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EDITAL N° 01/2026-PPGB/UNIFAP, DE 06 DE FEVEREIRO DE 2026
PROGRAMA DE POS-GRADUAGAO EM BIOCIENCIAS -PPGB
PROCESSO SELETIVO PARA BOLSA DE MESTRADO

O Programa de Pdés-Graduacao em Biociéncias da Universidade Federal do Amapa
(PPGB/UNIFAP), torna publico Edital de Selegao Interna para 01 (uma) Bolsa de Mestrado e
Cadastro de Reserva (CR) para discentes regularmente matriculados e interessados em Bolsas
de Estudo por Demanda Social (DS), provida pela Coordenacao de Aperfeicoamento de Pessoal
de Nivel Superior (CAPES), conforme dispbe as normativas vigentes da CAPES, do PPGB e seus
Anexos.

1. DAS DISPOSIGOES PRELIMINARES

1.1. O processo seletivo ficard a cargo da Comissao de Bolsas nomeada para este fim, segundo
Portaria UNIFAP N° 0385/2026, de acordo com o Regimento do PPGB, e sera realizado conforme
cronograma de execugao no item 6.

1.2. Para esta chamada sera disponibilizada 01 (uma) bolsa de mestrado, com vigéncia maxima
até o més de novembro de 2027, para discentes ingressantes porintermédio do Edital N© 01/2025
- PPGB/UNIFAP (Turma 2025).

1.3. Eventualmente, em caso de disponibilizagdo de cotas adicionais pela UNIFAP, CAPES, CNPq
ou outras agéncias de fomento, poderao ser concedidas mais cotas de bolsas, respeitando-se a
ordem de classificagdo deste processo seletivo e as regras especificas dos editais de cada
agéncia. Para tal, sera formado um Cadastro de Reserva (CR) com os discentes aprovados neste
Edital.

1.4. Aselecao de candidatos ocorrerd em datas e disposicoes especificadas no presente Edital e
seus Anexos. Ainscri¢do do candidato implicara em conhecimento e aceitacdo das normas deste
Edital e comunicacdes posteriores publicados no site: https://www2.unifap.br/biologia/ppgb/
(dos quais nao podera alegar desconhecimento).

1.5. As inscri¢cdes deste Edital destinam-se, exclusivamente, a candidatos que ndo possuem
outra bolsa CAPES, CNPq, UNIFAP, ou de outras agéncias de fomento nacionais ou
internacionais, em consonéncia com a Portaria CAPES N©°. 133 de 10 de julho de 2023.

1.6. O(a) candidato(a) deve conhecer o disposto no Regulamento do Programa de Demanda
Social - CAPES, e, caso venha a ser contemplado(a) com a bolsa, obedecé-lo rigorosamente.

1.7. O resultado desta Chamada tera validade de 06 (seis) meses, podendo ser prorrogada por
igual periodo, por decisdao da Comissao de Bolsas.
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2. DAS INSCRICOES

2.1. As inscricdes serao realizadas exclusivamente via e-mail, com envio de toda documentacgao
para o e-mail: biociencias@unifap.br, até as 18h:00 do dia 18 de fevereiro de 2026.

2.2. O envio de qualquer solicitacdo de inscricdo fora da data e hora estabelecida neste edital
acarretara a nao homologacao da inscricao.

2.3. Para efeito de inscrigao, deve ser enviada por e-mail, a seguinte documentacao:
- Copia da Carteira de Identidade e do CPF (obrigatério);

- Comprovante do cadastro ativo no Sistema CadUnico do Governo Federal em nome do
candidato (se aplicado);

- Formulario de inscricao preenchido e assinado, via Gov.br (Anexo | - obrigatério);
- Declaracao de vinculo empregaticio, preenchida e assinada, via Gov.br (Anexo Il - obrigatoério);

2.4. No “assunto” do e-mail escrever [Inscricao Bolsa de Mestrado CAPES DEMANDA SOCIAL],
seguido do nome do(a) candidato(a). No texto do e-mail indicar solicitagdo de inscricdo para a
Bolsa de Mestrado, nos termos deste Edital.

2.5. A auséncia de quaisquer documentos ou de assinatura na Declaragdo de vinculo
empregaticio e/ou Formulario de inscricao, acarretara a nao homologacao da inscrigcao.

2.6. Candidatos que possuirem vinculo empregaticio sem percepcao de vencimentos poderao
inscrever-se neste Edital, porém serao classificados em ordem posterior aos candidatos sem
vinculo empregaticio.

2.7. Candidatos com vinculo empregaticio com percepg¢ao de vencimentos poderao se inscrever
neste Edital, entretanto, serdo classificados em ordem posterior aos candidatos sem vinculo
empregaticio ou com vinculo empregaticio sem percepgcado de vencimentos, permanecendo na
lista de espera, aguardando novas concessodes de cotas de bolsas, de acordo com os demais
critérios de selecao.

2.8. O PPGB nao se responsabiliza por possiveis problemas técnicos durante o envio da
documentacéao. As inscri¢cdes enviadas com arquivos corrompidos serdo eliminadas.

3. DAS ATRIBUICOES DO BOLSISTA
3.1. Do bolsista, é exigido:

a. Participar ativamente nas atividades do PPGB (como reunibes de projetos e de eventos
académicos), quando convocado;

Universidade Federal do Amapa - Programa de Pds-Graduagdo em Biociéncias
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b. Encaminhar Relatdrios semestral e anual das suas atividades realizadas no PPGB;
c. Restituir a Capes os recursos recebidos irregularmente, se comprovada alguma irregularidade.
4.DOS CRITERIOS DE SELECAO

4.1. O processo seletivo serd composto por Prova objetiva constituida por 10(dez) questdes de
multiplas escolhas e assertivas, relativas aos artigos disponibilizados nos anexos deste edital.

4.2. Aselecaodo discente candidato a Bolsa e formagao do Cadastro de Reserva, seguird aordem
de prioridade abaixo:

1. Candidato com maior nota na prova objetiva e sem vinculo empregaticio;

2. Candidato com maior nota na prova objetiva, com vinculo empregaticio e sem percepcao de
vencimentos;

3. Candidato com maior nota na prova objetiva, com vinculo empregaticio e com percepcao de
vencimentos.

4.3. O critério de desempate entre os candidatos sera efetuado observando-se a seguinte ordem:
1. Candidato que possuir cadastro ativo no Sistema CadUnico do Governo Federal em seu nome;
2. Maior idade do candidato.

5. DOS RECURSOS

5.1. Serao aceitos Recursos Administrativos, sem efeito suspensivo, referentes a listagem
provisoria de inscricdes homologadas, e ao Resultado provisério de Classificacgao.

5.2. O Recurso devera ser enviado a Presidéncia da Comissao de Bolsas, para o e-mail:
biociencias@unifap.br até as 18:00 horas do dia util seguinte a divulgacao das etapas: Inscrigdes
homologadas e Resultados de Classificagao.

5.3. Para recorrer, o candidato devera preencher integralmente o Formuldrio de Recurso
Administrativo (Anexo Ill), e encaminha-lo no formato PDF ao enderegco e-mail:
biociencias@unifap.br. O assunto do e-mail, deve ser [Recurso Administrativo — Edital N°
01/2026-PPGB/UNIFAP].

