

After reading the 32 selected papers completely, 22 studies of interest
were selected for inclusion in the present review, which corresponds to
5.3% of the total relevant papers initially found in the database. Chart 1
shows the total number of papers selected for each study of interest of
each plant analyzed, followed by methodology and main results.

Of the 12 plants that comprised this study, no studies on Maytenus
ilicifolia, Salix alba and Rhamnus purshiana were selected, due to the fact
that none of the papers found met the selection criteria. The papers were
organized in a distribution chart by antifungal potential and therapeutic
action (Chart 1). There were three publications in 2011, which was the
year with the highest number of publications. The most recent research
among the papers selected was from 2017, and the oldest was from 2002.

Of the 22 selected studies, 12 (54.5% of the total) were conducted by
Brazilian researchers (Biasi-Garbin et al., 2016; Braga et al., 2007; Duarte
et al., 2005; Freire et al., 2012; Holetz et al., 2002; Johann et al., 2008;
Martinelli et al.,, 2017; Moraes et al., 2015; Moura-Costa et al., 2012;
Schmourlo et al., 2005; Santos et al., 2010; Souza Junior et al., 2011),
which indicates that the creation of RENISUS did promote medicinal
plant studies in Brazil.

Reports indicate that medicinal plants were already used in Europe
in 460 B.C. in the form of hot and iced teas, moist compresses and
dried herbs. They are still used today by many European countries as
complementary medicines in the treatment of many diseases. Several
other cultures have also relied on the properties of medicinal plants for
thousands of years, with several species still in use to date (Van Wyk;
Wink, 2018). Of the 22 selected articles in this study, nine (41%) were
carried out in other countries, especially India and Iran, with two stud-
ies each. The most tested plants in these studies were Mentha piperita,
with 6 studies, and Cynara scolymus, with 2 studies.

In the international scenario, studies on medicinal plants, espe-
cially those focused on public health systems, have been disseminated
since the First International Conference on Primary Health Care, held
in 1978 in Russia (Gongalves et al., 2017). Heinrich (2010), studying
medicinal plants worldwide, indicated an increase in the search for
phytotherapeutics for the treatment of AIDS/HIV and viral diseases.
In the same study, he points out that research has focused on the inno-
vation of phytochemical studies for the isolation and identification of
active ingredients. Since 1979, the World Health Organization has sug-
gested the inclusion of complementary alternative medicine therapies
in public health policies, with their use reaching 75% in France, 70% in
Canada, and 42% in the USA (Zeni et al., 2017).

Estimates indicate that 70-80% of drug development depends ex-
clusively on plants, and much of the research in this area is focused
on the isolation of plant active ingredients (Aslam; Ahmad, 2016).
According to Rajeswara Rao and Rajput (2010), the major research
areas on medicinal plants in the world are: development of technol-

ogies for the cultivation and isolation of chemical compounds, im-
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plementation of quality control protocols, scientific validation of the
traditional use of these plants, development of products using them
as a production base, selection of markers for genotypes, creation
of a DNA profile of the species studied, identification and isolation of
enzymes and bioactive molecules, and screening of phytochemical
compounds with antimicrobial properties.

The nine international studies selected for this review were in
vitro and 66.7% (6) also analyzed the chemical compounds present
in the study plant, using chromatographic methods. None of them,
however, identified the specific compound accounting for the anti-
fungal activity observed.

Of the international studies selected, seven (77.8%) were carried out
after 2010, one of which was published in 2019. Compared to the Bra-
zilian studies, where 58.3% were published in or after 2010, there was an
increase in studies in this area at the global level after this period. In a
comparative study, Assis et al. (2015) showed a strong growth trend in
research on medicinal plants in analyzing 111 research groups between
1997 and 2010, a trend that has continued to intensify in later years.

It is known that most medicinal plants are available in tropical
countries (Dar et al., 2017). India and Iran stood out as the countries
with the highest number of papers of interest, with two studies each
(Desam et al., 2019; Tyagi; Malik, 2011; Saharkhiz et al., 2012; Mah-
boubi; Kazempour, 2014), having an important diversity of plants rel-
evant to the healthcare area (Panda et al., 2018; Tandon; Yadav, 2017;
Sadat-Hosseini et al., 2017; Parsaei et al., 2016).

The pharmacology of natural products allows determination of
the bioactive compounds present in plants, that are responsible for
growth-inhibitory effects. These bioactive compounds, also called sec-
ondary metabolites, have antimicrobial effects due to their cytotoxicity,
and because of their neuroactive effects, they can be used as analgesics,
anesthetics and antidepressants, among others (Vizzotto et al., 2010).
As indicated by Piriz et al. (2014), medicinal plants have several benefi-
cial properties that can be used for the benefit of humans. In their study,
Piriz et al. (2014) found relevant results of studies on anti-inflammato-
ry activity, especially in Brazil, which was the country with the highest
number of papers published. The same number of papers produced in
Brazil (12) was found in the present study, showing the importance and
competence of Brazilian research demonstrated in this area.

Marmitt et al. (2015b), in a review, searched for plants with an-
tibacterial effect in RENISUS, and found that 42% of the 19 selected
published studies of interest were conducted in Brazil, thus indicating
an increase in studies in the country after the creation of the National
Policy on Medicinal and Herbal Plants (PNPMF). Similar results were
found in the present study: of the 13 studies carried out in Brazil, 69%
(9) were published after the creation of PNPMFE. PNPMF (Brazil, 2006)
has contributed to the increase in research aimed at the development
of new plant-derived drugs, which are already used popularly in con-

ventional medicine.
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Chart 1 - Antifungal potential and therapeutic action of medicinal plants evaluated in the studies of interest selected.

Plant species

(Family)

Aloe Vera
(Xanthorrhoeaceae)

Cynara scolymus

(Asteraceae)

Cynara scolymus
(Asteraceae)

Mentha piperita
(Lamiaceae)

Mentha piperita
(Lamiaceae)

Mentha piperita
(Lamiaceae)

Mentha piperita

(Lamiaceae)

Mentha piperita
(Lamiaceae)

Mentha piperita
(Lamiaceae)

Part of the plant / compound /
concentration used / treatment

regimen (dose)

Gel from the mucilaginous part of the
leaf plus potato dextrose agar (PDA) /
Concentrations of 1, 5, 25, 50, and 100 mL/L

Chloroform, ethyl acetate and butanol
extract of dry leaves / Doses of 2.5, 5
and 10 mg/mL

Extract of powder from dry leaves with
ethanol at the concentrations 25, 50, 75 and
97% viv, 50% methanol, and pure water /
Concentrations from 2.5 to 20 mg/mL

40 g of fresh plant parts to obtain
the essential oil, using 50 mL of
dichloromethane for extraction / Dose
0f 2-0.03 mg/mL

Dried seed extract obtained using 95%
ethanol / Concentrations of 50, 25, 12.5,
and 6.25 mg/mL / Dose 1 mg/mL

Hydrodistilled extract of leaves (1:7 w
/ v), extracted using dichloromethane
(5:1 v/v) / Concentration 0.1-0.2% (v/v)

Essential oil extracted using ethanol
and diethyl ether / Concentrations of
0.14-18 mg/mL / Doses of 10-40 uL

Hydrodistillation of aerial parts during
flowering / at 1:50 and 1:1,000 dilutions

Extraction of essential oil by
hydrodistillation of the aerial parts of
the plant at the beginning of flowering /
Concentrations of 16-0.25 pug/mL

Therapeutic activity

Growth-inhibitory activity was detected
at the lowest concentrations of the gel,
which was effective against the fungi
Penicillium digitatum and Botrytis cinerea
The butanol extract exhibited higher
growth-inhibitory activity and was
the only one capable of preventing
the growth of Candida lusitaniae and
Mucor mucedo

The 75 and 97% ethanol extracts
proved to have the highest activity
against strains of Candida albicans

Candida sp.

It showed moderate activity (MIC of
0.6 mg/mL) in the control of Candida
albicans strains

The extract could inhibit Aspergillus
niger and Candida albicans with MIC
of 5 mg/mL
The essential oil inhibited the growth of
Aspergillus flavus, Aspergillus glaucus,
Aspergillus niger, Aspergillus ochraceous,
Colletotrichum gloeosporioides,
Colletotrichum musae, Fusarium

oxysporum, and Fusarium semitectum

The extract was effective against
Aspergillus flavus, Aspergillus niger,
Mucor spp., Fusarium oxysporum,
Candida albicans, and Saccharomyces
cerevisiae, and its highest efficacy was

against Penicillium digitatum

The oil could inhibit Cryptococcus
neoformans, Aspergillus flavus,
Aspergillus fumigatus, Aspergillus oryzae,
Aspergillus clavatus. It also completely
inhibited biofilm formation by Candida
albicans and Candida dubliniensis

The oil exhibited antimicrobial activity
against strains of Candida albicans,
Candida glabrata, and Aspergillus niger
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Type of

study

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

Year of publication/

Journal/

Country

2010/ Postharvest
Biology and
Technology/ Spain

2004/ Journal of

Agricultural and

Food Chemistry/
China

2011/ Tropical
Journal of
Pharmaceutical
Research/ Romania

2005/ Journal of
Ethnopharmacology/
Brazil

2006/ Biology/
Turkey

2011/ Journal of Food
Safety/ Brazil

2011/ Food Control/
India

2012/ International
Scholarly Research
Network/ Iran

2014/
Songklanakarin
Journal of Science
and Technology/ Iran

Continue...
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Chart 1 - Continuation.

