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A B S T R A C T

Catastrophic wildfires, increasingly intensified by climate change and anthropogenic pressures, have emerged as
critical drivers of socioecological transformation. This study examines the 2019–2020 wildfires in the Pantanal
biome as a case of disruptive change, highlighting their role in catalyzing institutional, technological, scientific,
and community-level innovations. Drawing on a transdisciplinary methodology and snowball sampling of key
stakeholders, the research identifies rapid shifts in wildfire governance, including the implementation of inte-
grated fire management policies and the establishment of new scientific networks. Technological advancements,
such as real-time fire monitoring systems and AI-driven early warning platforms, have enhanced fire detection
and response capabilities. Concurrently, community resilience has been bolstered through the formation of local
fire brigades, educational initiatives, and restoration programs supported by civil society and governmental ac-
tors. These responses reflect a convergence of adaptive and transformative strategies aimed at mitigating future
wildfire risks. Despite these advances, sustaining long-term resilience remains contingent upon continued multi-
level governance, cross-sectoral collaboration, and financial investment. The Pantanal experience underscores
the potential of extreme events to disrupt entrenched systems and foster systemic change. However, it also re-
veals the complexities of maintaining momentum in the face of escalating climate threats. This analysis con-
tributes to the broader discourse on disaster-induced transformation, emphasizing the need for integrated, inclu-
sive, and anticipatory approaches to environmental governance in fire-prone landscapes.

1. Introduction

Catastrophic wildfires, increasingly fueled by climate change, mis-
management of landscapes, and human activities, have become more
prevalent and destructive globally (Jones et al., 2022), affecting biodi-
versity (Gallagher et al., 2021), ecosystem services (Pereira et al.,
2025), human health (Ford et al., 2018), and both regional and global
economies (Stephenson et al., 2013; Wang et al., 2021; Liu, Ding,
2024). Even fire-adapted ecosystems are increasingly vulnerable to the
intensification of megafires. In Brazil, the Pantanal wetland—an area
composed of various fire-dependent vegetation types (Pivello, 2011)
—has been profoundly affected by these events. Contrary to the histori-
cal spatial variation pattern of burned areas (Damasceno-Junior et al.,
2021), most of the 2020 fires were concentrated in the northern portion
of the Pantanal and the floodplains along the Paraguay River (Garcia et
al., 2021). These areas, prone to seasonal flooding, experience signifi-
cant biomass accumulation, which became highly flammable due to ex-
treme drought conditions. This trend is evident in the Pantanal, the
world's largest continuous tropical wetland, located in central-western
South America, covering approximately 140,000 km², only in Brazilian
territory. The increasing occurrence of catastrophic wildfires in the
Pantanal is linked to persistent severe droughts since 2019, exacerbated
by heatwaves and temperature anomalies exceeding 5°C above the av-
erage (Libonati et al., 2022), as well as the improper and irresponsible
use of fire, particularly unauthorized burning during officially prohib-
ited periods (Semadesc, 2025). Projections suggest that these extreme
fires will become more frequent by the end of the century, driven by
both escalating temperatures and local anthropogenic pressures (Silva
et al., 2022), especially due to the expected increase in the intensity and
duration of heatwaves by 2070 (Marengo et al., 2016; Marengo et al.,
2021). The 2019–2020 wildfires impacted over 43 % of the Pantanal
biome (Libonati et al., 2020), resulting in substantial environmental
damage and severe effects on human health and livelihoods (Garcia et
al., 2021; Lorenz et al., 2023). These fires not only devastated ecosys-

tems and animal communities (Tomas et al., 2021) but also highlighted
vulnerabilities in existing systems and structures, such as: lack of equip-
ment and personnel in sufficient quantities, in addition to the lack of co-
ordination among these institutions, legal regulations, and manage-
ment systems, made it evident that the governmental institutions re-
sponsible for responding

Using the recent Pantanal wildfires as a case study, this analysis ex-
plores how catastrophic events can become transformative forces that
trigger changes in policies, technologies, social structures, and scien-
tific agendas. By examining these changes, the paper highlights how ex-
treme circumstances can, paradoxically, open pathways for profound
and positive transformations. Our goal in this article is to explore the
idea that catastrophic wildfires, despite their destructive nature, can
serve as powerful drivers of transformative change, reshaping our un-
derstanding of resilience, adaptability, and human potential.