5.4. Admitir-se-a um Unico Recurso Administrativo por etapa, devendo o candidato fundamenta-
lo de forma légica, consistente e legivel.

5.5. Recursos inconsistentes ou intempestivos serdo preliminarmente indeferidos.

5.6. Nao serdo aceitos Recursos interpostos por outros meios que ndo o especificado neste
Edital.
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5.7. Nao serao aceitos, em nenhuma hipdétese, pedidos de revisdo do julgamento do recurso,
recurso de recurso, ou apreciagao de recurso interposto fora do prazo.

5.8. A resposta ao Recurso Administrativo sera encaminhada exclusivamente como resposta ao
e-mail originalmente enviado. Recomenda-se a verificagao de possiveis respostas que caiam em
caixa de correio (Spam ou Lixo Eletrénico).

6. DO CRONOGRAMA

ETAPA Data/Periodo
Publicacéo do Edital 12/02/26
Periodo de inscricdo online 13 a18/02/26
Divulgacao da lista provisoria de candidatos com a inscrigdo homologada 19/02/26
Prazo para recurso 20/02/26
Divulgacao da lista definitiva de candidatos com a inscricdo homologada 23/02/26
Prova objetiva—Sala F.1.4 das 16h:00 as 18h:00 24/02/26
Divulgacao da lista proviséria dos classificados no Processo Seletivo 26/02/26
Prazo para recurso 27/02/26
Divulgacao da lista definitiva dos classificados no Processo Seletivo 02/03/26

7. DAS DISPOSICOES FINAIS

7.1. O bolsista aprovado devera:

a. Ter disponibilidade as atividades do programa de pés-graduacao;
b. Possuir cadastro no Curriculo Lattes atualizado;

7.2. Alinscricao do candidato implica em conhecimento e plena aceitacdo das normas contidas
neste Edital e seus anexos, bem como demais comunicacdes posteriores publicadas no site
https://www2.unifap.br/biologia/ppgb/, dos quais ndo podera alegar desconhecimento.

7.3. Este Edital podera ser alterado, a qualquertempo, antes da realizagao das etapas avaliativas,
mediante nova publicagcdo do item ou itens eventualmente retificados, alterados ou
complementados. E de responsabilidade do candidato o acompanhamento das comunicacées
realizadas pelo site do PPGB.

7.4. Os casos omissos serdo resolvidos pela Comissao de Bolsas do PPGB.

Macap4, 11 de fevereiro de 2026.

Comisséao de Bolsas do PPGB
(Portaria N°© 0385/2026—- UNIFAP)
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ANEXO | - FICHA DE INSCRICAO
EDITAL N°© 01/2026-PPGB/UNIFAP
Nome:
E-mail: Telefone: ( )
CPF: RG:

Data de nascimento:

Passaporte (se estrangeiro):

Link do Curriculo Lattes:

Area de Concentragéo do PPGB:

Ciéncias e Recursos | Saude Sociedade e
Naturais () Ambiente ()

Macapa,

de

de 2026.

Assinatura do(a) candidato(a) , via Gov.br

Universidade Federal do Amapa - Programa de Pds-Graduagdo em Biociéncias
Rod. Josmar Chaves Pinto - km 2 - Jardim Marco Zero - Bloco G - Sala 2.

E-mail: biociencias@unifap.br
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ANEXO Il - DECLARACAO DE VINCULO EMPREGATICIO

Eu,

portador(a) de CPF N° , para fins de inscricao no EDITAL N° 01/2026

PPGB/UNIFAP, para Selecdo de Bolsa de Mestrado do Programa de Pdés-Graduagdo em
Biociéncias da Universidade Federal do Amapa (PPGB/UNIFAP), declaro que:

() Nao possuo vinculo empregaticio.

() Possuo vinculo empregaticio sem afastamento.

() Possuo vinculo empregaticio com afastamento.

() Possuo vinculo empregaticio com percepcgéao de vencimentos

() Possuo vinculo empregaticio sem percepgao de vencimentos

Por ser expressao da verdade, firmo a presente declaracéo.

Macapa, de de 2026.

Assinatura do(a) candidato(a) , via Gov.br

Universidade Federal do Amapa - Programa de Pds-Graduagdo em Biociéncias
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E-mail: biociencias@unifap.br
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ANEXO IIl - MODELO DE FORMULARIO PARA RECURSO

Nome do(a) candidato(a):

A Presidéncia da Comissao de Selecgao, solicito revisado do:
() Resultado provisério da homologacao das inscrigcoes.

() Resultado de Classificagao final.

Justificativa :

Macapa, de de 2026.

Assinatura do(a) candidato(a), via Gov.br

Universidade Federal do Amapa - Programa de Pds-Graduagdo em Biociéncias
Rod. Josmar Chaves Pinto - km 2 - Jardim Marco Zero - Bloco G - Sala 2.
E-mail: biociencias@unifap.br
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The Amazon rainforest is one of Earth’s most diverse ecosystems, playing a key
role in maintaining regional and global climate stability. However, recent
changes in land use, vegetation, and the climate have disrupted biosphere-
atmosphere interactions, leading to significant alterations in the water, energy,
and carbon cycles. These disturbances have far-reaching consequences for the
entire Earth system. Here, we quantify the relative contributions of defor-
estation and global climate change to observed shifts in key Amazonian cli-
mate parameters. We analyzed long-term atmospheric and land cover change
data across 29 areas in the Brazilian Legal Amazon from 1985 to 2020, using
parametric statistical models to disentangle the effects of forest loss and
alterations of temperature, precipitation, and greenhouse gas mixing ratios.
While the rise in atmospheric methane (CH,) and carbon dioxide (CO,) mixing
ratios is primarily driven by global emissions (>99%), deforestation has sig-
nificantly increased surface air temperatures and reduced precipitation during
the Amazonian dry season. Over the past 35 years, deforestation has accoun-
ted for approximately 74% of the ~ 21 mm dry season™ decline and 16.5% of the
2°C rise in maximum surface air temperature. Understanding the interplay
between global climate change and deforestation is essential for developing
effective mitigation and adaptation strategies to preserve this vital ecosystem.

The Amazon rainforest plays a key role in the Earth’s hydrological,
energy, and carbon cycles' . Itis a highly biodiverse environment*, and
influences weather patterns and climate conditions on a continental
scale’”. As the largest tropical forest on Earth, the biome stores
between 150 and 200 billion tons of carbon above and below the
ground®’, and it has acted as a major sink for carbon dioxide (CO,)"".
Over the last decades, however, parts of the forest have become

carbon sources rather than carbon sinks, and droughts appear to be a
key driver in this transformation'®>*, Accordingly, the impact of cli-
mate change and deforestation on the water cycling in the Amazon has
been carefully investigated” . Recent studies have further high-
lighted how ocean-atmosphere teleconnections modulate carbon
assimilation and evapotranspiration dynamics across South America’s
major biomes, including the Amazon, at seasonal to interannual
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Max Planck Institute for Chemistry, Mainz, Germany. 8Amazon Environmental Research Institute (IPAM), Brasilia, Brazil. ®Institute of Atmospheric Physics,
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scales?. These findings emphasize the need to contextualize Ama-
zonian carbon and water fluxes not only in terms of local land-use
changes but also in large-scale climate drivers. Of the nine processes
identified as critical for Earth system stability”, five with the most
critical status, namely climate change, biosphere integrity, land system
change, freshwater change, and biogeochemical flows, are significantly
influenced by the Amazonian Basin, particularly at regional to con-
tinental scales.