Plant species

(Family)

Mentha piperita
(Lamiaceae)

Mentha piperita
(Lamiaceae)

Mikania glomerata

(Asteraceae)

Mikania glomerata
(Asteraceae)

Schinus
terebinthifolius
(Anacardiaceae)
Schinus
terebinthifolius
(Anacardiaceae)

Schinus
terebinthifolius

(Anacardiaceae)

Schinus
terebinthifolius

(Anacardiaceae)

Schinus
terebinthifolius

(Anacardiaceae)

Schinus
terebinthifolius

(Anacardiaceae)

Part of the plant / compound /
concentration used / treatment

regimen (dose)

Hydrodistillation of dry leaves to obtain
the extract dissolved in 95% ethanol
/ Concentrations of 4, 2, 1, 0.5, 0.25,
0.125 pL/mL

Hydrodistillation at 1:5 concentration /
dose of 1 UL

Lower parts of the plant were macerated
with water and ethanol (90-10%) /
Dose of 2 mg/mL

40 g of fresh parts of the plant were
used to obtain the essential oil, using 50
mL of dichloromethane for extraction /

Dose of 2-0.03 mg/mL
Aqueous-ethanol extract (20:3 mg/mL)
from the aerial parts / Concentration of

1 mg/mL

Methanol extract (3:2,000) / Dose of
100 mg/mL

Oil extraction from leaves with
80% ethanol and addition of water,
hexane, dichloromethane and ethyl
acetate / Concentrations from 1,000

to 7.8 ug/mL

Extract obtained by hydrodistillation /
Concentrations of 25, 50, 75 and 100% /
Dose of 100 uL/mL

Hydroalcoholic extract of the bark
(1:10) / Dose of 2 mg/mL

Aqueous, ethanol and acetone extracts
/ Concentrations from 1,000 to 1.95 pg/
mL / Dose of 2,000 pug/mL

Therapeutic activity

It prevented the growth of
Microsporum canis, Epidermophyton
floccosum, Trichophyton rubrum,
and Trichophyton mentagrophytes at
concentrations of 2.0 and 4.0 pL/mL

The essential oil exhibited strong
antifungal activity against Alternaria,
Penicillium spp., Fusarium oxysporum,
Fusarium tabacinum, Aspergillus
fumigatus, Candida albicans,
Cladosporium herbarum, and
Rhizoctonia solani

It exhibited moderate activity (MIC
of 100-500 pg/mL) against Candida

krusei and Candida parapsilosis

It exhibited weak inhibitory activity
(MIC > 2.0 mg/mL) compared to
Candida albicans

The aqueous extract was able to
prevent the growth of Candida albicans

It exhibited antifungal activity against
Candida albicans and Cryptococcus
neoformans

The ethyl acetate extract portion
exhibited higher antifungal activity

against strains of Candida albicans

The 25% dilution was able to inhibit
the growth of Colletotrichum sp.,
Alternaria spp. and Botrytis spp.

Fusarium spp. was only inhibited by

the 50% dilution
It exhibited inhibitory activity against
strains of Candida tropicalis and
Candida parapsilosis

Ethanol extract exhibited strong
activity against Trichophyton rubrum

and Trichophyton mentagrophytes

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

Year of publication/

Journal/

Country

2015/ Environmental
Health and

Preventive Medicine/

Egypt

2017/ Journal of King
Saud University/
India

2002/ Memérias do
Instituto Oswaldo
Cruz/ Brazil

2005/ Journal of
Ethnopharmacology/
Brazil

2005/ Journal of
Ethnopharmacology/
Brazil
2007/ Journal of
Ethnopharmacology/
Brazil

2008/ World Journal
of Microbiology and
Biotechnology/ Brazil

2010/Revista
Brasileira de
Farmacognosia/
Brazil

2012/ Journal of
Ethnopharmacology/
Brazil
2016/Revista do
Instituto de Medicina
Tropical de Sdo
Paulo/ Brazil

Continue...
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Chart 1 - Continuation.

. Part of the plant / compound /
Plant species .
concentration used / treatment

(Family)

regimen (dose)

Year of publication/
Therapeutic activity Journal/

Country

Schinus . . Oleoresin and the extract exhibited .
o Dichloromethane and oleoresin extract . . . . 2017/ Ciéncia Rural/
terebinthifolius . moderate activity against strains of In vitro .
. / Concentrations of 1-0.05% . . o Brazil
(Anacardiaceae) Candida albicans and Penicillium sp.
2011/ Pesquisa
. It exhibited strong activity against the o 4
. Hydroalcoholic extract 70% of the . ) . ) Brasileira em
Uncaria tomentosa . . . strains of Candida albicans, Candida . o
. stem in a 1:1 ratio / Concentrations at . . L . In vitro Odontopediatria e
(Rubiaceae) o krusei, Candida tropicalis, Candida .
1:512 dilution o . o Clinica Integrada/
guilliermondii up to 1:16 dilution .
Brazil
: . It exhibited strong activity against the 2015/ Industrial
Uncaria tomentosa Hydroethanolic extract (50% v/v) / . . ) . .
. . resistant species Candida krusei and In vitro Crops and Products/
(Rubiaceae) Concentration of 1 mg/mL ) )
Candida glabrata Brazil

Source: Castillo et al. (2010), Ertiirk (2006), Ibrahim and El-Salam (2015), Vamanu et al. (2011) and Zhu et al. (2004).

Different numbers of papers were found for each plant species se-
lected, indicating a variety and effectiveness of different mechanisms of
action in each species. The therapeutic activity shown is related to the
extraction method and dose used. Extraction using aqueous-ethanol
solvents afforded higher growth-inhibitory activity (27 different strains
growth-inhibited), followed by extraction of essential oils using hydrodis-
tillation (22 different strains growth-inhibited) and extraction using di-
chloromethane (12 different strains growth-inhibited). Different solvents
extract different active principles from the plant, which are responsible
for the effects caused by the use of medicines containing these substances
(e.g., anti-inflammatory, hypoglycemic, anticoagulant and antiplatelet ac-
tivities) (Sixel; Pecinalli, 2005).

Studies show that the use of the crude extract, shows a considerably
higher bioactivity than using each active principle separately (Sixel;
Pecinalli, 2005). The studies analyzed in this review, therefore, showed
higher antimicrobial activity, since all the assays were performed us-
ing crude extracts. Among all the plants analyzed, approximately 54%
(12) showed growth-inhibition in all of the fungal species tested, and
41% (9) at least prevented the growth of 50% of the species analyzed.
The butanol extract of Schinus terebinthifolius was tested against Can-
dida neoformans, Candida albicans, and Trychophyton rubrum, and in-
hibited only Candida albicans strains.

Analyzing the data obtained, Candida albicans was the most tested
microorganism in all papers selected, totaling 16 studies analyzing extracts
and oils against strains of this species. Overall, 18 studies (78.3% of the
total) analyzed seven Candida species regarding their sensitivity to medic-
inal plant extracts and oils. Filamentous fungi were also part of the selected
studies. Nine species of Aspergillus were used in seven articles (39.2% of

the total), and Aspergillus niger was most studied, appearing in six papers.
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According to Correia et al. (2006), the family Anacardiaceae is
rich in bioactive compounds that may have antimicrobial effects,
with the genus Schinus being among the 11 most studied in this fam-
ily. Correia et al. (2006) demonstrated the presence of phenolic lip-
ids in this plant. These compounds have amphipathic characteristics,
which facilitate their penetration into the plasma membrane, causing
changes in their structure and properties. Therefore, seven of the 22
studies selected for this review analyzed the bioactive and antimicro-
bial activity of Schinus terebinthifolius, which prevented the growth of
78% (14) of the 18 strains tested.

Another important factor, pointed out by Gobbo-Neto and Lopes
(2007), indicates that changes in the concentrations of active com-
pounds may occur due to circadian cycle (day/night), seasonality, plant
age, development period, temperature, attack by pathogens, pollution,
and the hormonal development process in the plant. Evans (2009)
showed significant differences in the presence of chemical compounds
during winter and summer. Vasconcelos Silva et al. (1999) demonstrat-
ed how the circadian cycle affects the production and concentration of
bioactive substances, showing high quantitative contrasts at different
times of the day.

Stress caused by temperature variations can also affect the con-
centrations of these compounds, as indicated by Christie et al. (1994).
Plant age is also related to these changes. Flowering period leads to
increase or decrease in certain substances, as well as the period of leaf
emergence or loss in deciduous plants. This indicates why the same
plant species had different results in this paper. Two studies carried out
with Mentha piperita (Mahboubi; Kazempour, 2014) (Saharkhiz et al.,
2012) used Aspergillus flavus samples to test the antimicrobial action of

essential oils extracted using hydrodistillation. The first study used the
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aerial parts at the beginning of flowering to obtain essential oils and
observed excellent growth-inhibitory activity. However, the second
study, which also used aerial parts to extract essential oils, although
after the beginning of flowering, found no growth-inhibitory action at
any concentration in Aspergillus flavus strains.

The same occurred in studies carried out by Schmourlo et al.
(2005) and Biasi-Garbin et al. (2016), who tested the action of the
ethanol extract of the species Schinus terebinthifolius. The extract
was prepared using different parts of the plant in each study, dif-
fering only in the concentration used (Chart 1). At the end of the
study, Biasi-Garbin et al. (2016) were able to inhibit the growth of
the pathogenic fungus Trichophyton rubrum, while Schmourlo et al.
(2005) showed no effect on this fungus. Schmourlo et al. (2005) and
Braga et al. (2007) conducted a study with the same plant species
using extracts against Candida neoformans strains. Alcoholic extracts
were obtained for both studies; Schmourlo et al. (2005) used ethanol
as extraction solvent and Braga et al. (2007) used methanol. In the
first study, the extract did not prevent the growth of Candida neofor-
mans, while it was inhibited in the second study, thus indicating that
different solvents affect the composition of bioactive substances, ei-
ther intensifying or preventing the effect of the extract, as already ob-
served by Silva (2010). Silva (2010) compared different extracts of es-

sential oils, classifying the different activities exhibited by each extract.

Thus, he identified significant differences in the action of different
solvents, related to solubility and affinity with the plasma membrane

of the strains he compared.

Conclusion

Of the 417 papers initially read, 22 that demonstrated an antifungal
effect were selected for the present review. The two plants that exhibited
the highest antifungal activity were Mentha piperita, with eight studies,
and Schinus terebinthifolius, with seven studies. Candida albicans was
the most frequently tested fungal species, as it was present in 11 dif-
ferent studies. Other species of the genus Candida were tested in 10
different studies. The genera Fusarium and Aspergillus also stood out,
with five and 13 studies, respectively.

The incorporation of integrative and complementary practices
within the scope of SUS through PNPMF helps to understand and per-
ceive the importance of studies on this topic. RENAME has also played
an important role in the increase and constant evolution of the research
on herbal medicines in Brazil, especially after their inclusion in SUS.

There is a therapeutic equivalence between essential oils and ex-
tracts used to obtain active ingredients. Thus, the importance of evalu-
ating these compounds for cytotoxicity, bioavailability and therapeutic
action in humans is evident to ensure that they can be used as drugs,

having proven their extensive activity against microorganisms.

Contribution of authors:

Maciel, M. J.: Supervision, Funding Acquisition, Formal Analysis, Writing, Review & Editing. Rempel, C.: Supervision, Funding Acquisition, Formal Analysis,
Writing, Review & Editing. Stroher, A. L.: Methodology, Investigation, Data Curation, Writing. Bergmann, P. C.: Methodology; Investigation, Data Curation,

Writing. Marmitt, D. J.: Supervision, Formal Analysis, Writing, Review & Editing.

References

Aslam, M.S.; Ahmad, M.S., 2016. Worldwide importance of Medicinal
Plants: Current and Historical Perspectives. Recent Advances in Biology and
Medicine, v. 2, 88 - 93.