2. Assessing evidence of rapid changes and innovations

This research seeks to analyze the institutional arrangements, stake-
holder coordination frameworks, and adaptive response mechanisms
employed in the context of fire management, with a specific emphasis
on the reconfiguration of these systems following the extreme wildfire
events in the Pantanal biome, we applied the snowball sampling
method (Naderifar et al., 2017) to identify and engage professionals
and researchers involved in wildfire response efforts in the Pantanal.
The process began with initial contacts who had direct experience in
the region, and through their recommendations, we expanded the net-
work by identifying additional key individuals. This approach enabled
us to reach actors with both practical and scientific knowledge of wild-
fire dynamics and community responses. All the individuals we invited
contributed information and were included as co-authors of this study.
Our aim was to harness the collective expertise of these participants
and their diverse information sources to examine tangible examples of
social and economic transformations that were directly influenced by
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the recent wildfires in the Pantanal. Below, we emphasize the key find-
ings and noteworthy cases that emerged from this trans-sector effort in-
dicate that not only governmental institutions — primarily responsible
for directly responding to disasters of this magnitude — but also orga-
nized civil society, academic and research institutions, and representa-
tives of the country's legislative powers mobilized to respond and re-
structure the multifaceted framework of prevention, management, fire-
fighting, and post-catastrophic forest fire recovery.

3. Government policies

Governments often respond to disasters by implementing new poli-
cies and measures of preparedness (Singh, 2023). Public policies aimed
at wildfire prevention, suppression and management in Brazil are based
on the Native Vegetation Protection Law of Brazil (Law No. 12,651,
Brazil, 2012). To comply with this mandate imposed by this law the
Federal Government developed and published the National Integrated
Fire Management Policy (PNMIF) (Brazil, 2024) following a lengthy
participatory process. The PNMIF recognizes the importance of fire in
ecological processes, the economy of different populations, cultural and
social expressions of traditional peoples, and their associated knowl-
edge of its use. All state policies related to the topic of fire control are
derived from this law. Following the catastrophic wildfires of
2019–2020, we can see new policies and preparedness measures from
governments at both the federal and state levels. At the state level, the
state of Mato Grosso do Sul enacted regulations like those of the federal
government, establishing procedures for the development of integrated
fire management plans. These regulations enable even private proper-
ties to use fire as a management tool through prescribed burning.
(Table 1). Overall, the aftermath of the 2019–20 wildfires catalyzed a
shift in wildfire governance throughout the Pantanal, prompting gov-
ernments at all jurisdiction levels to adopt a more proactive and holistic
approach towards wildfire prevention and management.

4. Science networks

Catastrophic wildfires in the Pantanal have catalyzed significant sci-
entific responses, driving transformative changes across various disci-
plines. Initiated in response to these disasters, new research networks
with substantial funding have emerged to address ecological and envi-
ronmental challenges caused by wildfires (Table 2). Notably, the Rede
Pantanal was established with backing from the Ministry of Science,
Technology, and Innovation (MCTI, grant number: FINEP
01.20.0201.00), receiving an initial investment of US$ 788,130.80.
where they seek to develop tools for understanding, managing, and pre-
venting catastrophic fires in the biome. Additionally, SEMA-MT
through the Mato Grosso State Research Support Foundation (FAPE-
MAT - Call 012/2020) contributed US$ 28,421.97 to the project "As-
sessment of the Impact of Fire on Biodiversity and Soil". These studies
aim to understand how fire impacts soil health, nutrient availability,
the structure of plant communities, and the dynamics of species interac-
tions, with the goal of supporting better decision-making in implemen-
tation Integrated Fire Management (IFM) in the Pantanal (Libonati et
al., 2020) (Table 3).