The increase in CO, and other anthropogenic greenhouse gases
(GHG) in the Earth’s atmosphere is warming the planet and generating
feedbacks that alter the global climate. This effect will henceforth be
referred to as Global Climate Change. A temperature increase of about
0.15°C per decade has been observed in Amazonia since 1950, along
with an increase in dry season length by 6.5 days per decade®. Highly
deforested areas experience a dry season five weeks longer compared
to 1979%. Further increases in dry season length might trigger positive
feedback between enhanced flammability of the vegetation, resulting
in an intensified fire regime, a perturbed hydrological cycle, as well as
an increased vulnerability of the forest to droughts and fires* 2,
Recent studies have also evaluated how climate and land use changes
jointly affect other environmental variables such as hydrology. For
instance, Cavalcante et al.”” assessed the ItacaiGnas River Basin and
found that climate variability and deforestation have opposite effects
on streamflow. Similarly, Panday et al.”® demonstrated similar patterns
in the Xingu River Basin using a combination of satellite observations
and modeling approaches. These findings highlight the complexity
and scale dependence of interactions between climate change,
deforestation, and hydrological responses in the Amazon.

Deforestation, forest degradation, and wildfires significantly alter
the Amazon’s climate, which has far-reaching consequences for the
global climate system?°. The Amazon Basin covers about 59% of the
territory of Brazil, spanning around 5 million km? From 1985 to 2020,
there was a significant drop in forest cover, from 89.1% to 78.7%, while
pastureland increased from 4.2% to 14.8%”. Deforestation directly
affects precipitation rates and spatial patterns, and the forest’s ability
to remove CO,** %, Together, human activities associated with land
use change and global climate change are disrupting the natural bal-
ance of the ecosystem, leading to a range of environmental impacts
that affect both the region and the whole planet™"*°, The impact of
climate change on the Amazon rainforest and its potential for carbon
release raises concerns for the global climate system feedback loop™®.
Particularly, deforestation has a substantial impact on the regional
climate of Amazonia®?**>*°*!, Although previous studies have investi-
gated the combined effects of deforestation and climate change in
specific subregions or watersheds?, the relative roles of deforestation
and global climate change and their interaction in driving the trans-
formation of the Amazon remain poorly understood and have yet to be
disentangled®*.

In this study, we use observational/reanalysis and remote sensing
data to quantify the effects of 35 years of deforestation and global
climate change on the regional climate in Brazil’s Legal Amazon (BLA).
The datasets used, along with their spatial and temporal coverage, are
summarized in Table 1. The BLA was chosen because it corresponds to
the official jurisdiction used in Brazil's environmental policy and
monitoring frameworks (e.g., MapBiomas*), and because high-

resolution, long-term land use data are reliably available for this ter-
ritory. Moreover, the BLA encompasses the majority of the Amazon
biome within Brazil, where deforestation has been most intense and
extensively monitored. A comprehensive assessment of the long-term
trends of key climatic variables allowed us to quantify changes and
determine the relative contributions from the driving forces.

Results
Quantifying global and regional effects across Brazilian
Amazon areas
To disentangle the regional effects of deforestation from the global
effects of climate change in the Brazilian Amazon, data on 29 areas of
~300 x 300 km? between 1985 and 2020 were considered. Deforesta-
tion is defined here based on the MapBiomas land cover classification
as any loss of native forest vegetation, regardless of the resulting land
use class. The particular area size was selected for two reasons. First,
they encompass a sufficiently large area to represent the observed
path length of deforestation, as indicated by previous studies®, and
have recently been adopted in similar spatial analyses of Amazonian
land cover dynamics*. This ensures that the effects of deforestation
within a given region are adequately captured and analyzed. Second,
the dimension of -90,000km? is within the mesoscale range,
encompassing atmospheric phenomena like thunderstorms, squall
lines, and deep convection, which are characterized by radii between
75 and 150 km®. The 29 areas were chosen to maximize spatial cov-
erage of the BLA while excluding areas dominated by water bodies or
permanent wetlands, ensuring reliable surface climate and land cover
analysis. To assess the robustness of our findings across different
spatial scales, we conducted a sensitivity analysis using smaller grid
sizes (50 x50, 100 x 100, and 200 x 200 km?). The results, shown in
Supplementary Fig. S1, indicate that the long-term trends in tem-
perature and precipitation remain consistent across scales, reinforcing
the suitability of the 300 x 300 km? resolution adopted in this study.
However, greater variability during the dry season suggests a slight
scale dependency for the precipitation in the analysis.

Figure 1 presents the 29 areas analyzed within the BLA. The land-
use classification (see Methods for a detailed description) for 1985 (a)
and 2020 (b) is overlaid on the areas, providing a clear representation
of the deforestation that has occurred in each area over time. The
northwest areas of the Amazonian region stand out due to their high
fraction of natural forest cover. In contrast, the southern and eastern
areas face alarming levels of deforestation, commonly referred to as
the arc of deforestation. The deforestation fraction for each area
(Supplementary Fig. S2) varies significantly across the 29 areas. Upon
analyzing the variation in forest cover across areas, it was determined
that the 75th and 25th quantiles of vegetation loss corresponded to
19% and 0.6%, respectively. These findings underscore the substantial
spatial variation in the extent of deforestation across different regions.

Deforestation and global climate change effects

We collected time series data for average methane (CH,) and CO,
mixing ratios, maximum surface air temperature (T;,x), and average
cumulative monthly rainfall for each area. The maximum surface air
temperature was used because it provides the clearest and most sta-
tistically significant indication of the impact of deforestation

Table 1| Summary of datasets used in the analysis, including spatial and temporal coverage and data sources

Variable Dataset/source Spatial resolution Temporal coverage Access platform
Land use/deforestation MapBiomas Collection 6.0*° 30m 1985-2020 Google Earth Engine
Rainfall (dry season) GPM (Global Precipitation Measurement) ~1km 2000-2020 Google Earth Engine
Maximum temperature (2 m) ERAS5 Reanalysis®' 0.25°x0.25° 1985-2020 Google Earth Engine
CH, (400 hPa) AIRS (Aqua satellite)>® 1° % 1° 2002-2020 NASA Giovanni

CO, Gridded Daily OCO-2°° 0.5°x0.625° 2015-2020 NASA Giovanni
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Fig. 1| Spatial distribution of forest and non-forest land cover in the Brazilian
Legal Amazon (BLA) in 1985 (left) and 2020 (right), based on classifications
from MapBiomas Collection 6.0*. The green areas represent forest cover as
defined by MapBiomas, corresponding to regions with intact native vegetation.
Non-forest land covers are represented in yellow, red, and beige tones, encom-
passing pasture and agriculture, urban areas, and natural non-forest formations,
respectively. Water bodies are displayed in blue. The black line delineates the

boundary of the BLA, and the black squares represent the 29 fixed grid cells (each
~300 x 300 km?) selected for our analysis. These regions were selected to assess the
relative impact of deforestation and global climate change on dry season tem-
peratures, precipitation, and GHG mixing ratios. The figure illustrates widespread
forest loss over the past 35 years, particularly in the southeastern portion of the
Amazon.
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Fig. 2 | Relationship between dry season daily maximum surface temperature
(T ax) With (a) year, and with (b) deforestation percentage, for all 29 areas. In
panel a, data points are colored by deforestation percentage, and a linear fit is applied
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(R=0.47, p < 0.05). In panel b, data points are colored by year, and a logarithmic fit is
applied (R = 0.63, p < 0.05). Both relationships are statistically significant. The yellow
lines represent the fitted linear (a) and logarithmic (b) models.

compared with the minimum and mean air temperatures. A summary
of datasets used, including their resolution and coverage, is provided
in Table 1. The deforestation dataset spans the period from 1985 to
2020; however, each variable dataset covers a different time interval,
as described in Table 1. This analysis is based on long-term remote
sensing and reanalysis datasets, including MapBiomas (land cover),
ERAS (temperature), GPM (precipitation), AIRS (CH4), and OCO-2
(CO,). A detailed description is provided in the Section “Methods”.
Each variable dataset shows a distinct pattern of change over the years,
as shown in Supplementary Fig. S3.