Assis, M.A.; Morelli-Amaral, V.E; Pimenta, EP,, 2015. Research groups and
their scientific literature on medicinal plants: an exploratory study in the state
of Rio de Janeiro. Revista Fitos, v. 9, (1), 45 - 54. http://doi.org/10.5935/2446-
4775.20150005

Biasi-Garbin, R.P; Demitto, F.O.; Amaral, R.C.R.; Ferreira, M.R.A.; Soares,
L.A.L; Svidzinski, T.LE.; Baeza, L.C.; Yamada-Ogatta, S.E, 2016. Antifungal
potential of plant species from Brazilian caatinga against dermatophytes.
Revista do Instituto de Medicina Tropical, v. 58, (18). https://doi.org/10.1590/
$1678-9946201658018

Braga, EG.; Bouzada, M.L.M.; Fabri, R.L.; Matos, M.O.; Moreira, EO.; Scio, E;
Coimbra, E.S., 2007. Antileishmanial and antifungal activity of plants used in
traditional medicine in Brazil. Journal of Ethnopharmacology, v. 111, (2), 396 -
402. https://doi.org/10.1016/j.jep.2006.12.006

Brazil, 2006. Ministério da Saude. Politica Nacional de Plantas Medicinais
e Fitoterapicos. Brasil, Ministério da Satide (Accessed December 28,
2018), at: http://bvsms.saude.gov.br/bvs/publicacoes/politica_nacional _
fitoterapicos.pdf.

Brazil, 2009a. Ministério da Satide. MS elabora Relagdo de Plantas Medicinais
de Interesse ao SUS. Brasilia, Ministério da Satide (Accessed December 28,
2018), at: http://bvsms.saude.gov.br/bvs/sus/pdf/marco/ms_relacao_plantas_
medicinais_sus_0603.pdf

Brazil, 2009b. Ministério da Satide. Secretaria de Ciéncia, Tecnologia e
Insumos Estratégicos. Departamento de Assisténcia Farmacéutica e Insumos
Estratégicos. Programa Nacional de Plantas Medicinais e Fitoterdpicos.
Brasilia, Ministério da Satude. (C. Projetos, Programas e Relatérios.)

Brazil, 2012. Ministério da Saude. Portal da Saide. Portaria n. 533, de 28 de
marg¢o de 2012. Estabelece o elenco de medicamentos e insumos da Relacdo
Nacional de Medicamentos Essenciais (RENAME) no ambito do Sistema
Unico de Satide (SUS). Didrio Oficial da Unifo, Brasilia.

RBCIAMB | v.56 | n.2 | Jun 2021 | 296-304 - ISSN 2176-9478


http://doi.org/10.5935/2446-4775.20150005
http://doi.org/10.5935/2446-4775.20150005
https://doi.org/10.1590/S1678-9946201658018
https://doi.org/10.1590/S1678-9946201658018
https://doi.org/10.1016/j.jep.2006.12.006
http://bvsms.saude.gov.br/bvs/publicacoes/politica_nacional_fitoterapicos.pdf
http://bvsms.saude.gov.br/bvs/publicacoes/politica_nacional_fitoterapicos.pdf
http://bvsms.saude.gov.br/bvs/sus/pdf/marco/ms_relacao_plantas_medicinais_sus_0603.pdf
http://bvsms.saude.gov.br/bvs/sus/pdf/marco/ms_relacao_plantas_medicinais_sus_0603.pdf

Medicinal plants of the Unified Health System (Sistema Unico de Satide) with antifungal potential

Brazil, 2017a. Ministério da Satde. Secretaria de Ciéncia, Tecnologia e
Insumos Estratégicos. Departamento de Assisténcia Farmacéutica e Insumos
Estratégicos. Relagdo Nacional de Medicamentos Essenciais: RENAME 2017.
Brasilia, Ministério da Saude.

Brazil, 2017b. Ministério da Satude. Relagdo de fitoterapicos oferecidos pelo
SUS. Brasilia, Ministério da Saude (Accessed December 26, 2018), at: http://
www.brasil.gov.br/noticias/saude/2012/11/sus-tem-fitoterapicos-para-
doencas-simples/relacao-de-fitoterapicos-oferecidos-pelo-sus/view.

Carneiro, R.M.A.; Takayanagui, A.M.M., 2009. Estudos sobre bioindicadores
vegetais e poluigdo atmosférica por meio de revisdo sistematica da literatura.
Revista Brasileira de Ciéncias Ambientais (Online), (13), 26 - 44.

Castillo, S.; Navarro, D.; Zapata, PJ.; Guillén, E; Valero, D.; Serrano, M.;
Martinez-Romero, D., 2010. Antifungal efficacy of Aloe vera in vitro and its
use as a preharvest treatment to maintain postharvest table grape quality.
Postharvest Biology and Technology, v. 57, (3), 183 - 188. https://doi.
org/10.1016/j.postharvbio.2010.04.006

Cavalcanti, Y.W.; Pérez, A.L.A.L.; Xavier, G.D.R.; Almeida, L.ED.A.; Padilha,
W.W.N,, 2012. Atividade Antifungica de Extratos Vegetais Brasileiros sobre
Cepas de Candida. Revista Brasileira de Ciéncias da Satde, v. 16, (1), 43 - 48.
https://doi.org/10.4034/RBCS.2012.16.01.07

Chansue, N., 2007. Effects of dried Indian almond leaf (Terminalia catappa
L.) extract on monogenean parasites in goldfish (Carassius auratus). Wiener
Tierarztliche Monatsschrift, v. 94, (11-12), 269 - 273.

Christie, P.J.; Alfenito, M.R.; Walbot, V., 1994. Impact of low-temperature
stress on general phenylpropanoid and anthocyanin pathways: Enhancement
of transcript abundance and anthocyanin pigmentation in maize seedlings.
Planta, v. 194, (4), 541 - 549. https://doi.org/10.1007/BF00714468

Correia, S.J.; David, J.P; David, ].M., 2006. Metabolitos secundérios de espécies
Anacardiaceae. Quimica Nova, v. 29, (6), 1287 - 1300. https://doi.org/10.1590/
S0100-40422006000600026

Dar, R.A.; Shahnawaz, M.; Qazi, PH., 2017. General overview of medicinal
plants: A review. Journal of Phytopharmacology, v. 6, (6), 349 - 351.

Desam, N.D.R; Al-Rajab, A.J; Sharma, M.; Mylabathula, M.M.; Gowkanapalli,
R.R; Albratty, M., 2019. Chemical constituents, in vitro antibacterial and antifungal
activity of Mentha X Piperita L.(peppermint) essential oils. Journal of King Saud
University-Science, v. 31, (4), 528 - 533. https://doi.org/10.1016/.jksus.2017.07.013

Duarte, M.C.T; Figueira, G.M,; Sartoratto, A.; Rehder, V.L.G.; Delarmelina,
C.,2005. Anti-Candida activity of Brazilian medicinal plants. Journal of
Ethnopharmacology, v. 97, (2), 305 - 311. https://doi.org/10.1016/j.jep.2004.11.016

Ertiirk, O., 2006. Antibacterial and antifungal activity of ethanolic extracts
from eleven spice plants. Biologia, v. 61, (3), 275 - 278. https://doi.org/10.2478/
$11756-006-0050-8

Evans, W.C., 2009. Trease and Evans Pharmacognosy. International Edition
E-Book. Elsevier Health Sciences, Philadelphia.

Franga, H.S.; Kuster, R.M.; Rito, PN.; Oliveira, A.P; Teixeira, L.A.; Rocha,

L., 2009. Atividade antibacteriana de floroglucinéis e do extrato hexanico de
Hypericum brasiliense Choysi. Quimica Nova, v. 32, (5), 1103 - 1106. https://
doi.org/10.1590/50100-40422009000500004

Freire, M.M.; Jham, G.N.; Dhingra, O.D.; Jardim, C.M.; Barcelos, R.C.;
Valente, V.M.M., 2012. Composition, antifungal activity and main fungitoxic
components of the essential oil of Mentha piperita L. Journal of Food Safety, v.
32, (1), 29 - 36. https://doi.org/10.1111/j.1745-4565.2011.00341.x

Gobbo-Neto, L.; Lopes, N.P,, 2007. Plantas medicinais: fatores de influéncias
no contetido de metabolitos secundérios. Quimica Nova, v. 30, (2), 374 - 381.
https://doi.org/10.1590/50100-40422007000200026

Gongalves, A.L.S; Cruz, A.PN,; Silva, M.L.E; Oliveira, M.D., 2017. Uso da
fitoterapia na atengio basica: uma revisao de literatura. In: Congresso Nacional
de PICS, 1.; Encontro Nordestino de PICS, 3., 2017. Annals...

Greenhalgh, T., 1997. How to read a paper: Papers that summarise other
papers (systematic reviews and meta-analyses). Education and Debate, v. 315,
672 - 675. https://doi.org/10.1136/bmj.315.7109.672

Heinrich, M., 2010. Ethnopharmacology in the 21 century-grand challenges.
Frontiers in Pharmacology, v. 1, (8), 1 - 3. https://doi.org/10.3389/
fphar.2010.00008

Holetz, EB.; Pessini, G.L.; Sanches, N.R.; Cortez, D.A.G.; Nakamura, C.V.; Dias
Filho, B.P,, 2002. Screening of Some Plants Used in the Brazilian Folk Medicine
for the Treatment of Infectious Diseases. Memorias do Instituto Oswaldo Cruz,
v.97,(7),1027 - 1031. httpS://dOi.Org/lO.1590/50074702762002000700017

Ibrahim, S.Y.; El-Salam, M.M.A., 2015. Anti-dermatophyte efficacy and
environmental safety of some essential oils commercial and in vitro
extracted pure and combined against four keratinophilic pathogenic fungi.
Environmental Health and Preventive Medicine, v. 20, (4), 279 - 286. https://
doi.org/10.1007/512199-015-0462-6

Itako, A.T.; Schwan-Estrada, K.R.F; Stangarlin, J.R.; Tolentino Junior,
J.B.; Cruz, M.E.S., 2009. Controle de Cladosporium fulvum em tomateiro
por extratos de plantas medicinais. Arquivos do Instituto Bioldgico, v. 76,
(1), 75 - 83.

Johann, S.; Silva, D.L.; Martins, C.V.B.; Zani, C.L.; Pizzolatti, M.G.; Resende,
M.A., 2008. Inhibitory effect of extracts from Brazilian medicinal plants on
the adhesion of Candida albicans to buccal epithelial cells. World Journal
of Microbiology and Biotechnology, v. 24, (11), 2459 - 2464. https://doi.
0rg/10.1007/s11274-008-9768-5

Maciel, M.J.; Silva, M.A.S.; Ethur, E.; Avancin, C.A.M., 2017. Indicadores
fitoquimicos e atividade antibacteriana do extrato hidroalcoélico bruto de
Achyrocline satureioides (“macela”) frente Salmonella spp. resistentes a
antibioticos isoladas em produtos de origem animal (suinos e aves). Revista
Brasileira de Higiene e Sanidade Animal, v. 11, (3), 273 - 287.