Further support facilitated the establishment of two Long-Term Eco-
logical Program (PELD) sites in the states of Mato Grosso do Sul and
Mato Grosso. These programs aim to assess the effects of recurrent fire
and flooding on the dynamics of biota, landscape, and ecosystem ser-
vices, to support sustainable management in the Pantanal in connection
with local culture. They are funded by the National Council for Scien-
tific and Technological Development (CNPq) and the Foundation for
Support to the Development of Education, Science, and Technology of
Mato Grosso do Sul (FUNDECT) and received an initial investment of
US$ 118,219.62. This initiative also includes projects focusing on fire
management within protected areas, overseen by the Mato Grosso do

Table 1
Policies and preparedness measures from governments at both the federal and
state level.
Policy/program
name

Scale Institution Decreate/bill Description

National Policy
for Integrated
Fire
Management
(PNMIF)

National Federal
government

Law
14944/2024

It regulates the
granting of licenses
to prescribed
burnings on private
properties.

Action Plan for
Integrated
Fire
Management
in the
Pantanal
Biome

National Federal
government

Training, increased
recruitment of fire
brigades and
firefighters, and
other measures,
where more than
US$4 million will
be invested. This
action plant text
highlights that the
effectiveness of
IFM has been
scientifically
proven through the
Noleedi project.

State Plan for
Integrated
Fire
Management

State Mato Grosso
do Sul state
government

Decree No.
15,654 (2021)

Creates a state
program for
firefighting
brigades, the
utilization of the
Incident Command
System (ICS), the
establishment of a
Fire Information
Situation Room,
and the creation of
an Integrated State
Coordination
Center.
Furthermore, it
authorizes
prescribed burns
on private lands

Licensing fire
management
plan (PMIF)
on private
properties

State Mato Grosso
do Sul state
government

ordinance No.
1259, (2023)

Regulates IFM on
private lands.

Fire Department
technical
standard

State IMASUL -Mato
Grosso do Sul
Environmental
Institute

Ordinance
1259

administrative
procedure for
obtaining
environmental
authorization for
these controlled
fire

Reactivation of
the Fire
Committee

State Mato Grosso
do Sul State
Government

2017 Promotes
collaboration
between different
agencies through
monthly meetings
and working
groups focused on
prevention,
preparedness,
firefighting, and
accountability

(continued on next page)
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Table 1 (continued)
Policy/program
name

Scale Institution Decreate/bill Description

Safety Code
against Fire,
Panic, and
other Risks
Military Fire

State Mato Grosso
do Sul State
Government

Law No.
4335/2013
which includes
the Technical
Standard No.
17 and
45/2021

It brings important
innovations to
public and private
areas statewide
regarding the
policy of
promoting greater
resilience of rural
areas to climate
change.

Sul Environmental Institute (IMASUL) and the Brazilian Protected Ar-
eas Agency (ICMBio), with significant funding aimed at examining the
effects of fires on biodiversity (Tomas et al., 2021). Long-term studies
are essential to understanding the functioning of different ecosystems
and monitoring alterations over temporal and spatial scales (Magurran
et al., 2010). Thus, these studies aim to continuously assess, monitor,
and propose adaptations to fire use over time, following the concept of
adaptive management (Myers, 2006) both in rural properties dedicated
to livestock activities and in protected areas.

In 2021, the Carbon Neutral project by FUNDECT allocated US$
788,130.80 to support research that could help offset GHG emissions in
Mato Grosso do Sul. The GEF Terrestre Project, with support from the
Inter-American Development Bank (IDB) and the Ministry of Environ-
ment and Climate Change, managed by the Brazilian Fund for Biodiver-
sity (FUNBIO), revised its action strategies post-wildfires to improve the
effectiveness of Protected Areas in the Pantanal by creating and
strengthening these areas.

Regarding scientific output, we conducted a search in the Web of
Science database as of October 26, 2023, to assess the number of manu-
scripts published throughout time. The search terms used were "Pan-
tanal" AND "Fire*," encompassing all articles, notes, early-access pa-
pers, and data papers written in English from 1945 to 2023. The results
revealed a remarkable upsurge in the number of studies, particularly af-
ter 2020, with most papers published within the last 3 years (see Fig. 1).
These studies predominantly revolved around the causes and biological
implications of the Pantanal wildfires in 2019 and 2020 and were pub-

lished in either biodiversity or environmental sciences journals (see Fig.
2). Pereira et al. (2024a) demonstrated an increase in both the number
of research institutions and the quantity and quality of interaction be-
tween these institutions. Even with this increase, there is still a signifi-
cant concentration of contributions from universities in the states of
Mato Grosso do Sul and Mato Grosso, signaling a regional capacity-
building initiative.