Deforestation and global climate change influence rainfall, tem-
perature, and GHG mixing ratios in distinct ways across the wet and dry
seasons'***’, However, several studies have shown that the regional
climatic impacts of deforestation are more pronounced and meaningful
during the dry season, when the forest is more vulnerable to moisture
deficits and surface-atmosphere interactions are intensified. In our
analysis, the dry season consistently exhibited stronger correlations
between deforestation and key climate variables, including maximum
temperature and precipitation (see Supplementary Fig. S4), while the

wet season showed weaker and often statistically insignificant relation-
ships (see Supplementary Fig. S5). Therefore, our study focuses exclu-
sively on the dry season to isolate and quantify the climatic effects of
deforestation with greater precision. A detailed explanation and sup-
porting statistical evidence are provided in the “Methods”, subsection
“Definition of wet and dry season, and data processing”.

Our analysis indicates that the relationship between the variable
and time is linear, while the relationship with deforestation follows a
logarithmic pattern. For example, the analysis of the maximum daily
temperature (Fig. 2) shows that during the dry season, these two
distinct processes exhibit a nearly linear temporal trend across all
deforestation extensions, which is attributed to global climate
change, as evidenced by the gradual increase in maximum tempera-
ture over the years. Additionally, a logarithmic effect of deforestation
is observed, irrespective of the year, whereby an extension in the
deforestation area corresponds to a rise in daily maximum tempera-
ture. The other atmospheric variables considered in this study (CO,,
CH,, and precipitation) also exhibited meaningful variability asso-
ciated with both long-term global trends and/or regional
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Table 2 | Parametric equations for the dry season obtained for CH,4, CO,, Tax, and total rainfall during the dry season with the
fit statistics, namely the correlation coefficient (R) and the p-value

Variable Parametric equation R p-Value
CHg [ppb] y(D, t)= In(D)[0.26946t — 539.03626] + 4.241t — 6728.3 0.97 <0.05
CO, [ppm] y(D, t)= In(D)[—0.0242t + 48.804] + 2.528t — 4694.697 0.99 <0.05
Trmax [°C] y(D, t)= In(D)[—0.00973t +20.131] + 0.072t — 112.56 0.74 <0.05
Rainfall [mm dry season™] y(D, t)= In(D)[-0.131t +236.267] + 0.188t — 241.307 0.69 <0.05

deforestation (see Supplementary Fig. S4). Regional deforestation
patterns strongly modulate dry season precipitation, and the mixing
ratios of GHG (CO, and CH,) exhibit clear long-term trends, primarily
driven by global changes. In general, variables more strongly influ-
enced by global climate change exhibited smoother temporal
increases, while those sensitive to land cover change responded more
directly to deforestation. Three distinct patterns emerge: variables
with a clear long-term trend and a weaker influence of deforestation
(CH4 and CO, mixing ratios), a variable sensitive to deforestation and
long-term trends (maximum surface air temperature), and a variable
with a strong dependence on deforestation and a weak long-term
trend (rainfall).

We assessed the impacts of regional and global contributions of
these parameters during the dry season by fitting linear and logarith-
mic equations to the dataset. More details are presented in the Section
“Methods”. These results contrast with a recent study, which reported
a linear response of temperature to deforestation*s. However, their
analysis does not disentangle climate change’s contribution from
deforestation, which our findings indicate is essential for capturing the
nonlinear response. By isolating the effects of deforestation, we
demonstrate that temperature increases with forest loss logarith-
mically, emphasizing the distinct role of land-use changes in modifying
regional climate. This interplay is explored in detail in the following
sections, where we disentangle the respective contributions of time
and forest loss to the observed patterns.

Modeling the evolution of atmospheric variables

To assess the effects of deforestation and global climate change on
GHG mixing ratios and weather variables, we developed an approach
that integrates linear temporal trends with the exponential trends
associated with deforestation. These effects interact non-linearly due
to the interdependence of deforestation (D) and time (¢). As detailed in
section Methods, we obtained a parametric equation (Eq. (4)) that
incorporates the linear time dependence, the logarithmic dependence
on deforestation, and their nonlinear interactions. The parameters of
Eq. (4) were obtained by fitting observational data to separately cap-
ture the contributions of deforestation and global influence to
observed changes in climate variables.

Using the parameterized equation, we effectively isolated the
individual effects of global emissions and deforestation on changes in
GHG mixing ratios and weather parameters. This was achieved by
differentiating Equation (4) with respect to time and deforestation,
holding either deforestation or time constant, allowing us to distin-
guish the unique contributions of global climate forcing and defor-
estation dynamics. Integrating the derived equations for time and
deforestation enabled us to quantify the specific contributions of
deforestation and global climate change to the observed variations
over the 35 years. To account for regional variation, we applied the
parameterized equation individually to all 29 studied areas, each
covering 300 x 300 km?. While our primary results present Amazon-
wide averages, we also present regional distributions in a box plot,
including the statistics for all areas. Further details on the equation
formulation and parameter definitions can be found in the “Methods”,
subsection “Derivation of parametric fits and calculations of defor-
estation and global contributions”.

Supplementary Figure S6 presents the fitted three-dimensional
surfaces that depict how each climate variable responds to both time
(year) and the fraction of deforestation, as modeled by Eq. (4). These
visualizations offer complementary insight into the nonlinear interac-
tions captured by our approach. The parametric formulations used to
construct these surfaces are provided in Table 2 and serve as the foun-
dation for disentangling the respective contributions of global climate
change and regional deforestation. To assess the model’s performance,
we evaluated the quality of the fit for each variable, which is also shown
in Table 2. In addition, Supplementary Figure S7 presents the correlation
coefficients individually for the linear and logarithmic contributions,
showing that the dry season fits were statistically significant, with con-
fidence levels above 95%, unlike those observed for the wet season. All
fits were statistically robust (p <0.05) and showed strong correlation
coefficients (R > 0.69), confirming the reliability of our approach.