Mahboubi, M.; Kazempour, N., 2014. Chemical composition and antimicrobial
activity of peppermint (Mentha piperita L.) Essential oil. Songklanakarin
Journal of Science and Technology, v. 36, (1), 83 - 87.

Marmitt, D.J.; Rempel, C.; Goettert, M.L; Silva, A.C., 2015a. As plantas
medicinais da Relacdo Nacional de Plantas Medicinais de Interesse ao Sistema
Unico de Satde (RENISUS) com potencial antiftingico. Revista Brasileira de
Pesquisa em Saude, v. 17, (3), 151 - 162.

Marmitt, D.J.; Rempel, C.; Goettert, M.L; Silva, A.C., 2015b. Plantas com
potencial antibacteriano da relacdo nacional de plantas medicinais de interesse
do sistema tinico de satude: revisdo sistematica. Revista de Saude Publica, v. 8,
(2), 135 - 152.

Martinelli, L.; Rosa, ].M.; Ferreira, C.S.B.; Nascimento, G.M.L.; Freitas, M.S.;
Pizato, L.C.; Santos, W.O.; Pires, R.E; Okura, M.H.; Malpass, G.R.P; Granato,
A.C,, 2017. Antimicrobial activity and chemical constituents of essential oils
and oleoresins extracted from eight pepper species. Ciéncia Rural, v. 47, (5),
€20160899. https://doi.org/10.1590/0103-8478cr20160899

Mauli, M.M.; Fortes, A.M.T.; Rosa, D.M.; Piccolo, G.; Marques, D.S.; Corsato,
J.M.; Leszcynski, R., 2009. Alelopatia de Leucena sobre soja e plantas invasoras.
Seminarios de Ciéncias Agrarias, v. 30, (1), 55 - 62.

Moraes, R.C.; Dalla Lana, A.].; Kaiser, S.; Carvalho, A.R.; Oliveira, L.ES;
Fuentefria, A.M.; Ortega, G.G., 2015. Antifungal activity of Uncaria
tomentosa (Willd.) D.C. against resistant non-albicans Candida isolates.
Industrial Crops and Production, v. 69, 7 - 14. https://doi.org/10.1016/j.
indcrop.2015.01.033

RBCIAMB | v.56 | n.2 | Jun 2021 | 296-304 - ISSN 2176-9478


http://www.brasil.gov.br/noticias/saude/2012/11/sus-tem-fitoterapicos-para-doencas-simples/relacao-de-fitoterapicos-oferecidos-pelo-sus/view
http://www.brasil.gov.br/noticias/saude/2012/11/sus-tem-fitoterapicos-para-doencas-simples/relacao-de-fitoterapicos-oferecidos-pelo-sus/view
http://www.brasil.gov.br/noticias/saude/2012/11/sus-tem-fitoterapicos-para-doencas-simples/relacao-de-fitoterapicos-oferecidos-pelo-sus/view
https://doi.org/10.1016/j.postharvbio.2010.04.006
https://doi.org/10.1016/j.postharvbio.2010.04.006
https://doi.org/10.4034/RBCS.2012.16.01.07
https://doi.org/10.1007/BF00714468
https://doi.org/10.1590/S0100-40422006000600026
https://doi.org/10.1590/S0100-40422006000600026
https://doi.org/10.1016/j.jksus.2017.07.013
https://doi.org/10.1016/j.jep.2004.11.016
https://doi.org/10.2478/s11756-006-0050-8
https://doi.org/10.2478/s11756-006-0050-8
https://doi.org/10.1590/S0100-40422009000500004
https://doi.org/10.1590/S0100-40422009000500004
https://doi.org/10.1111/j.1745-4565.2011.00341.x
https://doi.org/10.1590/S0100-40422007000200026
https://doi.org/10.1136/bmj.315.7109.672
https://doi.org/10.3389/fphar.2010.00008
https://doi.org/10.3389/fphar.2010.00008
https://doi.org/10.1590/S0074-02762002000700017
https://doi.org/10.1007/s12199-015-0462-6
https://doi.org/10.1007/s12199-015-0462-6
https://doi.org/10.1007/s11274-008-9768-5
https://doi.org/10.1007/s11274-008-9768-5
https://doi.org/10.1590/0103-8478cr20160899
https://doi.org/10.1016/j.indcrop.2015.01.033
https://doi.org/10.1016/j.indcrop.2015.01.033

Maciel, M.J. et al.

Moura-Costa, G.F; Nocchi, S.R.; Ceole, L.E; Mello, J.C.P; Nakamura, C.V,;
Dias Filho, B.P; Temponi, L.G.; Ueda-Nakamura, Y., 2012. Antimicrobial
activity of plants used as medicinals on an indigenous reserve in Rio das
Cobras, Parana, Brazil. Journal of Ethnopharmacology, v. 143, (2), 631 - 638.
https://doi.org/10.1016/j.jep.2012.07.016

Nogueira, J.C.R; Diniz, M.EM.; Lima, E.O., 2008. Atividade antimicrobiana
in vitro de produtos vegetais em otite externa aguda. Revista Brasileira de
Otorrinolaringologia, v. 74, (1), 118 - 124. https://doi.org/10.1590/S0034-
72992008000100019

Panda, S.K; Das, R; Leyssen, P; Neyts, J.; Luyten, W., 2018. Assessing
medicinal plants traditionally used in the Chirang Reserve Forest, Northeast
India for antimicrobial activity. Journal of Ethnopharmacology, v. 225, 220 -
233. https://doi.org/10.1016/j.jep.2018.07.011

Parsaei, P; Bahmani, M.; Karimi, M.; Naghdi, N., 2016. A review of analgesic
medicinal plants in Iran. Scholars Research Library, v. 8, (2), 43 - 51.

Pinho, L.; Souza, PN.S.; Macedo Sobrinho, E.; Almeida, A.C.; Martins, E.R.,
2012. Atividade antimicrobiana de extratos hidroalcodlicos das folhas de alecrim-
pimenta, aroeira, barbatimao, erva baleeira e do farelo da casca de pequi. Ciéncia
Rural, v. 42, (2), 326 - 331. https://doi.org/10.1590/50103-84782012005000003

Piriz, M.A; Lima, C.A.B; Jardim, V.M.R.; Mesquita, M.K; Souza, A.D.Z,;
Heck, R.M., 2014. Plantas medicinais no processo de cicatrizagao de feridas:
uma revisdo de literatura. Revista Brasileira de Plantas Medicinais, v. 16, (3),
628 - 636. https://doi.org/10.1590/1983-084X/12_178

Rajeswara Rao, B.R; Rajput, D.K., 2010. Global Scenario of Medicinal Plants.
In: National Conference on Conservation of Medicinal Plants: Herbal Products
and their Uses, 2010. Annals...

REFLORA, 2010. Plantas do Brasil: Resgate historico e herbario virtual para o
conhecimento e conservagio da flora brasileira. Instituto de Pesquisa Jardim
Botanico do Rio de Janeiro (Accessed July 16, 2020), at: http://floradobrasil.
jbrj.gov.br/reflora/Principal UC/Principal UC.do?lingua=pt.

Rodrigues, E.; Schwan-Estrada, K.R.E; Fiori-Tutida, A.C.G.; Stangarlin,

J.R.; Cruz, M.E.S., 2007. Fungitoxicidade, atividade elicitora de fitoalexinas

e protegdo de alface em sistema de cultivo organico contra Sclerotinia
sclerotiorum pelo extrato de gengibre. Summa Phytopathologica, v. 33, (2), 124
- 128. https://doi.org/10.1590/S0100-54052007000200004

Sadat-Hosseini, M.; Farajpour, M.; Boroomand, N.; Solaimani-Sardou, E, 2017.
Ethnopharmacological studies of indigenous medicinal plants in the south of
Kerman, Iran. Journal of Ethnopharmacology, v. 199, 194 - 204. https://doi.
org/10.1016/j.jep.2017.02.006

Santos, A.C.A.; Rossato, M.; Serafini, L.A.; Bueno, M.; Crippa, L.B.; Sartori,
V.C.; Dellacasa, E.; Moyna, P, 2010. Efeito fungicida dos 6leos essenciais
de Schinus molle L. e Schinus terebinthifolia Raddi, Anacardiaceae, do Rio
Grande do Sul. Revista Brasileira de Farmacognosia, v. 20, (2), 154 - 159.
https://doi.org/10.1590/50102-695X2010000200003

Saharkhiz, M.J.; Motamedi, M.; Zomorodian, K.; Pakshir, K.; Miri, R.;
Hemyari, K., 2012. Chemical Composition, Antifungal and Antibiofilm
Activities of the Essential Oil of Mentha piperita L. ISRN Pharm, v. 2012,
718645. https://doi.org/10.5402%2F2012%2F718645

Schmourlo, G.; Mendonga-Filho, R.R.; Alviano, C.S.; Costa, S.S., 2005.
Screening of antifungal agents using ethanol precipitation and bioautography
of medicinal and food plants. Journal of Ethnopharmacology, v. 96, (3), 563 -
568. https://doi.org/10.1016/j.jep.2004.10.007

Schwan-Estrada, K.R.E; Stangarlin, J.R ; Silva Cruz, M.E., 2000. Uso de
extratos vegetais no controle de fungos fitopatogénicos. Floresta, v. 30, (1-2),
129 - 137. https://doi.org/10.5380/rf.v30i12.2361

Silva, N.C.C., 2010. Estudo comparativo da agdo antimicrobiana de

extratos e dleos essenciais de plantas medicinais e sinergismo com drogas
antimicrobianas. Dissertation, Instituto de Biociéncias, Universidade Estadual
Paulista “Jalio de Mesquita Filho”, Sdo Paulo (Accessed March 2, 2020), at:
https://repositorio.unesp.br/bitstream/handle/11449/87809/silva_ncc_me_
botib.pdf?sequence=1&isAllowed=y.

Simdes, C.M.O.; Schenkel, E.P; Mello, ].C.P; Mentz, L.A.; Petrovick, P.R., 2017.
Farmacognosia: do produto natural ao medicamento. Artmed, Porto Alegre.

Sixel, PJ.; Pecinalli, N.R., 2005. Caracteristicas farmacoldgicas gerais das
plantas medicinais. Infarma, v. 16, (13-14), 74 - 77.