Furthermore, courses on Fire Ecology and related subjects have
been recently incorporated into both graduate and undergraduate cur-
ricula at the Federal University of Mato Grosso do Sul and Federal Uni-
versity of Mato Grosso. Simultaneously, educational platforms have
been offering new remote courses, as exemplified by the International
Wetland program. This educational push has engaged more than 10
postdoctoral researchers, 5 PhD students, and 15 MSc students into sev-
eral wildfire-related projects, laying the groundwork for the cultivation
of a new generation of professionals equipped to tackle fire-related
challenges in the future.

5. Innovation and technology

Wildfires pose significant challenges that drive innovation in tech-
nology, enhancing fire-fighting equipment, early-warning systems,
monitoring, and data analytics tools. These innovations emerge from
collaborations among scientists, engineers, and first responders to meet
the urgent needs of effective wildfire management.

Brazil is renowned for its robust systems for monitoring active fires
and burned areas, primarily developed by the National Institute for
Space Research (INPE). Following the devastating fires of 2019 and
2020, several agencies, civil organizations, and research institutions de-
veloped tailored products to address the unique challenges of the Pan-
tanal biome. Although it was not developed exclusively for the Pan-
tanal, notable among these is MapBiomas Fire, a collaborative initiative
that provides longitudinal data on fires starting from 1985. The first
collection on burned area mapping from the MapBiomas project was
launched in 2021, reflecting the large-scale fires that occurred in both
the Amazon and the Pantanal.

The ALARMES System, launched in June 2021, developed by the En-
vironmental Satellite Applications Laboratory (LASA/UFRJ), uses satel-
lite imagery, heat sources, and artificial intelligence to locate and map

Table 2
Main science networks initiatives emerged after catastrophic wildfires. The acronyms of the institutions are in the supplementary material (S1 – Table).
Project/Program
Name

Year Key Objectives Lead Institution Networking Institutions Investiment
(US$)

Rede Pantanal 2020 Develop tools for understanding,
managing, and preventing
catastrophic fires in the Pantanal
biome.

UFMG and Ministry of Science,
Technology, and Innovation
(MCTI, grant number: FINEP
01.20.0201.00)

UFMG, UFMS, CEMADEN/MCTI, ICMBio/CENAP,
Embrapa, Museu Goeldi, Instituto Arara Azul,
IBAMA/Prevfogo, IFMS, IHP, INPA, INPE, INPP, IPE,
Panthera, Sesc Pantanal, Smithsonian, UEMS, UERJ,
UFGD, UFMT, INAU, UFRGS, UFRJ, UFRN, UnB,
UNEMAT, USP, WWF

788,130.80

Assessment of the
Impact of Fire on
Biodiversity and
Soil

2020 Investigate fire impacts on soil health,
nutrient cycling, plant community
structure, and species interactions to
inform Integrated Fire Management
(IFM).

UFMT
(FAPEMAT - Call 012/2020)

SEMA-MT, ICMBio, UNEMAT 28,421.97

Long-Term Ecological
Research (PELD) –
Pantanal Sites

2020 Evaluate effects of recurrent fire and
flooding on biota, landscape
dynamics, and ecosystem services;
support sustainable management
aligned with local cultural practices.

UFMS (CNPq process nº
445354/2020–8, Fundect
Process nº 427/2021 e Imasul
TF nº 001/2022)

UFMS, Imasul, CEMADEN, UFMG, Ibama/Prevfogo,
Embrapa, ABINK, ICMBio, CBM/MS, Mupan/Wetlands,
UFRJ

118,219.62

Carbon Neutral
Project – FUNDECT

2021 Support research to offset greenhouse
gas emissions in Mato Grosso do Sul
through sustainable land-use and fire
management strategies.