Disentangling the influence of deforestation and climate change
Although each variable dataset covers a different period, as shown in
Table 1, the fitted equations enable us to extrapolate all analyzed
variables to the same period, from 1985 to 2020, which is the period
covered by the land use dataset. This extrapolation serves as a refer-
ence for understanding the variation of GHG mixing ratio, tempera-
ture, and precipitation over the same range of years. Figure 3 presents
the overall changes calculated over the 35-year period, as well as the
specific contributions from global climate change and deforestation.
All calculations were conducted exclusively for the dry season. The
boxplots, based on data from all 29 regions, offer a robust statistical
summary across the Amazon biome. Median percentage contributions
are shown next to the bars, while the deltas indicate the average
change observed for each variable. Notably, the relatively short lengths
of the boxplots for GHG mixing ratios reflect much lower variability in
their contributions compared to those of the meteorological variables.

For the gas mixing ratios, CO, and CH, exhibited notable increases
of approximately 87 ppm and 173 ppb, respectively. Additionally, the
maximum surface air temperature experienced arise of -2 °C, while the
total precipitation during the dry season decreased by about 21 mm dry
season’, on average. By using our parametric equations, we estimated
the individual contributions of deforestation and climate change to the
observed variabilities. The modulation of the maximum surface air
temperature is intricately shaped by the dual influence of global climate
change, which exhibits a discernible linear rise over successive years,
and the impact of land use transformations resulting from the conver-
sion of forests into pasture and agricultural areas. Separating the dis-
tinct influences of regional and global factors reveals that deforestation
in the Amazon region resulted in a rise of 0.39 °C in the average daily
maximum temperature over 35 years, corresponding to ~16.5% of the
total contribution. While this value represents the mean across all study
areas, the variation in maximum temperature in the study area with the
highest percentage of deforestation (28.5%) reaches values as high as
1.25 °C. In contrast, the more comprehensive effects of global influences
contributed to a temperature increase of 1.63 °C, corresponding to
83.5% of the 2.0°C observed temperature increase. These results
highlight that the observed increase in maximum temperature during
the dry season cannot be attributed solely to global climate change or
deforestation. Instead, it reflects a synergistic interaction in which long-
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Fig. 3 | Contributions of deforestation and climate change to Amazonian
greenhouse gases, temperature, and precipitation (1985-2020). Boxplots of the
deforestation and global climate change contributions to methane (CH,), carbon
dioxide (CO,), maximum surface temperature, and total precipitation during the

dry season between 1985 and 2020, considering individually each of the 29 areas.
Values near the bars indicate the median contributions, while deltas at the top of
the chart denote the variable’s mean value.

term global warming amplifies the sensitivity of local climate to land-use
change, while deforestation intensifies regional heating and reduces
evapotranspiration, further exacerbating the warming trend.

These results align with previous observational studies. For
instance, Gatti et al."* reported that regions in the eastern and south-
eastern Amazon, where deforestation is most intense, exhibited
stronger warming trends and carbon release compared to more pre-
served western regions. This spatial differentiation, which is supported
by Supplementary Fig. S8, reinforces our findings that deforestation
contributes disproportionately to regional temperature increases.
While prior work did not explicitly separate regional and global con-
tributions, our study builds on these patterns by providing a first-order
quantification of their respective roles in shaping temperature and
rainfall trends across the Amazon basin.

Related to precipitation, our findings reveal that the reduction in
forest cover results in a 15.8 mm decrease in precipitation per dry sea-
son in the Amazon region, constituting 74.5% of the overall effect. On
the other hand, global climate change contributes to a reduction of
5.2 mm in precipitation per dry season, representing 25.6% of the total
effect. These results highlight the substantial impact of deforestation on
the rainfall regime in the Amazon, with the primary effect occurring
during the dry season. Recent studies estimated a 3 mm yr™ reduction
in rainfall for every percentage point decrease in forest cover®. Based
on this rate, the decrease in forest cover from 89.1% to 78.7% reported in
our study, during the 35 years, would correspond to a rainfall reduction
of approximately 30 mm, during the whole year, not far from our cal-
culation only for the dry season. As previously stated, these numbers
represent the average for the entire Amazon region. However, when
considering the study area with the highest percentage of deforestation
(28.5%), there is a discernible rainfall reduction that could reach values
of around 50.5 mm during the dry season. Numerous studies have
examined the complex changes in rainfall patterns resulting from
deforestation, global climate change, or the combined effects of both
factors*. In addition, previous research showed the different seasonal
impacts of deforestation on cloud cover*® while highlighting the distinct
influences of deforestation and climate change on the rainfall regime®.
Shallow clouds predominate in deforested areas, while deep convection
is favored in forested surfaces™.

Considering the GHG mixing ratios, CO, has global effects that
drive the overall variability and contribute to an approximately 87 ppm

increase in mixing ratio over the 35 years modeled. For methane, the
mean contributions of the effects of deforestation and global change
were of the same order, 0.1% and 99.9%, respectively. Considering the
total background mixing ratio, on average, the regional influence
resulted in a small increase in the total methane mixing ratio, while the
global influence contributed to a change of -173 ppb. When we apply
the model to describe the regional effect over the highest deforesta-
tion fraction (28.5%), the mixing ratio changed by around 0.83 ppm,
giving a maximum regional change of around 6.9%, which is greater
than the average effect. The same reasoning can be applied to ana-
lyzing the maximum regional fluctuation in the CH4 mixing ratio. After
subtracting the background mixing ratio, methane levels changed by
approximately 75 ppb over the 35-year data period, and by around
0.80 ppb between the two hotspots of forest and deforestation. On
average, methane varies by around 0.12%, but locally it can reach
values of up to 1.06%.

Since GHGs have a long residence time in the atmosphere, their
mixing ratios vary slowly and smoothly in space and time in all areas.
The fact that the GHG observational data refer to the troposphere also
contributes to the smooth variation in mixing ratio. As highlighted in
the Introduction section, certain regions within the Amazonian basin
may no longer act as carbon sinks but have likely become carbon
sources due to deforestation, affecting the net ecosystem exchange
(NEE) and eddy covariance fluxes. However, it is worth noting that GHG
mixing ratios are disconnected from NEE*>. The changes in CO, mixing
ratios are relatively modest, ranging from 2 to 4 ppm'*, which
translates to less than 1% of the total CO, mixing ratio. Removing the
background mixing ratio, the change in mixing ratio over the 6 years
analyzed with satellite data changed by about 12%.

Discussions

Preserving Amazonia’s forest cover: anticipating future impacts
As illustrated in Fig. 4, our results demonstrate the distinct influence of
global climate change and regional land-use change on Amazonian
climate dynamics. Deforestation plays a dominant role in modulating
meteorological variables during the dry season. On average, it
accounts for 16.5% of the observed increase in maximum daily tem-
perature (-0.40°C) and 74.5% of the reduction in dry season pre-
cipitation (a net loss of 15.8 mm dry season ™). In contrast, GHG mixing
ratios were predominantly influenced by global factors, with
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Fig. 4 | Relative contributions of climate change and deforestation to the Amazonian climate. Diagram displaying the percentage contribution of global climate
change and deforestation to changes in methane, carbon dioxide, maximum surface temperature, and precipitation during the dry season.

deforestation exerting only a minor effect. These findings provide a
foundation for exploring how continued forest loss may intensify
regional climate disruption in the coming decades. Thus, we examine
potential future scenarios based on recent trends in deforestation and
discuss their implications for Amazonian resilience and climate
feedbacks.