Souza Janior, U.P; Pereira. ].V.; Pereira, M.S.V.; Costa, M.R.M.; Pereira,

A.V,; Antunes, R.M.P, 2011. Atividade antifingica in vitro do extrato da
Uncaria tomentosa l. (unha de gato) sobre cepas do género Candida. Pesquisa
Brasileira de Odontopediatria e Clinica Integrada, v. 11, (4), 477 - 480. https://
doi.org/10.4034/PBOCI.2011.114.03

Tamariz-Angeles, C.; Oliveira-Gonzales, P; Santillan-Torres, M., 2018.
Antimicrobial, antioxidant and phytochemical assessment of wild medicinal
plants from Cordillera Blanca (Ancash, Peru). Blacpma, v. 17, (3), 270 - 285.

Tandon, N.; Yadav, S.S., 2017. Contributions of Indian Council of Medical
Research (ICMR) in the area of Medicinal plants/Traditional medicine.
Journal of Ethnopharmacology, v. 197, 39 - 45. https://doi.org/10.1016/j.
jep.2016.07.064

Taxonomic Name Resolution Service. iPlant Collaborative. Version 4.0
(Accessed July 16, 2020), at: http://tnrs.iplantcollaborative.org.

Tyagi, A.K; Malik, A., 2011. Antimicrobial potential and chemical
composition of Mentha piperita oil in liquid and vapour phase against food
spoiling microorganisms. Food Control, v. 22, (11), 1707 - 1714. https://doi.
org/10.1016/j.foodcont.2011.04.002

Vamanu, E.; Vamanu, A.; Nita, S.; Colceriu, S., 2011. Antioxidant and
Antimicrobial Activities of Ethanol Extracts of Cynara Scolymus (Cynarae
folium, Asteraceae Family). Tropical Journal of Pharmaceutical Research, v. 10,
(6), 777 - 783. https://doi.org/10.4314/tjpr.v10i6.11

Van Wyk, B.E.; Wink, M., 2018. Medicinal plants of the world. CABL, Boston.

Vasconcelos Silva, M.G.; Craveiro, A.A.; Matos, EJ.A.; Machado, M.I.L.;
Alencar, J.W,, 1999. Chemical variation during daytime of constituents of the
essential oil of Ocimum gratissimum leaves. Fitoterapia, v. 70, (1), 32 - 34.

Vizzotto, M.; Krolow, A.C.R.; Weber, G.E.B., 2010. Metabolitos secundarios
encontrados em plantas e sua importancia. Embrapa Clima Temperado-
Documentos (INFOTECA-E) (Accessed March 6, 2020), at: https://www.
infoteca.cnptia.embrapa.br/bitstream/doc/886074/1/documento316.pdf.

Zeni, A.L.B,; Parisotto, A.V.; Mattos, G.; Helena, E.T.S., 2017. Utiliza¢ao de
plantas medicinais como remédio caseiro na Atengéo Primdria em Blumenau,
Santa Catarina, Brasil. Ciéncia e Satide Coletiva, v. 22, (8), 2703 - 2712. https://
doi.org/10.1590/1413-81232017228.18892015

Zhu, X.; Zhang, H.; Lo, R., 2004. Phenolic Compounds from the Leaf Extract
of Artichoke (Cynara scolymus L.) and Their Antimicrobial Activities. Journal
of Agricultural and Food Chemistry, v. 54, (24), 7272 - 7278. https://doi.
0rg/10.1021/jf0490192

RBCIAMB | v.56 | n.2 | Jun 2021 | 296-304 - ISSN 2176-9478


https://doi.org/10.1016/j.jep.2012.07.016
https://doi.org/10.1590/S0034-72992008000100019
https://doi.org/10.1590/S0034-72992008000100019
https://doi.org/10.1016/j.jep.2018.07.011
https://doi.org/10.1590/S0103-84782012005000003
https://doi.org/10.1590/1983-084X/12_178
http://floradobrasil.jbrj.gov.br/reflora/PrincipalUC/PrincipalUC.do?lingua=pt
http://floradobrasil.jbrj.gov.br/reflora/PrincipalUC/PrincipalUC.do?lingua=pt
https://doi.org/10.1590/S0100-54052007000200004
https://doi.org/10.1016/j.jep.2017.02.006
https://doi.org/10.1016/j.jep.2017.02.006
https://doi.org/10.1590/S0102-695X2010000200003
https://doi.org/10.5402%2F2012%2F718645
https://doi.org/10.1016/j.jep.2004.10.007
https://doi.org/10.5380/rf.v30i12.2361
https://repositorio.unesp.br/bitstream/handle/11449/87809/silva_ncc_me_botib.pdf?sequence=1&isAllowed=y
https://repositorio.unesp.br/bitstream/handle/11449/87809/silva_ncc_me_botib.pdf?sequence=1&isAllowed=y
https://doi.org/10.4034/PBOCI.2011.114.03
https://doi.org/10.4034/PBOCI.2011.114.03
https://doi.org/10.1016/j.jep.2016.07.064
https://doi.org/10.1016/j.jep.2016.07.064
http://tnrs.iplantcollaborative.org
https://doi.org/10.1016/j.foodcont.2011.04.002
https://doi.org/10.1016/j.foodcont.2011.04.002
https://doi.org/10.4314/tjpr.v10i6.11
https://www.infoteca.cnptia.embrapa.br/bitstream/doc/886074/1/documento316.pdf
https://www.infoteca.cnptia.embrapa.br/bitstream/doc/886074/1/documento316.pdf
https://doi.org/10.1590/1413-81232017228.18892015
https://doi.org/10.1590/1413-81232017228.18892015
https://doi.org/10.1021/jf0490192
https://doi.org/10.1021/jf0490192

Revista Brasileira de Ciéncias Ambientais
Brazilian Journal of Environmental Sciences
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Perda de dgua associada a perda e desperdicio de alimentos no Brasil
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RESUMO

This article aimed to estimate the loss of water associated with
food loss and waste in Brazil in 2013. Data from the Food and
Agriculture Organization (FAO) of the United Nations (UN) on
food balance and waste, as well as the Water Footprint (WF) of
agricultural products available at Water Footprint Network (WFN)
were used. Results show that food waste reaches 49 million
metric tons per year, compromising a total of 87 billion cubic
meters of water, which is higher than the average annual flow of
the river S3o Francisco. Major water loss is associated with the
agricultural production stage (32%), followed by consumption
(19%). Amongst food groups, major water loss is associated with
meat (49%), followed by cereals (19%). Roughly 96% of water
loss is attributed to the green water component, which highlights
that attention must be paid to rainfed agriculture to ensure
food and water for everyone. The loss of blue water was more
than half of the volume consumed in the urban sector, and the
grey component (polluted water) was equivalent to 80% of this
consumption. Measures such as improving agricultural practices,
logistics, irrigation, expanding and improving rainfed agriculture,
developing campaigns and policies to reduce exportation of
primary products, as well as consumption of products from
animal origin, can contribute to managing the food supply chain
more sustainably when the focus is water. Reducing food loss and
waste means preserving water.

Keywords: agriculture; water-energy-food nexus; water footprint;
virtual water; green water.

Neste artigo estimou-se a perda de agua associada aos alimentos
desperdicados no Brasil no ano de 2013. Tomou-se por base estudo da
Organizacdo das Nagbes Unidas para Agricultura e Alimentagdo (FAO)
sobre desperdicio de alimentos, o banco de dados FAOStat com o balango
de alimentos e o banco de dados de Pegada Hidrica (PH) de produtos
agricolas disponiveis na Water Footprint Network (WFN). Os resultados
mostram que as perdas e desperdicios de alimentos atingem 49 milhGes
de toneladas por ano, comprometendo um volume anual de agua de
87 bilhdes de metros cubicos, superior a vazdo média anual do Rio Sdo
Francisco. A principal parcela das perdas de agua esta associada as perdas
de alimento na etapa de produgdo agricola (32%), seguida da de consumo
(19%). Dentre os grupos de alimentos, as maiores perdas de dgua estdo
associadas as carnes (49%), seguida pelo grupo de cereais (19%). Cerca
de 96% das perdas de agua referem-se a agua verde, o que evidencia
a necessidade de uma maior atengdo a agricultura de sequeiro para
assegurar alimento e agua para todos. A perda de 4dgua azul foi superior
a metade do volume consumido no setor urbano; e a parcela cinza (agua
poluida) equivaleu a 80% desse consumo. Medidas como melhoria das
praticas agricolas, logistica, irrigagdo, expansao da agricultura de sequeiro,
desenvolvimento de campanhas e politicas para redugdo da exportacdo
de produtos primarios, bem como do consumo de produtos de origem
animal, podem contribuir para uma gestdo mais sustentavel da cadeia
de suprimento de alimentos quando o foco é a dgua. Reduzir a perda e o
desperdicio de alimentos significa preservar agua.

Palavras-chave: agricultura; nexo agua-energia-alimento; pegada
hidrica; agua virtual; agua verde.
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Introduction

Data from the Food and Agriculture Organization (FAO) of the
United Nations (UN) show that, every year, about a third of the food
produced worldwide is not consumed by the population, being lost
throughout the production chain, or wasted in the endpoint (restau-
rants and households) instead. This represents about 1.3 billion met-
ric tons of food that is not used or, in monetary value, approximately
USS$ 1 trillion (FAQ, 2014).

This situation tends to be even more aggravated with the growth
of the world population. According to the United Nations Department
of Economic and Social Affairs (2019), by the middle of this century,
the world population will reach about 10 billion people. Concerning
Brazil, the population is estimated to be around 238 million inhabi-
tants by 2050, according to the intermediate projection (United Na-
tions, 2019). In order to feed this additional population and include the
current 870 million hungry people and two billion people who suffer
from moderate to severe food insecurity in the country (FAO, 2019), it
would be necessary to increase food supply by 70 to 100% (Alexandra-
tos and Bruinsma, 2012; Reddy, 2016). In this scenario, the agricultural
sector in Brazil would be pressured to increase production.

Nevertheless, agriculture is one of the greatest drivers for the
transgression of planetary boundaries, including the use of fresh-
water (Campbell et al., 2017). Overall, this sector accounts for 70%
of the total water withdrawal, with regional variations of 44% in the
countries of the Organisation for Economic Cooperation and Devel-
opment (OECD), 87% in Africa, and more than 90% in some Middle
Eastern countries (Campbell et al., 2017). In Brazil, the consumptive
water use for agricultural production in 2017 was 78.3% of the total
consumed of 1,109 m*/s, an increase of 21% compared to 2006, versus
6% for the industrial sector (ANA, 2019). In a broader view, consid-
ering the rainwater stored in the soil (green water), agricultural and
livestock production accounts for 92% of all water used by humanity
(Hogeboom, 2020).

