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ABSTRACT

The excessive production of solid waste today is one of the major challenges for municipal managers, particularly regarding
environmental and health issues in urban and rural areas. This scenario is particularly pronounced in isolated or rural communities
due to lower population density, logistical challenges, and a lack of sanitation infrastructure, resulting in negative impacts on the
social, economic, and health aspects of community life. The study sought to identify methods of final disposal for solid waste in five
rural communities in Humaita, as well as to develop and apply a matrix of indicators for the sustainable management of solid waste
produced in these communities. The methodological process included a literature review, on-site visits, photographic documentation,
visual assessment to describe waste disposal methods, qualitative and quantitative characterization of the solid waste generated in the
communities, data collection from public agencies and waste management companies in the municipality of Humaita, and the
application and analysis of eight sustainability indicators. The results indicated that the burning of inorganic solid waste in open-air
trenches is the most common method used by community members. A significant difference was observed among the analyzed sites,
with a predominance of organic material, followed by plastic film. The indicator matrix revealed that the stages in all communities
were similar in relation to the management indicators. The information generated by this study may assist in improving solid waste
management in rural communities of the Western Amazon, serving as a basis for the proper development of an integrated solid waste
management plan.

Keywords: environmental problems; environmental indicators; sustainable management; rural area; Amazon region.

Introduction

In recent years, solid waste generation has increased at an alarming rate, driven by population growth and
rapid urbanization, which intensify the demand for goods and services (Silva et al. 2019; Olay-Romero et al.
2020; Morais et al. 2021; Devendran et al. 2023). Furthermore, the growing consumption of disposable
products, the short lifespan of many products, and the increase in the population’s purchasing power have
exacerbated this situation. These combined factors are not only significantly impacting the environment—
through soil, water, and air pollution—but also posing challenges for waste management, which now requires
more innovative and sustainable solutions to reduce environmental damage and promote more balanced
development (Guimaries et al. 2023; Guimaraes et al. 2024).

In this context, Souza et al. (2019) highlight that, in addition to the alarming increase in solid waste
generation, the composition of this waste is becoming increasingly complex, involving a wider variety of
materials, many of which are difficult to recycle or treat. This global scenario poses a major challenge, not only
due to the growing volume of waste but also because of the diversity of chemicals and industrial products that
can cause adverse environmental impacts. As a result, both the environment and the population’s quality of life
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are being significantly affected, with consequences that include ecosystem degradation as well as risks to public
health (Oliveira et al. 2016; Souza et al. 2019; Guimaraes et al. 2024).

In light of the significant challenges faced by Brazilian municipalities in solid waste management, the
federal government enacted Decree No. 10,936 in 2022, which regulates the National Solid Waste Policy,
established by Law No. 12,305/2010 (Brazil 2010). This decree establishes principles, guidelines, objectives,
and essential instruments for the implementation of technological innovations in both urban and rural solid
waste management, aiming to improve the efficiency and sustainability of these processes (Oliveira et al. 2022a;
Silva et al. 2023).

In Brazil, according to the National Sanitation Information System (SNIS), the country produced
approximately 66.6 million tons of municipal solid waste in 2020. Furthermore, it is noteworthy that most
Brazilian municipalities have solid waste collection service coverage exceeding 90% (SNIS 2022). However,
when looking at rural communities, it becomes evident that 18.3 million inhabitants lack access to direct waste
collection, highlighting the need to include these populations in waste management planning across Brazilian
municipalities (SNIS 2022).

In this context, rural communities face significant changes resulting from inadequate solid waste
management, exacerbating social, economic, environmental, and public health problems (Lima & Paulo 2018;
Pereira & Fernandino 2019; Juca et al. 2020; Castro et al. 2020; Guimaraes et al. 2023; Guimaraes et al. 2024).

In light of the above, sustainability indicators aim to determine whether the system is progressing or
regressing (Silva et al. 2023). In this context, the indicators applied in solid waste management contribute to
the structuring and formulation of public policies, simplify decision-making, promote a better understanding
of environmental systems, and more (Pereira et al. 2018; Silva & Pessali 2018; Souza et al. 2019).

To this end, selecting indicators is no easy task, as it requires integrating different dimensions of
sustainability to enable their interpretation, situational analysis, and assessment of future prospects (Santiago &
Dias 2012; Castro et al. 2015; Cervantes et al. 2018; Barros & Silveira 2019).