SEMAGRO/Imasul (Fundect,
call 18/2021)

UFMS, UEMS, UFGD, Embrapa 788,130.80

GEF Terrestre Project
– Pantanal
Protected Areas

2021 Strengthen and expand Protected
Areas in the Pantanal; revise post-
wildfire strategies to enhance
biodiversity conservation and fire
resilience.

FUNBIO, Inter-American
Development Bank (IDB) and
Ministry of Environment and
Climate Change

ICMBio, SEMA-MT, Imasul, MUPAN/Wetlands, ECOA,
Neotrópica, UFMS, FUNATURA, Gaia, IHP, Onçafari, ITB,
IPE

3812,500
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Table 3
Innovation and technology developed to monitoring and prevent wildfires.
Institution System Launched

Year
Functionality

National Institute for
Space Research
(INPE)

INPE Fire
Monitoring
Systems

1998 Continuous monitoring of
heat sources and burned
areas across Brazil using
satellite data.

MapBiomas
(collaborative
network)

MapBiomas Fire 2021 Historical mapping of
burned areas from 1985
onward, offering annual
data to analyze fire
patterns across Brazilian
biomes.

LASA/UFRJ –
Environmental
Satellite
Applications Lab

ALARMES
System

2021 Near real-time detection of
burned areas using satellite
imagery and AI; includes
fire risk forecasting for the
Upper Paraguay River
Basin.

Wetlands
International Brazil

Wetlands Fire
Intelligence
System (SIFAU)

2023 Supports traditional
controlled burning with
weekly updates on fire risk,
burn history, and biomass
accumulation; includes a
platform for sharing IFM
plans.

CENSIPAM – Amazon
Protection System
Center

CENSIPAM Fire
Panel

2021 Integrates multiple fire-
related datasets into a
single platform for
planning and operational
decision-making in the
Amazon and Pantanal
biomes.

Military Fire
Department and
Public Ministry of
the state of Mato
Grosso do Sul

Heat Source
Alert Integration
System called
“Pantanal em
alerta”

2021 Links heat source data with
rural property registry to
notify landowners via
email/SMS when fires
occur near or on their
properties.

UFMS – Geomatics
and AI Laboratory

WebGIS Fire
Mapping
Platform

2021 AI-powered platform
designed to accelerate and
improve the accuracy of
fire mapping.

NGOs, local
communities,
private sector

Embrace the
Pantanal
Initiative

2022 Monitors 2.5 million
hectares using AI-
controlled high-resolution
cameras for early fire
detection.

burnt areas in near real-time. This system not only helps track fire pro-
gression and containment efforts but is also being enhanced to improve
its spatial resolution and functionality. Additionally, ALARMES in-
cludes a fire risk forecasting system that assesses fire risks across the
Upper Paraguay River Basin, which encompasses the Pantanal. This
tool is crucial for environmental authorities planning to enforce land
management practices to prevent wildfires.

The Wetlands Fire Intelligence System (SIFAU), launched in Novem-
ber 2023 by Wetlands International Brazil, supports decision-making
for controlled burns used traditionally by livestock farmers. This system
integrates fire risk information, burnt area history, and biomass accu-
mulation data, providing weekly updates to landowners and a platform
for sharing IFM plans. This system can be accessed through (https://
www.alarmes.lasa.ufrj.br/platform/sifau?%2Fsifau=).

The Amazon Protection System Management and Operational Cen-
ter (CENSIPAM) was established in April 2002 to protect and monitor
the Legal Amazon, utilizing advanced technologies to integrate infor-
mation and coordinate governmental actions. In September 2021, CEN-
SIPAM’s Fire Panel was launched. Developed for the Amazon and Pan-
tanal biomes, consolidates various data sources into a single platform,
facilitating comprehensive fire monitoring and management. This sys-
tem includes tools for analyzing fire event data, which aids in planning
and operational decisions.

Another significant development is the integration of INPE's heat
source data with the National Rural Environmental Registry System
(SICAR), enabling precise location tracking of fire incidents and af-
fected properties. This system simplifies the location of incidents and
confirms if there is fire contact with the properties affected by the heat
source. Furthermore, all registered individuals can receive email or mo-
bile phone alerts via SMS (https://
pantanalemalerta.bombeiros.ms.gov.br/).