This scenario already points to the threat of exceeding the lim-
it of freshwater use. The Millennium Ecosystem Assessment Report
(MEA) warned of this when it estimated, with low to medium cer-
tainty, that this limit was already exceeded by 5 to 25% (Millennium
Ecosystem Assessment, 2005). More recently, Jaramillo and Destouni
(2015) estimated the total freshwater use at 4.664 - 10'> m* per year.
The Stockholm Resilience Centre proposed a freshwater use lim-
it of 4.0 - 102 m’ per year (Rockstrom et al., 2009). This number,
however, has been criticized for not considering regional speci-
ficities and/or the flow of green water (Bogardi et al., 2013; Gerten
et al,, 2013; Steffen et al., 2015). This limit had a revision suggested
to be 2.8 - 10> m® per year, which is the mean value within an un-
certainty range from 1.1 - 10'> m’ to 4.5 - 10" m® per year (Gerten
et al,, 2013). Assuming the consumption suggested by Jaramillo and
Destouni (2015), the most conservative value of 2.8 - 10'2 m® per year

and the most liberal of 4.0 - 10'* m® per year would already be exceed-
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ed, by 67 or 17%, respectively. Such criticism led to the revision of the
safe limit for the use of freshwater on Earth, considering the diverse
flows, and climatic and ecosystem particularities of the various re-
gions, aiming at a more robust definition of this limit (Gleeson et al.,
2020), but the indications are of a water scarcity situation.

Meanwhile, tonnes of food are lost and/or wasted daily (FAO,
2013). Food Loss and Waste (FLW) occur both in developed and devel-
oping countries, although at different stages of the food chain for each
case (Gustavsson et al., 2011). In the case of developing countries, such
loss occur mainly due to the lack of infrastructure and investment in
storage structures, whereas in developed countries, the origin is in the
stages of distribution and consumption (Godfray et al., 2010).

The FLW occur throughout the supply chain, which involves the
production, storage, transportation, processing, distribution, and con-
sumption of food; and reflects significant equivalent water loss, reveal-
ing the inefficiency in the use of this critical resource and imposing an
additional difficulty to fully meet future demands.

In Brazil, water security is considered a regional issue, given that
the spatial distribution of the large water resources in the country is
extremely unequal. The major availability, in which the worrying, crit-
ical or very critical level has not yet been reached, is found in areas of
high ecological interest: the Cerrado region, the Amazon Forest, and
the Pantanal (ANA, 2019).

The order of magnitude of FLW and, consequently, of water wast-
ed, is large enough to deserve greater attention from the managers and
users of this resource. Strategies that focus on reducing loss along the
food production chain, and on the efficient and sustainable use of wa-
ter, are crucial to achieving the Sustainable Development Goal No. 2
(Lundgqvist et al., 2008). Doubling production simply implies that wa-
ter damage will also double.

Thus, knowing the volumes of water wasted due to FLW will enable
the managers of this resource to define priorities to tackle the problem.
The appropriate indicator for this is the Water Footprint (WF), used
to evaluate the volume of water needed for each agricultural product
and its portions of blue water, the most cited and the one which cor-
responds to what is extracted from rivers, lakes, and aquifers; green
water, stored in the soil and used by plants; and grey water, the volume
of water polluted as a result of the activity (Hogeboom, 2020).

The Water Footprint Network (WEN) defines the WF of a product
as the total volume of freshwater used directly or indirectly to pro-
duce that product and can be decomposed into the blue, green, and
grey components (Hoekstra et al., 2011). The WF can be considered
as a comprehensive indicator of the appropriation of water resources,
vis-a-vis the traditional and restricted concept of water withdrawal.
The WF of a product is the volume of water used to produce it, mea-
sured throughout the entire production chain (Hoekstra et al., 2011).
It is, therefore, an indicator of the appropriation of the freshwater
resource as opposed to the traditional and restricted measurement of

water withdrawal.
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The concept of WF has been widely used in agricultural and live-
stock production, with a large number of studies evaluating the im-
pact of agricultural products on the water system (Ding et al., 2018;
Xinchun et al., 2018; Fulton et al., 2019), livestock (Barden et al.,
2017; Asevedo et al., 2018), forestry (Schyns et al., 2017), agroin-
dustry (Bleninger and Kotsuka, 2015; Munoz Castillo et al., 2017),
besides being used to support water management (Empinotti and
Jacobi, 2013; Silva et al., 2016; Nouri et al., 2019).

However, relatively few studies assess the water loss associated with
FLW. Except for the study of the water footprint of the FLW in the
European Union (Vanham et al.,, 2015) and more recently research by
Sun et al. (2018), the literature is limited to the blue water component,
which is present in rivers and aquifers (Kummu et al., 2012; FAO, 2013;
Le Roux et al., 2018; Spang and Stevens, 2018; Read et al., 2020) or does
not identify the various components of water (Liu et al., 2013). A recent
report evaluated the WF of bovine meat in Brazil, although without
considering the loss (Pavio et al., 2020).

Nevertheless, given the importance of water in agricultural pro-
duction, especially food, many authors have recommended the inclu-
sion of the green water component in integrated water management
(Rockstrom et al., 2014; Rodrigues et al., 2014; Schyns et al., 2015;
Porkka et al., 2016; Falkenmark, 2018). This is particularly relevant for
Brazil, whose culture is of an abundance of water, at a time when there
is a growing trend of export of primary products.

Therefore, the objective of the present article is to assess the volume
of water compromised due to food loss and waste in Brazil for the year
2013, which may constitute a subsidy for planning water allocation in

the Brazilian agricultural production.

Material and Methods

The scope of this study is the food portion intended to meet do-
mestic demand in Brazil for the year 2013. The most recent data are
available on the FAO’s statistics division website and Food Balance
Sheet, FBS (FAOSTAT, 2015).

First, the loss throughout the Food Supply Chain (FSC) was esti-
mated in terms of mass, then the volume of water needed to produce

these foods was calculated (Figure 1).

Figure 1 - Stages of the study.
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Differently from the related and global scope literature, which has
accounted only for the volume of water withdrawn for irrigation (blue
water), this study also accounts for the components associated with the
rainfed production (green water) and water for diluting the residues

generated (grey water).

Food loss and waste accounting

Data concerning food production and use were obtained from the
FAOSTAT’s and FBS’s websites (FAOSTAT, 2015) for the year 2013,
Brazil. The food groups were organized as shown in Table 1.

The elements contained in the FBS have been divided into produc-
tion and utilization elements. For each product group, the Quantity in-
tended for Domestic Supply (QDS) is equal to the sum of production,
import quantity, stock variation, and export quantity. The food avail-
able for human consumption is QDS minus other utilization elements,
such as feed, seeds, processing, and others (Figure 2).

The calculations to estimate loss and waste were carried out for
each food group separately, to take into account their specificities.
The method was based on the FAO report, entitled Global Food Losses
and Food Waste (Gustavsson et al., 2011), which was later detailed in
the publication entitled The Methodology of the FAO Study: “ Global
Food Losses and Food Waste-extent, causes and prevention” - FAO,
2011 (Gustavsson et al., 2013).

Allocation factors (af) were used to estimate the fraction of the
production intended for human consumption. Conversion factors
(cf) were applied to determine the edible portion of primary products.
The values provided by Gustavsson et al. (2013) for Latin America were
adopted, as shown in Table 2. Based on the same method, the evalua-
tion was made considering five stages of the supply chain whose per-

centages of loss are shown in Table 3.

Water footprint

This study included the component associated with the agricultur-
al production stage alone, which is the most important, although water
could be considered to be also used in the stages of processing and
consumption. In this sense, factors such as climate, soil and crop man-

agement, crop varieties, among others, directly affect their accounting.
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To estimate the green, blue, and grey WF of agricultural and
animal products, the studies by Mekonnen and Hoekstra (2010a;
2010b; 2011b) were used, whose annexes present the values of these
indicators referring to the food produced in several countries, in-
cluding Brazil. This study considered the value of the global average
for the country.

The WF calculation for each group of food was performed accord-

ing to Equation 1.

Z WFGroup n=

In which:
WF = water footprint (m*t™);

P, - WF, + P,-WF, + P, - WF,
P, +P, + P,

1

P = production of each food (t).

Results and Discussion

Based on the methods used, it is estimated that Brazil lost, in the FSC,
about 49 million metric tonnes of food in 2013, which represents 39% of the
QDS that includes the portion intended for human consumption (Table 4).

These losses and wastes occur throughout the FSC, from cultiva-
tion to final consumers, with emphasis on the initial stages in emerging
countries such as Brazil. About 38% of the FLW occur in the production
stage, followed by 22% in post-harvest and storage, 15% in processing
and packaging, 13% in distribution, and 12% in the consumption stage.

Even though the consumption stage has the lowest contribution to
the total FLW, it is still surprising that about 6 million tonnes are wast-
ed in Brazilian households. This value may be underestimated in view
of a study by Porpino et al. (2015) that points to high waste generation
during the consumption stage in the lower-middle-class population,
which can be associated with cultural traits, which differentiates Brazil
from countries with equivalent per capita income in which the loss in
this stage is small.

This situation is aggravated considering that about 39.4% of house-

holds in the country live in food insecurity (Aratjo et al., 2020). Fur-

Table 1 - Food groups.

thermore, 5% of all disease burdens in Brazil are associated with food
shortages (GBD 2016 Brazil Collaborators, 2018).

In terms of mass, the food group with the highest percentage
of loss was fruit and vegetables. According to the Parand Institute of
Technical Assistance and Rural Extension (Instituto Paranaense de As-
sisténcia Técnica e Extensdo Rural), EMATER (Trento et al., 2011) the
agribusiness of fruits and vegetables faces several problems such as low
productivity, low quality, and high production costs; environmental
and sanitary problems in production, processing, and marketing; defi-
ciency in storage, transport, and marketing logistics; low consumption
and restricted eating habits; lack of more advanced technology and
market knowledge. Due to the fragility of these products, the greatest
loss occur in the agricultural production system and in transportation,
in which the distance between production and consumption sites is a
determining factor.

The cereals group was a major agricultural production with 97 mil-
lion tonnes, of which 79 million were allocated to the domestic market.
Compared to another group of high gross production, oilseeds and

legumes, whose total production was 90 million tonnes, only 47 mil-

Figure 2 - Food mass balance.
Source: Gustavsson et al. (2011).