Therefore, given the organizational fragility faced by most municipalities in the Amazon region regarding
solid waste management in rural areas, this study aimed to describe the final disposal methods for solid waste
in five rural communities located within the Buffer Zone of the Humaita National Forest, and to identify,
develop, and apply a matrix of indicators aimed at the sustainable management of solid waste and the
improvement of quality of life.

Materials and Methods

Study Area

The municipality of Humaita covers a large area of 33072 "and has an estimated population of 57,473
inhabitants, of whom approximately 31% live in rural areas (IBGE 2023). In this context, the study was
conducted in five rural communities within the Buffer Zone of the Humaita National Forest (Flona Humaita):
Flechal, Ilha do Tambaqui, Mirari, Paraisinho, and Parafso Grande (Figure 1). Information on these
communities is described in Table 1.

490(I)OOE SOOQOOE 510(?00E SZOOIOOE

N N ————
‘%7 Guyana
- Colombia oA\ N RR S

> ~
B 1 i
Ecuador ~
L™ .Trnnsamdlémr‘) [ \//

~Jd

9170000N
h
9170000N

9160000N
h

T
9160000N
A
>
2

9150000N
-
9150b00N
§
o
=%
)
X
1}
\
|
|

9140lOOUN
T
9140000N

Legenda

Comunidades Rurais Il Area Urbana de Humaita

€ Flecahal
§ § @® Ilha do Tambaqui Municipio de Humaita
‘8’ | :3, A Mirari I Rios e Lagos
> 0 25 Skm ) \ &  m Paraisinho Hidrografia unifiliar
— ¥ Paraiso Grande ==== Rodovias
490600E 500(')00E ) 510600E 520600E

Figure 1. Location Map of the studied communities that make up the Buffer Zone of Flona Humaita. Source: The authors (2026).
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The communities of Flechal, Mirari, and Ilha do Tambaqui are located on the left bank of the Madeira
River, at distances of 13 km, 26 km, and 44 km, respectively, from the municipality of Humaita. On the other
hand, the communities of Parafsinho and Parafso Grande are located on the right bank of the Madeira River,
approximately 3.5 km and 7 km away, respectively, from the municipality of Humaita.

Table 1. Location and demographic data of the communities mentioned in this study. (*= Not recorded)

Community Geographic Coordinates Houses Population
Flechal 7°36'44.95” S, 62°57'2.72" W 13 70
Mirari 7°44°30.13” S, 62°57°19.20" W 24 105
Tambaqui Island 7°5314.93” S, 62°53'46.81" W 18 55
Paraisinho 7°31’53.35” S, 62°59'40.28" W NR’ 100
Paraiso Grande 7°32'48.53” S, 62°58'6.09” W NR 150

Source: The authors (2026).

According to the Koppen climate classification system, the region corresponds to the humid tropical
climate, characterized by a prolonged rainy season and a short dry season (AM), an average annual temperature
ranging from 25 to 27°C, an average annual precipitation of 2,000 mm, and relative atmospheric humidity
between 85 and 90% (Alvares et al. 2013).

Regarding solid waste management, the municipality of Humaita complies with Federal Law No. 12,305
of August 2, 2010, which established the National Solid Waste Policy regarding the development of the
municipal integrated solid waste management plan.

However, the stages of waste management in the municipality are limited to the collection process, which
covers the entire urban area of the municipality, totaling 15 *™, along with transportation and disposal at an
open-air landfill located approximately 10 km from the urban area (Oliveira & Medeiros 2020; Oliveira et al.
2022a).

Currently, the collection process in the urban area is conducted door-to-door using 5 m* compactor trucks,
with a frequency of 6 times P week in all residential neighborhoods and 7 times per week in the central area of
the municipality (Oliveira & Medeiros 2020). In contrast, it is noted that the collection process does not serve
rural areas (communities, districts, settlements, indigenous reserves) with river access (Oliveira et al. 2022a).

Therefore, the research was conducted in three stages: In the first stage, an exploratory and descriptive
bibliometric analysis of the entire legal framework regarding solid waste management was carried out. The
second stage consisted of field research, involving on-site visits to communities and municipal government
agencies to characterize the waste in the communities. In the remaining stages, a qualitative and quantitative
characterization of the solid waste generated in the communities was performed, along with the application of
the sustainability indicator matrix.