Our findings show that the most pronounced climate impacts
occur early in the deforestation process, within the first 10-40% of
forest cover loss. This nonlinear response suggests a steep initial
degradation of local climate regulation functions. While further
deforestation continues to alter the climate, the marginal impact
becomes less dramatic after this threshold. It underscores the dis-
proportionate importance of preserving existing forest areas before
they cross these critical initial loss intervals. Comparisons between the
least and most deforested areas further reinforce this aspect: regions
that have retained more forest cover show greater climate stability,
while those with extensive land cover conversion exhibit intensified
warming and drying trends (see Supplementary Fig. S8). These results
emphasize that avoiding even early-stage deforestation is essential for
safeguarding the biome’s meteorological resilience and minimizing
future disruptions to rainfall and temperature patterns.

The observed changes in the rainfall and maximum temperature
can potentially change the Amazonian climate. Using the developed
parametric equations (Table 2) we extrapolated the effect of the next
15 years considering the maintenance of deforestation rates in the last
five years (2016-2020) so that the deforested areas, obtained with
linear regression with the deforestation data from the referred period,
would reach a fraction of 32.4% in 2035 (here, considering the rate
obtained from the 29 areas). In this scenario, CO, and CH4 mixing
ratios would increase by 36.7 ppm and 78 ppb, respectively; the
maximum surface temperature would also rise by about 0.62 °C, and
total rainfall would decrease by 7.3 mm per dry season. Therefore,
compared to 1985 values, in 2035, the Amazonian region is expected to
experience a total temperature increase of 2.64°C, with rainfall
reduced by 28.3 mm per dry season, and GHG mixing ratios increased
by 123.3 ppb for CO, and 250.8 ppb for CH,.

While our findings suggest trends consistent with early signs of
biome destabilization, we acknowledge that our analytical approach
based on statistical extrapolation has limitations in its ability to cap-
ture dynamic feedbacks, threshold responses, or ecological resilience

mechanisms. However, by disentangling historical contributions of
deforestation and global climate change, our method offers a valuable
first-order assessment of likely trajectories if current trends persist.
While limited, this approach provides a preliminary indication of the
risks associated with ongoing deforestation and climate stressors in
the Amazon.

The Northeast region of Brazil, a semi-arid region, lies east of the
Amazon rainforest and features a “zona da mata" near the coast,
characterized by considerable rainfall. At the same time, the Caatinga
biome extends further inland and is characterized by semi-arid con-
ditions, with large seasonality and a short wet season. The Cerrado,
located directly south of the Amazon rainforest, has a climate char-
acterized by high seasonality, with distinct wet and dry seasons, during
which there are typically few rainy days. The typical climate of the
Caatinga and Cerrado biomes differs in terms of vegetation cover, the
duration of the dry season, and total rainfall. Although it is uncertain
whether deforestation in the Amazon will result in the replacement of
the forest by Cerrado or Caatinga because changes in the biome are
complex and do not depend exclusively on the climate, our results
strongly indicate that deforestation processes are escalating expo-
nentially, leading the Amazonian climate towards a potential climate
transformation into a Cerrado-climate type or even worse, a Caatinga
semi-arid climate type.

Summary
In this study, we examined 35 years of environmental data to disen-
tangle the effects of deforestation and global climate change on key
atmospheric variables in the Brazilian Amazon. The analysis reveals
that year-to-year variations exhibit a linear trend, while a logarithmic
function accurately describes the effect of deforestation. Surface
parametric equations considering both yearly and logarithmic varia-
tions as a function of deforestation were successfully derived from
atmospheric parameters. These parametric equations enable the
separation of the specific contributions of global climate change and
deforestation extension to the observed changes over the 35-year
period for each variable. The dry season is when the impacts of
deforestation are most pronounced, mainly on rainfall. The cumulative
effects ultimately exacerbate the seasonality even further.

Over the entire 35-year period, there was an increase of around 87
ppm in the mixing ratio of CO,. About all of this increase can be
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attributed to global emission changes, with a small portion due to the
extent of deforestation. A similar tendency was observed for CH,. This
gas increased by around 167 ppb, of which 99.9% was attributed to
global emission change. If the background mixing ratio is not con-
sidered, vegetation’s contribution to changes in gas mixing ratios is
relatively much more important. The maximum surface air tempera-
ture exhibited a rise of approximately 2.0°C, with global climate
change and the deforestation effect contributing 83.6% and 16.5%,
respectively. The total precipitation during the dry season showed a
reduction of about 21 mm dry season™, with deforestation contribut-
ing to a decrease of -15.8 mm dry season™ (74.5%) and global climate
change leading to a decrease of -5.2mm dry season™ (25.5%).

Overall, these findings highlight the intricate relationship between
deforestation and global climate change in influencing rainfall patterns
across the Amazon. This interaction contributes to nonlinear trends in
precipitation, amplifying the impacts of ongoing climate change. The
observed reduction in total precipitation during the dry season,
combined with a significant increase in maximum surface temperature
linked to deforestation, underscores the crucial role of forest cover in
maintaining a stable regional water cycle and mitigating climate stress.
If deforestation continues unabated, the extrapolation of our results
suggests a further decline in total precipitation during the dry season
and an increase in maximum surface temperature, factors that could
push the Amazon ecosystem toward increasingly unstable states.
Emerging evidence suggests that deforestation in the Amazon is
already altering South American monsoon patterns, resulting in drier
conditions that may compromise the long-term resilience of the
rainforest*’**,

In addition, the results of this study suggest that Amazon is
moving through a critical transition, potentially exacerbated by
extreme events such as the unprecedented 2023 drought>>*°. How-
ever, we remain cautious about defining a precise deforestation
threshold that could trigger biome-scale dieback, particularly because
our extrapolation does not fully account for the substantial uncer-
tainties inherent in climate-vegetation interactions, which themselves
remain subject to significant uncertainty”’. Together, deforestation
and climate change are driving substantial transformations across the
region during the dry season, resulting in reduced rainfall, elevated
temperatures, and increased atmospheric GHG levels. These findings
underscore the importance of maintaining and restoring forest cover
in the Amazon as a crucial strategy for mitigating climate change and
ensuring the stability of ecosystems.

Methods

Land use and land cover data

The land use and land cover (LULC) data were obtained from the
MapBiomas Project*’, an initiative dedicated to monitoring and map-
ping changes in LULC throughout Brazil. The MapBiomas platform
effectively collects and processes extensive geospatial data from var-
ious sources, including satellite imagery captured by different sensors.
By implementing advanced classification and analysis algorithms, it
identifies and maps alterations in land cover over time. MapBiomas has
generated Brazil's most detailed, up-to-date, and longest time series of
LULC mapping. We used Collection 6.0 from MapBiomas for this
study. This collection comprises maps with an annual temporal reso-
lution covering the period from 1985 to 2020. The spatial resolution of
the data is 30 m based on Landsat satellite images. The global accuracy
of the MapBiomas Collection 6 land-use and land-cover maps stands at
87.4%. These datasets are available on Google Earth Engine as a data
asset and can be freely accessed through the platform’s website at
https://brasil.mapbiomas.org (accessed June 19, 2022).