Cereals

Roots and tubers

Oilseeds and legumes

Fruits and vegetables

Meat

Milk and eggs
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Wheat, rice, barley, maize, rye, oats, millet, sorghum, and other cereals
Cassava, yam, potatoes, and sweet potatoes

Soybeans, peanuts, sunflower, grape pomace and mustard seed, cotton seed, coconuts, sesame seed, palm seed,

olives, and other oilseeds

Orange and mandarin, lemon and lime, grapefruit, other citrus fruits, banana, apple, pineapple, date, grape,

other fruits, tomato, onion, and other vegetables
Bovine meat, mutton/goat meat, pork meat, and bird meat

Milk (not including derivatives) and eggs
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Table 2 - Allocation factors and conversion factors for food groups.

Stage of the chain
Food group Agricultural Post-harvest Processing . .
production and storage and packaging Distribution Consumption

Cereals 0.40 (af) 0.40 (af) - - _

Roots and tubers 0.82 (cf) 0.82 (cf) 0.90 (cf) 0.74 (cf ) 0.90 (cf) 0.74 (cf_) 0.90 (cf)
Oilseeds and legumes 0.12 (af) 0.12 (af) - - -

Fruits and vegetables 0.77 (cf) 0.77 (cf) 0.75 (cf) 0.80 (cf, ) 0.75 (cf) 0.80 (cf ) 0.75 (cf)
Meat - - = - -

Milk - - = . -

af: allocation factor; cf: conversion factor; i: industrial; m: manual.
Source: Gustavsson et al. (2013).

Table 3 - Values of the percentage of food loss per group for Latin America.

Food group Agricultural Post-harvest Processing L .
Cereals 6% 4% 2.0% (g) 7% (p) 4% 10%
Roots and tubers 14% 14% 12% 3%(f) 4% (f) 2% (p)
Oilseeds and legumes 6% 3% 8% 2% 2%
Fruits and vegetables 20% 10% 20% 12% (f) 2% (p) 10% (f) 1% (p)
Meat 5.6% 1.1% 5% 5% 6%

Milk 3.5% 6% 2% 8% 4%

m: grinded; f: fresh; p: processed.
Source: Gustavsson et al. (2013).

Table 4 - Food Loss in Brazil in 2013.
Food loss (10°-t)

Stage Roots and | Oilseedsand | Fruits and .
Cereals Meat Milk Total
tubers legumes vegetables

Agricultural production 2,480.6 3,406.6 857.3 9,174.9 1,543.0 1,330.2 18,792.7

Post-harvest and storage 1,554.5 2,929.7 402.9 3,670.0 286.1 1,959.2 10,802.4

Processing and packaging 1,869.0 965.3 711.2 2,235.0 977.6 607.2 7,365.3

Distribution 745.7 264.9 284.3 1,581.8 928.7 2,416.5 6,222.0

Consumption 2,147.6 201.8 278.6 1,064.2 1,058.7 1,147.4 5,898.4

Total 8,797.4 7,768.4 2,534.4 17,725.9 4,794.2 7,460.6 49,080.7
309
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lion were allocated to the domestic market.The difference between
these proportions has implications for losses in the processing, distri-
bution, and consumption stages.

The relative loss in the FSC reached 70% in the roots and tubers
group, and 61% in the fruit and vegetable group. The more animal
products, and fruits and vegetables in the diet, the less is the durability
of food, thus increasing the loss. This is driven by the growth of urban-
ization rates that increases the distance between the production and
consumption sites, demanding more transportation.

These losses also imply substantial financial losses. The Brazil-
ian Institute of Applied Economic Research (Instituto de Pesquisa
Econémica Aplicada - IPEA) (Carvalho, 2009) cites a study by the De-
partment of Supply and Agriculture of Sdo Paulo State, which estimat-
ed the value of food loss at 1.4% of Brazil’s Gross Domestic Product,
worth R$ 17.25 billion at the time.

In addition to other economic, social, and environmental im-
pacts, FLW should be associated with the loss of water used in food
production, which is usually ignored in scientific work focused on
this subject and virtually absent in the official documents that deal
with water management. The WF and its components for each food
group are shown in Table 5.

Table 6 shows the WF associated with FLW by stage of the chain
per food group. The greatest impact occurs on agricultural production.
The total value of water loss reached 87.3 billion m*® in 2013. This is
equivalent to 2,768 m>/s, which is in the same order of magnitude of
the average long-term flow at the source of the river Sao Francisco Ba-
sin, equal to 2,914 m?/s or three times the offerable flow of 875 m’/s
(ANA, 2019). It is almost an entire river Sdo Francisco wasted.

According to Falkenmark and Rockstrom (2008), the water used
in the production of the amount of food to meet a person’s needs is
1,300 L/day, considering 20% of calories being of animal origin. The vir-
tual water from FLW would therefore be sufficient to produce food for
a population of about 180 million people, which corresponds to roughly
90% of the Brazilian population in the study year (IBGE, 2013).

The value of this loss in 2013 was 435.0 m® per capita, correspond-
ing to about 20% of the average WF of consumption of each Brazilian,

which is equivalent to 2,027 m*/year (Mekonnen; Hoekstra, 2011a).

Table 5 - Water footprint by component per food group.

The major share of water loss is associated with loss in the agri-
cultural production stage (32.1%), followed by consumption (18.7%),
processing and packaging (18.5%), distribution (16.8%), and, finally,
post-harvest and storage (13.9%).

Moreover, according to the results in Table 6, the analysis of the
total WF per food group shows a greater contribution of meat, which is
associated with 49.2% of water losses, followed by the group of cereals
(19.0%), milk and eggs (12.1%), fruits and vegetables (9.5%), oilseeds
and legumes (6.3%), and roots and tubers (3.8%). The FLW of animal
products account for more than half of the total water loss.

Considering the three components of WF (green, blue, and grey),
the largest contribution to the total WF comes from the green com-
ponent, 96.0% (Figure 3), which has no direct impact on watercours-
es. However, several authors (Rockstrom et al., 2014; Rodrigues et al,,
2014; Schyns et al., 2015; Porkka et al., 2016; Falkenmark, 2018) warn
both of the mistake of seeing only blue water as a productive resource
and of the strong dependence of food production by green water.
The green component can account for up to 97% of the water used in
this activity and support this concern realizing that the appropriation
of this resource towards society compromises the maintenance of eco-
system services.

Blue water and green water work as “communicating vessels”, and
their availability depends on precipitation, which is, ultimately, the al-
located resource. The main distinction between one and the other is
that green water is allocated according to decisions on land use, where-
as blue water can be captured at distant points from where precipita-
tion fell (Schyns et al., 2019). Due to this “invisibility” of green water,
the limits of its use and the use of associated scarcity indicators have
only recently been debated and researched, such as the study in the
agricultural basin of the Cantareira system (Rodrigues et al., 2014),
and the review and classification article of indicators of availability and
scarcity of green water (Schyns et al., 2015). Schyns et al. (2019) pro-
pose a green water Scarcity Index, given by the relation between the to-
tal green WF of the area and the maximum sustainable green WE, the
latter being equal to total green WF minus that of the reserve of 17%
to ensure the biodiversity target and areas without aptitude for agricul-

ture. This method was applied on a planetary scale with a cell mesh of

Water footprint (m?/t)

Green 1,712.8 407.8 2,153.4
Blue 46.2 3.8 2.9
Grey 131.1 17.0 20.9
Total 1,890.1 428.6 2,177.2

Source: Mekonnen and Hoekstra (2010a; 2010b; 2011b).
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431.8 8,669.1 1,350.8 14,725.6
15.7 141.9 38.4 249.0
20.0 152.7 253 367.0

467.5 8,963.8 1,414.5 15,341.6
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5 x 5-minute arc; and the results show that 56% of the availability
of green water in the world is already used, 51% in Brazil (Schyns et al.,
2019). These are aggregated values that do not include cases of use of
the green WF flow in protected areas, whose overall value is 18% and,
for Brazil, 14% (Schyns et al., 2019).

On the other hand, green WF is the main resource for agricultural
production, since the urban and industrial supply depends exclusive-
ly on the blue water flow. Thus, aiming at meeting an increasing de-
mand for food, the reduction of FLW should be associated with what
is called sustainable intensification of rainfed agriculture by adopting
techniques that increase and retain moisture in the soil for longer, in
addition to the application of water according to the concept of supple-
mentary or deficit irrigation (Reddy, 2016; Schyns et al., 2019).

The blue and grey WE which are the components that have an im-
pact on water bodies, represent approximately 136 m?*/s, or about 50% of
the entire availability of the East Atlantic Hydrographic Region, where
15 million people live (ANA, 2019). This number is also equivalent to
70% of all water consumed by the Brazilian industrial sector. Another
way to look at this number is to compare it with the sum of all the flows
for urban supply in Brazil in 2018, whose value was 501 m’/s (ANA,
2019).

Even though the absolute numbers of food waste are already alarm-
ing per se, there are a set of built-in wastes that further cloud the global
scenario. The production and distribution stages in the FSC need land,
mineral fertilizers, pesticides, electricity, fossil fuels, and, above all, wa-
ter. Wasted food buries all these resources with it (Rodrigues, 2017).

Table 6 - Water footprint of food loss by stage of the chain per food group.

Water footprint by food group (10° m*/year)

et of the chain | Vaterfoowprintbyfoodgrowp (Wmtyeat) |
Agricultural production 4.69 1.46 1.87 4.29 13.83 1.68 28.0
Post-harvest and storage 2.94 1.26 0.88 1.72 2.56 2.77 12.1
Processing and packaging 3.53 0.41 1.55 1.04 8.76 0.85 16.2
Distribution 1.41 0.11 0.62 0.74 8.32 3.32 14.6
Consumption 4.06 0.09 0.61 0.50 9.49 1.53 16.4
Total 16.63 3.33 5.52 8.29 42.97 10.13 87.3
Figure 3 - Water footprint by component per food group.
311

RBCIAMB | v.56 | n.2 | Jun 2021 | 305-317 - ISSN 2176-9478



Cohim, E.B. et al.

Reducing FLW throughout the FSC may be the best strategy to-
wards sustainability within food security. At the same time, this reduc-
tion can represent a relief in the pressure on water bodies, saving water
for other uses, including environmental demands.

Food production is the activity with the largest water use in Brazil,
accounting for 79.2% of the total consumption in 2017, or a flow of
917.1 m*/s (ANA, 2019), which is in the same order of magnitude as
the world’s average. Meeting the 12.3 goal of the Sustainable Develop-
ment Goals of halving the FLW by 2030 would mean, alone, the avail-
ability of 458.6 m’/s, equivalent to about 90% of the total withdrawal
for urban supply.

The current situation of water use already demands attention.
Vorosmarty et al. (2010) analyzed the world’s water resources and
found that the incidence of a threat to water security was high in many
regions, including Brazil. Roughly 11,500 km of rivers have withdraw-
als above 20% of their availability, of which 4,900 km have withdrawals
over 70% (ANA, 2019). Not coincidentally, the concentration of wa-
tersheds in critical situations occurs where the largest populations are
also concentrated. Despite the claimed abundance of water, extensive
areas are under threat.