Qualitative and quantitative characterization of solid waste

The qualitative and quantitative characterization of solid waste was conducted in five rural communities
within the Buffer Zone of the Humaita National Forest (Flona Humaita): Flechal, Ilha do Tambaqui, Mirari,
Paraisinho, and Parafso Grande, with a total estimated population of 480 inhabitants.

In this context, the characterization of solid waste in the communities was carried out in accordance with
procedures established by Cempre (2018), which recommends the sorting of all generated waste when the
amount of waste produced is less than 1.5 tons. Therefore, data collection in the communities involved two
sampling periods (dry and rainy seasons) between 2022 and 2023, with three repetitions, totaling 15 samples.

In each sampling, waste collection was conducted manually door-to-door at community members’
residences; the waste was then transported to a suitable location, where the plastic bags containing the waste
were opened for analysis, and the waste was subsequently weighed to determine its percentage relative to the
total collected sample.

Next, the specific weight of the material was calculated using a graduated cylinder with a defined volume
of 60 liters (0.06 ™) and a digital industrial scale with a capacity of 50 kg (DPB-50KGX10G RAMUZA).
Furthermore, the result was obtained by calculating the ratio of the sample mass (kg) to the total sample volume
™).

Daily per capita waste generation in the communities was determined based on the ratio of the total mass
collected to the number of community residents (Bernardes & Gunther 2014).
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The samples were classified into predetermined categories, namely: Organic matter, PET,
Paper/Cardboard, Rigid Plastic, Plastic Film, Metals, Glass, Long-Life Items, Fabric/Leather, and others
(Styrofoam, rubber, medical waste, wood, coal, batteries).

Statistical Analysis

After classifying the predominant categories, the data were subjected to descriptive statistical analysis, as
well as analysis of variance (ANOVA) and Tukey’s test (5% significance level). The analysis was conducted as
a 5x3 factorial design, taking into account the five collection sites and the three periods during which the
collections were carried out. The statistical analysis was performed using the multcomp package in the R
software (R Core Team 2024).

Indicator Matrix

To construct a model for adequate solid waste management in communities, the indicator matrix proposed
by Castro et al. (2015) was adapted, taking into account the municipality’s specific characteristics and the
requirements of the PNRS. In this context, eight indicators were described that encompass the dimensions of
sustainability:

e [Existence or absence of a Municipal Plan for Integrated Solid Waste
Management, covering waste in rural areas;

® Information made available to the general public regarding solid waste

management;

Existence of channels for public participation in the decision-making

process regarding solid waste management in urban and rural areas;

Government support for the waste management chain;

Solid waste collection in rural communities;

Disposal of solid waste in rural communities;

Utilization of organic waste;

Projects to prevent and reduce environmental impacts and health risks

to the rural population from waste management activities.

In this context, the indicators address different aspects of solid waste management in both urban and rural
areas. The first indicator assesses the existence of a Municipal Plan for Integrated Solid Waste Management
specifically focused on rural areas. Next, the second indicator analyzes the population’s access to relevant
information regarding this management. The third indicator refers to the existence of channels that enable
public participation in the decision-making process for waste management, covering both urban and rural areas.
Furthermore, the fourth indicator examines the support provided by public authorities throughout the waste
management chain. The subsequent indicators focus on practical aspects, such as the collection process (fifth
indicator) and waste disposal (sixth indicator) in rural communities, as well as the utilization of organic waste
(seventh indicator). Finally, the eighth indicator evaluates specific projects aimed at preventing and reducing
environmental impacts and health risks to the rural population resulting from waste management activities.

In the scientific literature, a lack of reliable data from rural communities was observed, which necessitated
a shift from a qualitative approach to a quantitative one, allowing for the final summation of the results for
each indicator, as well as a comparison with an ideal scenario. Thus, using a Likers scale, the indicators will be
measured on a five-point scale, as described in Table 2.

Table 2. Classification Levels of Rural Solid Waste Management Indicators.