In our analysis, deforestation is defined as the conversion of areas
classified as “forest" in MapBiomas to any other land cover class,
including agriculture, pasture, urban areas, water bodies, or natural
non-forest formations. This inclusive definition encompasses all

transitions that lead to forest loss, regardless of the subsequent land
use. Our estimates of deforestation do not consider specific transitions
(e.g., forest-to-agriculture or forest-to-mining). Deforestation fractions
were calculated as annual averages within each of the 29 study areas,
based on the percentage of forest cover loss relative to the initial forest
area in 1985. We emphasize that the analysis focuses on the Brazilian
Legal Amazon (BLA), rather than the full Amazon biome, due to the
availability and consistency of spatially explicit deforestation and land
cover data provided by MapBiomas, which is optimized and validated
within Brazilian territory. While the Amazon biome extends beyond
Brazil's borders, the BLA encompasses the vast majority of its forest
area under national jurisdiction and includes the regions experiencing
the highest rates of deforestation. As such, it provides a policy-relevant
and analytically consistent domain for our regional climate
assessment.

Definition of wet and dry seasons, and data processing

Our analysis evaluated the dry and wet seasons separately to assess the
seasonal impact of deforestation on each variable. Given the spatial
heterogeneity of seasonal cycles across the Amazonian region, we
categorized the dry and wet season months based on the 25th and 75th
percentiles of the total integrated rainfall (see Supplementary Fig. S9).
The wet and dry seasons were determined by analyzing the pre-
cipitation patterns specific to each area within the Amazon region. A
comprehensive analysis of the entire time series for each area was
conducted to derive an average precipitation annual cycle. To study
the whole period, we used data from ERAS from 1985 to 2020. The
objective was not to quantify rainfall amounts, but to describe the
distinct seasonal variations in precipitation patterns, which are accu-
rately depicted by the ERAS dataset. The 75th quartile, representing
months with the highest annual rainfall, was identified as the wet
season. In contrast, the 25" quartile, representing months with the
lowest total rainfall, was designated as the dry season. It is worth
noting that the composition of each quartile may vary across the
Amazon. Based on quartiles, this methodology ensures an objective
approach to defining the seasons. Thus, the dry and wet season data
were computed for each time series and obtained based on the 25th
and 75th quartiles, respectively, and their annual averages for each
area. This was necessary to ensure accurate comparisons regarding the
change in forest cover.

We evaluate the sensitivity of deforestation to rainfall, tempera-
ture, and trace gas mixing ratios by applying wet and dry season
classifications across the 29 study regions. Statistically significant
trends emerge predominantly during the dry season. In this period, the
relationship between deforestation and climatic variables is particu-
larly strong, with median correlation coefficients of R ~0.75 for max-
imum temperature and R ~0.70 for rainfall. In contrast, during the wet
season, these correlations decline substantially to R ~0.50 and R ~0.30,
respectively, and most trends are not statistically significant. Supple-
mentary Figures S4 and S5, along with Fig. 2 (which illustrates the
evolution of dry-season temperature), present scatter plots for both
seasons, highlighting the seasonal contrasts.

Deforestation disrupts the natural modulation of the water and
energy cycles, leading to reduced rainfall and elevated surface tem-
peratures, particularly during the dry season, in line with previous
findings*’. The linear component of our model, representing the
influence of large-scale climatic drivers, shows consistently high cor-
relation coefficients for CO, and CH,4 (R > 0.90) in both seasons, sug-
gesting that variations in GHG mixing ratios are primarily governed by
global-scale processes and are relatively insensitive to local defor-
estation. In contrast, the logarithmic component, capturing the
regional-scale effects of deforestation, exhibits marked seasonal
variability.

These findings confirm that the climatic impacts of deforestation
are most pronounced during the dry season, offering a more distinct
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and statistically robust signal of its regional influence. Conversely, the
wet season appears less responsive to local land cover changes, likely
due to the overriding influence of large-scale atmospheric dynamics.
Accordingly, our analysis emphasizes the dry season, where the signal
of deforestation can be more accurately isolated and quantified.

Weather and greenhouse gases data
This study utilized time series data for methane (CH,), carbon dioxide
(CO,), daily surface maximum air temperature, and total precipitation
during the dry season for each of the 29 study areas. The datasets are
summarized in Table 1. These datasets were retrieved from Google
Earth Engine (GEE)*® and NASA’s Giovanni platform.

Meteorological data were obtained using custom JavaScript code
within GEE. Specifically, we extracted the following products:

* Daily surface maximum air temperature (2 m above ground level)

was obtained from the ERAS Daily Aggregates dataset, provided by
the European Center for Medium-Range Weather Forecasts
(ECMWF) through the Copernicus Climate Change Service
(C3S). The dataset is available on GEE under the asset ECMWF/
ERA5/DAILY and provides global coverage at a spatial resolution
of 0.25°x0.25°, spanning the period from 1979 to September
2020. Daily maximum air temperature values are derived from
hourly ERAS data and represent the highest temperature recorded
at 2 m above ground for each day.
Total monthly rainfall data derived from the integrated multi-
satellite retrievals for GPM (IMERG), Final Run version 6 product,
available as the NASA/GPM L3/IMERG MONTHLY V06 asset on
GEE. The data provide monthly estimates of precipitation rate (in
mm/h) at a spatial resolution of approximately 0. 1° (about 11 km
at the equator), covering the period from 2000 to 2020. We
converted the precipitation rate to total monthly rainfall (in mm/
month) by multiplying the average rate by the number of hours in
each month.

Greenhouse gas mixing ratios were obtained from NASA’s Gio-
vanni platform:

* CH, mixing ratios were obtained from the Atmospheric Infrared
Sounder (AIRS) instrument aboard NASA’s Aqua satellite. We used
daily Level 3 data (AIRS3STD) corresponding to the 400 hPa
pressure level (upper troposphere), processed using the Standard
Physical Retrieval algorithm (version 7). The data provide global
coverage at a spatial resolution of 1°x1° and include both
ascending and descending orbits. Daily average CH4 values were
extracted for each study region for the period 2002-2020%.

* CO, mixing ratios were obtained from the Gridded OCO-2
product, which provides daily global maps of column-averaged
CO, dry air mole fraction (XCO,) derived from the Orbiting
Carbon Observatory-2 (0CO-2) satellite. Individual retrievals
(Level 2) from the high-resolution spectrometer aboard OCO-2
are assimilated into the GEOS modeling system (GMAO/CoDAS)
every 6 h, producing Level 3 gridded fields that smooth orbital
gaps and ensure spatiotemporal consistency. The dataset is
available at a spatial resolution of 0.5°x0.625°, covering the
period from 2015 to 2020°°,

All datasets were first re-aggregated into monthly means for each
of the 29 study regions. Based on the long-term climatological pat-
terns, each region’s time series was then classified into wet and dry
seasons, following a percentile-based threshold applied to the monthly
precipitation data. This classification allowed us to capture the distinct
seasonal responses of atmospheric variables to forest loss. For each
season, we subsequently computed annual means, enabling a robust
comparison of dry- and wet-season dynamics and a consistent
assessment of long-term trends across datasets with different tem-
poral coverage. Given the varying temporal coverage of the datasets

(Tmax: 1985-2020; rainfall: 2000-2020; CH4: 2002-2020; CO,:
2015-2020), we applied our obtained parametric modeling approach
(see Egs. (7) and (8)) to reconstruct and extend the time series across
the full analysis period (1985-2020). This approach allowed us to
capture long-term trends and ensure temporal consistency across
variables. By harmonizing datasets with different native resolutions
and time spans, this framework enabled robust and consistent com-
parisons across variables and study regions, facilitating an integrated
analysis of the impacts of deforestation and climate change.