The food production system, therefore, urges for critical advances
in water use efficiency. On the one hand, both reducing losses before
considering increasing production capacity (Freire Junior and Soares,
2014) and minimizing their implications for water resources must be
key concerns; and, on the other hand, an increase in the productivity of
water use in agriculture is needed.

The first approach consists of goal 12.3 of the Sustainable Develop-
ment Goals (SDGs): by 2030, halve the global food waste per capita at
retail and consumer levels, and reduce food loss along the production
and supply chain, including post-harvest loss.

Table 7 - Potential approaches to reduce food loss and waste per stage.

In less developed countries, which includes Brazil, FLW can be as-
sociated with factors that mainly penalize the initial stages of the FSC.
The main factors pointed out are improper management, inadequate
harvesting techniques, inappropriate post-harvest management, lack
of logistics infrastructure, irregular processing and packaging, and
poor-quality marketing information (Gustavsson et al., 2011; Lipinski
etal,, 2013; Dung et al., 2014).

Nevertheless, attention must also be focused on the consump-
tion stage, which represents 12% of the FLW. Various reasons for
loss in this stage can be pointed out: lack of awareness of the amount
of food wasted by consumers or the impact it causes; income high
enough to afford wasting; high-quality standard and sensitivity to
food security; lack of planning for the acquisition of food, which re-
sults in overbuying; lack of ability in the kitchen to size the portions
in each meal; and changes in daily planning due to busy routine
(Kibler et al., 2018).

The World Resources Institute (WRI), linked to the United Nations
Environment Programme (UNEP), suggests several measures, listed in
Table 7, without, however, claiming to exhaust the possibilities (Lipins-
ki etal., 2013).

It is worth adding, among other measures, food production in the
concept of urban and peri-urban agriculture of perishable products,
such as some horticulture producers (Kibler et al., 2018). This could
have a strong impact on the loss observed in these food groups, which
is mainly influenced by transportation.

Concerning the increasing water efficiency in food produc-
tion, the relevance of green water cannot be ignored: rainwater
stored in soil and which sustains rainfed agriculture. Conserva-
tion practices such as terracing, land leveling, soil fertility man-

agement, tillage, sediment, and moisture containment dams, etc.

. Processing Distribution and .
Production Post-harvest and storage ) . Consumption
and packaging marketing

Facilitate the donation
of inadequate crops to

storage technologies
the market 8 &

Improve the management
Improve the availability of of the ethylene and
extension services microorganisms in the

storage stage
Use low-carbon cooling

Improve market access )
techniques

Improve harvesting Improve transport

techniques infrastructure

Source: Lipinski et al. (2013).
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Improve access to low-cost Reengineer manufacturing
processes

Improve supply chain
management

Improve packaging to
keep products fresh longer

- . Facilitate the donation
Facilitate the donation of
of unsold products
unsold products .
in restaurants

Change practices on food ~ Run consumer education

date labels campaigns

Reduce the size of the
served portions

Modify promotions in the
market

) Ensure home economics
Provide consumer o
. education in schools,
guidance on food storage ] .
) universities, and
and preparation .
communities
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can increase and retain soil moisture for longer, reducing water
loss by evaporation given the same amount of rain (Springer and
Duchin, 2014). Based on Falkenmark and Rockstrém (2006), the
use of such techniques could potentially increase productivity by
up to 50% in Latin America.

This claim is shared by de Fraiture and Wichelns (2010) when they
state that, for a scenario with high productivity of rainfed agriculture,
the demand for food in 2050 could be met by increasing 7% of the cul-
tivated rainfed area, without the expansion of the irrigated area.

In the opposite direction, the Brazilian Government, through
the Ministry of Agriculture, Livestock, and Supply (MAPA), has
been adopting measures aimed at expanding the irrigated area.
Between 1960 and 2015, the irrigated area grew from 455,000 to
6.95 million hectares, equivalent to an average growth rate of 6%
per year. Furthermore, adding 2.8 million hectares by 2020 was
also planned, and another 7.0 million from 2020 to 2030 (Rocha
and Christofidis, 2015).

From the point of view of water management, there are two trends
that should foster demand over the next few years. One is the consol-
idation of the economic model based on the export of primary prod-
ucts, as shown in Figure 4. Brazilian exports in the last fifty years of
bovine meat, chicken meat, soybean, and maize have grown 27, 1,000,
450, and 2,000 times, respectively (FAOSTAT, 2015).

Godfray et al. (2010) draw attention to the need of better under-
standing the effects of globalization on the food production system
and its externalities. According to Mekonnen and Hoekstra (2011b),
Brazil’s exports in primary products are equivalent to 110 billion cu-
bic meters of virtual water, versus an import of 33 billion. This situation
characterizes the country not only as an exporter of water, but also of
land and soil fertility.

In a pandemic situation, as occurred in 2020 with COVID-19,
a new geopolitical context is observed. Given the scarcity of water,
it is natural for developed economies to seek to avoid wasting it for
production. As such, they opt for importing from countries capable
of providing them with this resource at competitive prices. However,
international trade in agricultural products may be affected by the
rise of neo-nationalism after the COVID-19 pandemic (Brasil, 2020).
Virtual water export management, for instance, can be considered
as a measure to defend food sovereignty and self-sufficiency, which
some authors refer to as post-pandemic neo-nationalism.

For example, for a highly water-intensive activity such as live-
stock, there was an increase in the Brazilian cattle herd by 23% be-
tween 2000 and 2010, when there was a widespread decrease in the
number of cattle herds in the European Union and the United States
(FAOSTAT, 2015).

Brazil is an important soybean exporting country. Additional-
ly, according to the Department of Rural Socio-Economic Studies
(2007), a significant replacement of animal greases by vegetable oils

has been observed worldwide, due to factors associated with health,
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production costs, industrial development, and versatility of this type
of raw material. Furthermore, the increase in the Brazilian soybean
production will continue for several reasons, including the increase
of world population (especially in China); also the soybean potential
as a raw material in biodiesel, paint, lubricant, and plastic industries;
and a growth in the consumption of soybean meal to meet the ris-
ing meat industry worldwide and in Brazil (DallAgnol and Hirakuri,
2008).

Maize represented 76% of the production of cereals, the second
largest group in WF associated with FLW, being an important com-
modity among Brazilian exports (Figure 4). This food group holds
the largest blue WF and grey WF when compared to the others, both
in absolute and relative terms. This highlights the importance of
maize production as a potential competitor for water allocation in
the future.

The other trend is the growth of domestic demand for fruits and
animal products, while the consumption of roots and tubers decreases,
associated with the increase in per capita income. The world’s per capita
income is also expected to grow 4.5 times by 2050 compared to 2008
(Lundgqvist et al., 2008). According to Benett’s Law, cited by Parfitt et al.
(2010), income growth leads to a transition in diet, i.e., an increase in
the consumption of meat, fruits and vegetables, milk and dairy prod-
ucts, as well as a reduction in consumption of roots and tubers. In Bra-
zil, meat consumption multiplied by 3.7 over the last 50 years; milk and
dairy products, by 2.0; fruits and vegetables, by 1.5; cereals, by 1.2; and
roots and tubers, by 0.7 (Figure 5).

With the growth of meat consumption in Brazil and the expec-
tation of meeting the growing demand for agricultural products
abroad, the impacts on water resources tend to worsen.

In addition to human activities, water waste can lead to a de-
crease in the number of species or number of individuals of the
same species, affecting the balance of ecosystems (Figueiredo et al.,
2017).

Figure 4 - Evolution of commodity exports by Brazil.
Source: FAOSTAT (2015).
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Thus, greater attention must be paid to the efficiency in water
use throughout the entire food production chain, from the agri-
cultural production to the consumption stage, considering several
factors that imply in this care, highlighting climate change notably.

Therefore, increasing the efficiency of the food production
chain is imperative for all its extension, from the most efficient
management of the rainfed agriculture, with better use of rain and
the reduction of loss and waste, and even the incentive to the adop-

tion of a diet based on fewer consumption of animal products.

Conclusion

Food loss and waste in Brazil were estimated at 49 million tonnes
in 2013, according to FAO methodology (Gustavsson et al., 2013),
with serious implications for water management in the country.

They result in a water loss of 87 billion cubic meters per year,
or about 2,768 m’/s, equivalent to 96% of the average flow of the
river Sao Francisco in the source. This volume would be enough to
produce food for 180 million people.

The largest water losses are associated with meat and cereals,
corresponding to 49 and 19% of the total, respectively. This sce-
nario can be aggravated by the increase in exports, whose agenda
prioritizes maize, soybeans, and meats. Another aggravating factor
is the change in eating habits of the Brazilian population, with in-
creasing consumption of animal products, accounting for 61% of
the entire volume of water lost.

Green water is the main resource for agricultural production,
with a share of 96%. This flow is associated with land use and
has a direct influence on the maintenance of ecosystem services,
although it is ignored in water management. Greater attention
should be given to this resource with the adoption of techniques
that increase and retain soil moisture for longer, increase the ef-
ficiency of rainfed agriculture, and reduce the demand to expand
irrigated areas.

The blue water footprint totals 53.6 m?/s, which is equivalent to
52% of the consumptive use of the urban sector in 2013, which ev-
idences the conflict between urban and agricultural uses. It should
be highlighted that, for urban supply, blue water is the only option.

Grey water footprint accounts for 82.9 m?/s and, although it does
not necessarily require a quantitative reduction, it draws attention to
the high volume of degraded water, as well as its environmental and
economic implications, including from the eutrophication of water

bodies to a greater energy demand for human and/or industrial use.

Figure 5 - Evolution of per capita consumption of some food
groups in Brazil.

Source: FAOSTAT (2015).

Meeting goal 12.3 of the Sustainable Development Goals
(SDGs), halving food loss and waste by 2030, would mean, alone,
the availability of 458.6 m®/s of freshwater. Key measures to
achieve this goal are: improving agricultural practices, running
campaigns aimed at consumers, improving transport infrastruc-
ture, and producing perishable products closer to the places of
consumption.

Investment in improving water management in irrigated prop-
erties and sustainable intensification of rainfed agriculture would
contribute to an additional gain.

Finally, the adoption of policies that redirect the model of pri-
mary products exports and campaigns to reduce the consumption
of animal products would be an important advance in the preserva-
tion of water in Brazil.

A continuation of this work should address the water loss as-
sociated with food loss and waste considering specific regions
throughout the years, including seasonal variations in agricultural
activities such as drought (greater blue water demand) or excess
rain (green water). A given water consumption has different effects
in one region with adequate water availability and, in another, with

a lack of this resource.
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