Further technological advancements include the development of a
WebGIS platform by the Federal University of Mato Grosso do Sul's Geo-
matics and Artificial Intelligence Laboratory. Funded by FUNDECT and
CNPq, this platform aims to use advanced AI to improve the speed and
accuracy of fire mapping.

The "Embrace the Pantanal" initiative, launched in 2022, involves
NGOs, local communities, and the private sector to monitor 2.5 million
hectares using AI-controlled high-resolution cameras. This project,
which plans an investment of about $5 million over four years, repre-
sents a significant leap in early fire detection technology.

These technological innovations and investments are transforming
wildfire management in the Pantanal, making it more efficient and re-
sponsive to the challenges posed by increasingly frequent and severe
wildfires. The advancement and implementation of these various tech-

Fig. 1. Number of publications per year, revealing the period before and after the 2020 megafire.
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Fig. 2. Number of publications by countries and regions post 2020 megafire.

nological tools enable faster response times for firefighting teams, im-
proved assessments of damage caused, and greater accuracy in holding
fire perpetrators accountable. Additionally, the identification of high-
risk areas due to fuel accumulation and climate forecasts specific to the
biome support prevention and preparedness actions. As these systems
and collaborations continue to evolve, they offer hope for better pre-
vention, management, and mitigation of wildfires in one of the most
biodiverse regions on the planet.

6. Social structures, social cohesion and resilience

Community resilience depends on the ability of local populations to
adapt and restructure governance in response to environmental
changes (Walker, 2020). Extreme events like wildfires force communi-
ties to innovate or face collapse (Pahl-Wostl et al., 2023). In the Pan-
tanal, “Pantaneiros” rely on strong social networks to sustain their
livelihoods, especially in the face of unpredictable hydrological cycles
(Chiaravalloti et al., 2021). These networks are vital during crises, en-
abling evacuations and resource sharing (Chiaravalloti and Dyble,
2019). During the 2019–2020 wildfires, these networks were severely
tested. Despite strong community ties, “Pantaneiros” struggled to ac-
cess trade resources, worsening financial and logistical challenges. Crop
losses and a rise in pest populations — linked to reduced predator num-
bers during the fires (Scur et al., 2023) — further strained their re-
silience.

Support from NGOs played a key role in helping communities adapt.
New regional programs focused on well-being have helped not only
with fire response but also with building long-term resilience. Recent
studies show that communities view fire-response agencies as essential
to their overall well-being (Jenkins, 2023). In 2020, WWF-Brazil and
ECOA joined an emergency task force, providing equipment and train-
ing for community fire brigades, food supplies for Indigenous groups,
and support for wildlife rescue centers (Ribeiro, Pereira, 2023).

Over time, these emergency actions evolved into permanent conser-
vation strategies. New community brigades were formed, and a state-
level network of fire brigades was established, and some brigades are
made up of volunteers (Community Brigades), while others consist of
employees from private rural properties (Private Brigades). These
groups received training and equipment, not to replace state efforts but
to complement them, enhancing territorial protection (Fig. 3). In 2022,
the state of Mato Grosso do Sul expanded its fire response system with a

network of 54 brigades. The “Brigadas Pantaneiras” (BPAN) program
focuses on proactive fire management, offering extensive training and
resources (Oliveira et al., 2022). The Alto Pantanal Brigade, created by
NGO IHP (Instituto Homem Pantaneiro), plays a key role in educating
and preparing communities for wildfire seasons, emphasizing preven-
tion and early action. These fire brigades also serve as local educators,
raising awareness about fire prevention, promoting safer practices, and
offering rapid initial responses to contain fire outbreaks.

Technology has become a critical tool in this effort. The Aracuã Sys-
tem (https://sospantanal.org.br/sistema-de-monitoramento-aracua/
implement) is an exemple that preventive strategies to reduce fire dam-
age. A rapid alert system sends automatic notifications via WhatsApp to
brigade leaders and members when hotspots are detected near key ar-
eas. This fast communication enables quick mobilization and response,
helping prevent the spread of wildfires.