Stage Symbols Classification Value
Ideal Stage El 2
Favorable Stage EF 1
Attention Stage EA 0
Unfavorable Stage ED -1
Critical Stage EC -2

Source: The authors (2026).
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Results and Discussion

In the context of solid waste management in the rural communities of Flechal, Ilha do Tambaqui, Mirari,
Paraisinho, and Parafso Grande, located in the Buffer Zone of the Humaita National Forest (Flona Humaita),
the most common practice among community members is the burning of inorganic solid waste in open-air pits.
In addition, organic waste is frequently used as fertilizer or to feed animals in local backyards. This management
approach reflects a common reality in rural communities of the Amazon, where the lack of infrastructure,
incentives, awareness, and adequate environmental enforcement contributes to the persistence of these burning
practices in the region (Guimaraes et al. 2023; Guimaraes et al. 2024). On the other hand, the use of organic
waste as fertilizer or animal feed in local backyards is of extreme importance (Carneiro et al. 2024), as it
promotes sustainable waste management practices, improves soil fertility, reduces agricultural and livestock
production costs, and strengthens the autonomy of rural communities by utilizing available resources efficiently
and economically (Palansooriya et al. 2023).

The results regarding solid waste disposal in communities within the Humaita National Forest Buffer Zone
corroborate the national scenario, which shows a high frequency of solid waste burning exceeding 60% in rural
areas without protective measures (Lima & Paulo 2018; Fidelis-Medeiros et al. 2020; Caiado et al. 2021; Lima
et al. 2021). Furthermore, the method of household solid waste disposal used by community members poses a
significant risk to public health and the environment (Fidelis-Medeiros et al. 2020; Lima et al. 2021; Bezerra &
Wankler 2023; Guimaraes et al. 2023; Guimaraes et al. 2024).

Table 3 shows the qualitative and quantitative results regarding household solid waste in the studied
communities. The waste generated annually in the communities of Flechal, Mirari, Ilha do Tambaqui, Parafso
Grande, and Paraisinho reached approximately 4.04, 1.48, 3.91, 7.85, and 3.86 tons, respectively, based on the
studies by Oliveira et al. (2022a), the urban area of Humaita generated 14.83 t ¢« of MSW (5,412 t v );
therefore, the implementation of regular collection in the studied communities would represent a 0.4% annual
increase in the amount collected and in the disposal of waste at the municipal landfill.
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Trable 3. Gravimetric composition of solid waste in rural communities in the municipality of Humaita, Amazonas

Flechal Mirari llha do Tambaqui Paraiso Grande Paraisinho
Residuo Média DP Average SD Average DP Average DP Average DP
--% Mass -- t year'! --% Mass -- t year'! --% Mass -- t year'! --% Mass -- t year! --% Mass -- t year”

Organic Matter 27.67 6.73 1.22 9.14 8.12 0.17 27.81 9.47 1.13 30.62 2.51 2.38 24 .46 2.73 0.94
Paper/Cardboard 4.95 0.45 0.2 3.1 0.65 0.05 5.44 0.58 0.21 9.01 3.65 0.74 8.68 7.42 0.35
Plastic Film 18.04 15.84 0.49 47.65 16.52 0.65 29.02 6.09 1.1 27.32 8.61 2.23 10.81 3.39 0.41
Rigid Plastic 6.96 3.87 0.34 4.23 3.99 0.08 24 0.84 0.09 4.82 1.29 0.39 2.84 0.97 0.11
Metal 5.27 1.89 0.19 5.3 6.08 0.09 8.45 2.65 0.32 2.27 0.46 0.17 35.29 4.82 1.35

Glass 9.27 24 0.4 0 0 0 3.06 3.15 0.11 0.54 0.56 0.04 0 0 0
Pet 5.8 3.85 0.29 7.92 3.35 0.1 3.15 1.62 0.12 4.22 1.23 0.34 9.91 4.86 0.38
Long Life 1.25 0.79 0.04 6.19 3.4 0.09 2.66 2.56 0.09 1.29 1.41 0.09 2.27 26 0.09

Fabric/Leather 10.21 412 0.36 8.77 8.12 0.16 9.15 2.94 0.37 0.16 0.28 0.01 0 0 0
Others 10.58 12.4 0.52 7.7 3.47 0.1 8.87 4.55 0.37 19.76 9.91 1.46 5.73 4.17 0.23
Total 100 - 4.04 100 - 1.48 100 - 3.91 100 - 7.85 100 - 3.86