Government-led initiatives, supported by state and federal agencies
like Ibama and ICMBio, form the backbone of the Pantanal's wildfire re-
sponse. However, the active participation of civil society and NGOs has
been transformative, enhancing local capacities and fostering commu-
nity engagement in fire management. These collaborative efforts not
only protect the land but also educate and empower local populations,
addressing key issues like sustainable agriculture and gender empower-
ment. Financial sustainability remains a challenge despite these ad-
vancements. Initiatives like the Pro-Solo Program by SEMADESC,
which donates essential equipment for land management, demonstrate
a commitment to sustaining these community efforts at a municipal
level.

Community involvement in wildfire preparedness is comprehensive,
with ongoing public awareness campaigns that educate about fire
safety and land management. The federal initiative “Pantanal Without
Wildfire” integrates traditional fire use with modern conservation
strategies, illustrating innovative management that respects both cul-
tural practices and ecological needs. Moreover, educational workshops
provide community members with the skills needed to respond to and
manage fires effectively, fostering a unified approach to enhancing re-
silience and safety in the Pantanal. These collective efforts not only ad-
dress immediate needs but also build a foundation for long-term sus-
tainability and resilience in facing environmental challenges.
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Fig. 3. Location of structures to prevent and combat wildfires in 2018 and 2023.

6.1. Comprehensive environmental restoration and community
empowerment initiatives in the pantanal environmental restoration
initiatives

In response to the profound ecological impacts of the 2020 wildfires
in the Pantanal, a series of environmental restoration initiatives have
been undertaken. These include significant projects such as the GEF
Terrestre Project, which serves as the focus of restoration efforts within
the region. Additionally, a variety of financial donations have sup-
ported further initiatives, such as the “Movimento o Pantanal Chama,”
a campaign backed by celebrities and non-governmental organizations,
aimed at stimulating restoration activities.

Private institutions have also played a role in these restoration ef-
forts. For example, FARM has been actively involved in reforestation ef-
forts, contributing significantly to the restoration of native vegetation
within the Pantanal. These projects extend across various important ar-
eas within the biome, including the SESC Pantanal, APA Baía Negra
Protected Area, the Amolar region, and indigenous territories like Kadi-
wéu and Terena, as well as the Taiamã Ecological Station and Pantanal
Matogrossense National Park. On the biome’s western edge, restoration
efforts in the Pantanal Model Forest include 123 ha being rehabilitated
with the support of the Canadian Forest Service.

The initiatives also extend to environmental education and empow-
erment, particularly focusing on the role of women and children in the
region. The Chalana Esperança project, for instance, has engaged local
communities through educational workshops aimed at raising aware-
ness about the ecological value of the Pantanal. These workshops have
reached over four hundred teachers, who in turn educate thousands of

children using specially prepared materials that highlight the region's
biodiversity and the threats it faces, including wildfires.

In the realm of animal welfare, the NGO AMPARA Silvestre played a
pivotal role during the 2020 wildfires by coordinating efforts that pro-
vided direct assistance to 93 different animal species in Mato Grosso
state, involving substantial food and water supplies. Additionally, the
establishment of the Cerrado and Pantanal Technical Animal Rescue
Group (Gretap/MS) has furthered efforts to aid wildlife affected by en-
vironmental disasters, culminating in the creation of the first technical
rescue base installed in remote areas of Brazil, aimed at providing im-
mediate care to affected animals. Further governmental support has
materialized in significant infrastructure developments, such as the
construction of the first hospital exclusively for wild animals in Campo
Grande, which represents a major advancement in veterinary care facil-
ities in Latin America.

For more detailed information on these Comprehensive Environ-
mental Restoration and Community Empowerment Initiatives in the
Pantanal, please refer to the supplementary materials provided. These
documents offer an in-depth look at the specific actions taken, the enti-
ties involved, and the outcomes of these crucial efforts to mitigate the
effects of wildfires and promote long-term ecological recovery and re-
silience in the Pantanal.

6.2. Challenges for maintaining the new level

This study confirms that the catastrophic wildfires in the Pantanal
catalyzed swift and multifaceted responses from various sectors, illus-
trating a pattern of transformative changes. Given the speed at which
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Fig. 4. Synthetic representation showcasing the facets of catastrophic wildfires as a potential catalyst for disruptive change in the Pantanal wetland. This
framework draws inspiration from Geels' (2002) dynamic multi-level perspective.

these changes occurred in the context of catastrophic fires in the Pan-
tanal, we can consider that they were, to some extent, disruptive. (Fig.
4). These changes span across institutional, social, technological, and
economic domains, emphasizing collaboration, learning, and knowl-
edge integration.

The data on the area burned post-2020 shows a significant reduc-
tion, with a 50 % decrease in 2021 and over 90 % in 2022 and 2023
compared to 2020. In 2024, the Pantanal experienced climate condi-
tions considered more severe than those of 2019 and 2020, leading to
another season of catastrophic fires. However, despite the worsening
climatic conditions, the burned area was 28 % smaller than in the previ-
ous catastrophic event (Pereira et al., 2025b). While multiple factors in-
fluence wildfires, including climate and individual behaviors, this re-
duction suggests a potential success in responding to these catastrophic
events. Looking ahead, it is crucial to maintain the momentum of these
transformations, especially given the looming threat of climate change,
which could make the Pantanal increasingly susceptible to wildfires
(Marengo et al., 2021; Silva et al., 2022). This challenge underscores
the importance of continuous monitoring, understanding wildfire pat-
terns, and implementing strategies to manage and mitigate their im-
pacts effectively.

To ensure long-term resilience, a comprehensive regional and cross-
sectorial dialogue is essential. This dialogue should focus on harmoniz-
ing short-term adaptations with long-term resilience strategies, ad-
dressing conflicting interests, and developing policies that prioritize eq-
uity and inclusivity. Furthermore, collaboration with neighboring
countries like Bolivia and Paraguay is vital, as the Pantanal biome spans
these nations. A biogeographic approach is necessary to coordinate
monitoring and protection efforts effectively. The region’s history of
adapting to natural water cycles and flood patterns provides a founda-
tion for understanding how communities might respond to the com-
bined impacts of major floods and extensive fires. However, more re-

search is needed to determine whether the strategies developed for fire
management can also enhance flood resilience.

Multilevel governance plays a critical role in addressing these com-
plex environmental challenges. Effective coordination of actions across
sectors and jurisdictions is paramount for sustaining transformative
changes (Hedlund et al., 2023). While collaboration often emerges nat-
urally during crises, as seen in the Pantanal, there is a pressing need to
deepen our understanding and enhance coordinated efforts among vari-
ous stakeholders. The political nature of these transformations, often
marked by power struggles and value conflicts, requires a careful ap-
proach to governance and policymaking (Patterson et al., 2017). Recog-
nizing and acknowledging the current state of transformation is crucial.
This recognition should lead to a focused effort on maintaining trans-
formation mechanisms, including governance structures, intrinsic moti-
vation, cognition, emotions, and values (O’Brien, 2015).

Although the initial responses to the wildfires were positive, the
challenge remains to sustain these efforts over the long term. Securing
adequate financial resources is crucial for supporting ongoing and fu-
ture initiatives (Pahl-Wostl et al., 2023). Additionally, fostering collab-
oration among different initiatives and learning from past actions can
enhance the effectiveness of these efforts. Such collaborations not only
maintain interest and momentum but also help scale successful strate-
gies across different biomes and countries facing similar climate change
challenges.

In conclusion, Pantanal’s experience provides valuable lessons on
managing environmental crises. The multifaceted characteristics in-
volved in fire management, aimed at preventing or minimizing cata-
strophic wildfires, demonstrate that only through the cohesion of di-
verse stakeholders—organized civil society, governmental agencies,
policymakers, traditional communities, and research institutions—can
transformative changes be achieved, leading to effective and lasting ac-
tions. By building on these lessons and continuing to innovate and col-
laborate, we can hope to achieve lasting change that not only addresses
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immediate challenges but also strengthens the region’s overall re-
silience and sustainability.
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