Bource: The authors (2026).
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Furthermore, the results of this study highlight a significant difference in solid waste fractions among the
analyzed locations (Figure 2). Community dynamics are an important factor in waste generation, particularly
for organic and plastic fractions. This variation in waste generation among communities may be related to
population size, household income, family structure, pet ownership, and other factors (Li et al. 2021). High
waste generation is a common reality in rural communities (Vinti & Vaccari 2022; Guimaraes et al. 2024),
especially due to extensive food production and the widespread use of plastic packaging (Li et al. 2021).
However, this situation creates a viable opportunity for composting, transforming the generated waste into
organic fertilizers useful for soil fertilization (Fidelis-Medeiros et al. 2020). On the other hand, the smaller
amount of the fractions analyzed in Mirari suggests that the community may be more aware of the generation
of this waste, corroborating the study by Nguyen et al. (2020), where increased awareness reduces waste
generation.
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Figure 2. Boxplot for the generation of organic material (a), paper/cardboard (b), plastic film (c), rigid plastic (d), metal (e), glass (f), PET (g), long-life
packaging (h), and fabric (i) in the communities of Flexal (P1), Mirari (P2), Ilha do Tambagqui (P3), Paraisinho (P4), and Paraiso Grande (P5). Source: The
authors (2026).

The final matrix of indicators for sustainable solid waste management is described in Table 4. Thus, the
results showed that the stages in all communities were similar with regard to the management indicators.

Table 4. Indicators for sustainable solid waste management in the rural communities of Paraiso Grande, Paraisinho, Flexal, Mirari, and Ilha do Tambaqui

Indicators Paraiso G. Paraisinho Flechal Mirari Island

Organizational Structure EA (0) EA (0) EA (0) EA (0) EA (0)
Information Access Platform ED (-1) ED (-1) ED (-1) ED (-1) ED (-1)

Public Part|C|pat|oPnr(|)ré(ta2(: Decision-Making EC (-2) EC (-2) EC (-2) EC (-2) EC (-2)
Government support EA (0) EA (0) EA (0) EA (0) EA (0)

Regular waste collection services EC (-2) EC (-2) EC (-2) EC (-2) EC (-2)
Provision of services under RS EC (-2) EC (-2) EC (-2) EC (-2) EC (-2)
Infrastructure (facilities and equipment) EC (-2) EC (-2) EC (-2) EC (-2) EC (-2)
Prevention projects ED (-1) ED (-1) ED (-1) ED (-1) ED (-1)

Source: The authors (2026).
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The first indicator assesses the existence of the Municipal Plan for Integrated Solid Waste Management
(PMGIRS), as well as the presence of an administrative structure responsible for urban cleaning services and
the collection of household solid waste. All five communities received an EA (0) rating, reflecting the
municipality of Humaitd’s formal compliance with Federal Law No. 12,305/2010 (Brazil 2010), which
establishes the National Solid Waste Policy and mandates the PMGIRS. In addition, regular collection services
are available in urban areas and in some rural localities with road access.

However, it is essential to highlight that the homogeneity of results among the communities does not
necessarily stem from equivalent conditions of operational performance, but rather from the normative and
administrative centralization of management at the municipal level. Since all communities are subject to the
same institutional framework, the same budgetary guidelines, and the same structural limitations, it is expected
that indicators of an institutional nature will exhibit low spatial variability. This pattern is consistent with the
literature, which indicates that the provision of public services and formal management instruments tend to
reflect the administrative capacity of the municipal entity as a whole, rather than intra-municipal specificities
(Fratta et al. 2019).

However, when analyzing the territorial effectiveness of management, a dissociation is observed between
regulatory compliance and actual service coverage. Rural communities located in floodplain areas are not
effectively served by the municipal solid waste management system. This finding corroborates the results of
Oliveira et al. (2022a), who demonstrated that approximately 31% of Humaita’s population resides in rural
areas, where practices such as burying or burning waste predominate, revealing a structural service deficit.

The second indicator, regarding the population’s access to information on solid waste management,
received an ED (-1) rating in all communities. The absence of systematized information, active transparency,
and permanent communication strategies—in both physical and digital media—highlights weaknesses in
information governance. The unavailability of public data compromises not only social control but also the
development of a culture of shared responsibility in waste management.

In the third indicator, which assesses public participation in the decision-making process, the communities
were classified as being in a critical state (EC -2), due to the lack of formal channels for social participation in
the planning and monitoring of solid waste management actions, in both urban and rural contexts. This result
demonstrates the limitations of the management model adopted, which remains predominantly top-down, with
limited incorporation of participatory governance mechanisms.

The fourth indicator, regarding government supportt, placed the communities at the attention (EA) stage
(0). Although a formal administrative structure exists, there is no specific planning tailored to the logistical
peculiarities of areas accessible by river, which compromises the universalization of the service. The scientific
literature emphasizes that sustainable solid waste management depends on the coordination of technical
planning, continuous investments, adequate infrastructure, human resource training, and permanent
environmental education programs (Fratta et al. 2019), elements that are still in their infancy in the analyzed
context.

The fifth and sixth indicators, regarding the provision of regular collection services and the
environmentally sound final disposal of solid waste, classified all communities as being in a critical state (EC -
2). The lack of collection, transportation, and appropriate disposal results in the adoption of individual
solutions, particulatly the burning of waste on properties, a practice that intensifies environmental and health
risks and reinforces the externalization of impacts onto the natural environment.

The seventh indicator, associated with infrastructure and equipment, also classified the communities as
being in a critical state (EC -2). The absence of appropriate facilities, specific equipment, and logistics adapted
to the rural-fluvial context highlights the structural limitations of the municipal integrated solid waste
management system, particularly regarding the territorial inclusion of the most isolated communities.

Finally, the eighth indicator, regarding prevention projects, was classified as ED (-1). It was observed that
the actions promoted by the Municipal Environment Secretariat occur sporadically, concentrated during festive
periods—such as Carnival, religious festivals, agricultural exhibitions, and cultural festivals—without continuity
or long-term strategic planning. Furthermore, it was found that there are no structured, permanent
environmental education programs targeting the rural population. Additionally, Oliveira et al. (2022b)
emphasize that ongoing guidance and awareness programs are essential for promoting behavioral changes,
encouraging source separation, and increasing the efficiency of the solid waste management system.

Opverall, the results show that the similarity in indices among communities reflects a structural pattern of
municipal management, characterized by formal regulatory compliance but with operational limitations and low
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territorial reach, especially in hard-to-reach rural areas. This finding reinforces the need for differentiated public
policies that are territorially adapted and logistically compatible with the riverine reality, in order to promote
greater equity in service delivery. However, this study has methodological limitations that must be considered
when interpreting the findings. Although the communities’ stages were found to be similar with respect to the
analyzed indicators, the absence of systematized historical data prevented a more robust longitudinal analysis,
limiting our understanding of the temporal evolution of municipal management. Furthermore, the sample
limited to five communities reduces the potential for generalizing the results to other rural contexts with distinct
socioeconomic, cultural, and environmental characteristics. It is therefore recommended that future research
expand the sample base, incorporate historical data series, and adopt participatory approaches that promote
greater community involvement in the collection, validation, and interpretation of information. Such strategies
could increase the reliability of the results, deepen intermunicipal and cross- e comparative analyses, and
support the formulation of more consistent and context-specific practical recommendations for local solid
waste management.

Conclusion

The analysis of solid waste management in rural areas of the Amazon region highlights the need for
structural and operational improvements to minimize environmental impacts and promote better living
conditions for local populations. As observed, the method most commonly used by community members is
still the burning of inorganic solid waste in open pits, a practice that can generate environmental impacts and
health risks. The solid waste fractions showed significant differences among the analyzed sites, with a
predominance of organic material, followed by plastic film. The indicator matrix for sustainable solid waste
management revealed that the communities’ stages were similar in relation to management indicators, indicating
common challenges and opportunities for integrated actions.

Given this scenario, the implementation of community composting programs is recommended,
considering the high organic fraction identified, as well as the establishment of separate collection systems for
recyclable waste, especially plastics. Furthermore, ongoing environmental education initiatives are essential to
raise public awareness regarding waste reduction, reuse, and proper disposal. The methodology employed in
this study can be applied in other municipalities to assess the adequacy and scope of the indicators in different
territorial contexts. The information generated may support the formulation of an integrated solid waste
management plan, effectively contributing to the reduction of environmental impacts and the improvement of
quality of life in rural communities in the Western Amazon.
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