Derivation of the parametric fits and calculations of the defor-

estation and global contributions

The atmospheric variables investigated in this study show a depen-
dency on both the time and the deforestation fraction. To unravel the
contributions of time and deforestation, two-dimensional functions
were fit to each atmospheric variable. In the following equations, the
variable y represents an atmospheric variable (CO,, CH,4, the maximum
surface temperature, or the rainfall), the dependent variable in the
model setup. The two independent variables are time (¢, in years) and
the deforestation fraction (D, representing the percentage of the area
that has been deforested). The influence of deforestation was modeled
considering a logarithmic dependence between y and D, as exempli-
fied in Fig. 2c. The dependent variable y, which represents any of the
four atmospheric variables investigated in this study, was initially
modeled with a logarithmic dependency on deforestation (D) plus a
linear dependency on time (¢).

Y(t,D)=AInD+Bt+C, I

where A, B, and C are coefficients fitted to the observations repre-
senting the contribution of a regional forcing related to deforestation,
a global forcing related to global changes and long-term trends, and an
intercept. Our analysis revealed that the coefficients A and B were not
independent, as the deforestation fraction depends on time (see
Fig. S4). To accurately incorporate these dependencies and account
for their non-linear effects, we have extended Eq. (1) into a more
comprehensive form, including, for instance, a linear variation of
coefficient A and a non-linear variation of coefficient B as follows.

A=ait+a,, )

B=b,InD+b, 3)

Rearranging the terms, we obtained a model for y(D,t) based on four
parameters.

yt,D)=(yt+a,)InD+b,t+C, 4)

where y = a; + b;. This equation is referred to as Eq. (4) in the main text.
Thus, four parameters are required to define Eq. (4), which was used to
fit the data, considering the fraction of deforested areas and the years.
The optimal fits were obtained through the least squares method. This
approach resulted in a parametric surface that accurately captures the
data behaviors and statistical parameters such as the p-value and
correlation coefficient. These statistical measures were used to assess
the quality of the data fitting.

To obtain the rates of global and regional change, we differentiate
Eq. (4) while holding deforestation and year as constants. This
approach allows us to isolate the distinct contributions from global
influences and deforestation dynamics. To achieve this, we differ-
entiate Eq. (4) with respect to the year, while maintaining deforestation
as a constant. In addition, we differentiate Eq. (4) with respect to the
logarithm of the deforested area fraction while holding the year
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constant. This procedure leads to the following expressions:

ayg,tD) =yInD+b,, )
D=cte
0y(t,D) _
oD |, Ve ©)

Then, Egs. (5) and (6) were integrated in relation to the year and to the
natural logarithm of the fraction of deforested areas, where for the first
case, we kept the constant deforestation as the average value of
deforestation in each one of the 29 areas from 1985 to 2020 (D), and
for the second case, we used the average year (f) which is 2002. Then,
the contribution exclusively due to the global changes is

2020
Ygtobat = / (yInD+b,) dt=(yInD+b,)x (2020 —1985).  (7)
J 1985

On the other hand, the contribution exclusively due to deforestation is

Dyozo _
Yregional = /D (Vt+ay) d InD=(yt+a,) X (InDygpp — INDiyggs).  (8)
v 1985

Table 2 presents the fitted equations for each variable obtained for the
dry season.

Data availability

The datasets presented here are available on GitHub.

Code availability
The codes used to process and analyze the data are available on
GitHub.
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ARTIGO DE REVISAO

Interferéncia por RNA: Uma nova alternativa
para terapia nas doencas reumadticas

Natalia Regine de Franga', Danilo Mesquita Junior?, Amanda Bandeira Lima',
Fernando Vianna Cabral Pucci?®, Luis Eduardo Coelho Andrade*, Neusa Pereira Silva®

RESUMO

A interferéncia por RNA (RNAi) é um mecanismo de silenciamento génico pos-transcricional conservado durante a
evolugdo. Esse mecanismo, recentemente descrito, ¢ mediado por pequenos RNAs de fita dupla (dsRNAs) capazes de
reconhecer especificamente uma sequéncia de mRNA-alvo e mediar sua clivagem ou repressdo traducional. O em-
prego da RNAi como uma ferramenta de terapia génica tem sido muito estudado, especialmente em infecgdes virais,
cancer, desordens genéticas herdadas, doencas cardiovasculares e mesmo em doengas reumaticas. Aliados aos dados
do genoma humano, os conhecimentos do silenciamento génico mediado por RNAi podem permitir a determinacdo
funcional de praticamente qualquer gene expresso em uma célula e sua implicag@o para o funcionamento e homeostase
celular. Varios estudos terapéuticos in vitro e in vivo em modelos de doengas autoimunes vém sendo realizados com
resultados encorajadores. As vias de quebra de tolerancia e inflamag@o sdo alvos potenciais para terapia com RNAi em
doengas inflamatorias e autoimunes. Nesta revisdo vamos recordar os principios basicos da RNAi e discutir os aspectos
que levaram ao desenvolvimento de propostas terapéuticas baseadas em RNAi, comegando pelos estudos in vitro de
desenvolvimento de ferramentas e identificacdo de alvos, chegando até os estudos pré-clinicos de disponibilizagdo da
droga in vivo, e testes em células humanas e modelos animais de doengas autoimunes. Por fim, vamos revisar os ultimos

avangos da experiéncia clinica da terapia com RNAI.

Palavras-chave: RNA interferente pequeno, expressao génica, autoimunidade, doengas reumaticas.

INTRODUCAO

A interferéncia por RNA (RNAi) ¢ um mecanismo celular
responsavel pelo silenciamento génico pds-transcricional (post
transcription gene silencing - PTGS) atuando sobre o RNA
mensageiro (mRNA). No foco deste mecanismo estd uma
molécula de fita dupla de RNA (dsRNA - double stranded
RNA) que, ao ser incorporada na forma ativa a um complexo
intracitoplasmatico, se liga a uma sequéncia de nucleotideos
complementar localizada no mRNA-alvo, ocasionando assim
o silenciamento, por inibi¢do da traducdo e/ou degradacao
do mRNA. Ha evidéncias de que dsRNAs estejam também
envolvidos com a manuteng@o da condensagio de regides da
cromatina e supressao da transcri¢do nas proximidades dessas

regides, entretanto a associagdo entre o silenciamento trans-
cricional (transcription gene silencing — TGS) e RNAI ainda
ndo esta completamente esclarecida. Em fungos, a delegio de
genes relacionados a via de RNAi causa perda do silenciamento
génico e desestruturacdo da heterocromatina. Esse fenomeno
ainda nao ¢ bem compreendido em nivel molecular, mas parece
ter grande importancia para o funcionamento adequado de
genes e para a manutengdo da integridade genomica.’

A RNAI foi descrita pela primeira vez em plantas (petinias)
no inicio da década de 1990.> Plantas transgénicas, superex-
pressando genes para produgdo de pigmentos, apresentavam
flores brancas devido a inibi¢do da sintese do pigmento por
silenciamento do transgene ¢ do gene enddgeno. Esse fenome-
no, conhecido como “cossupressido”, também foi observado
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em outras espécies de plantas, fungos e outros organismos,
porém, o mecanismo que levava ao silenciamento génico ainda
era desconhecido.**

Em 2006, os pesquisadores norte-americanos, Andrew
Z. Fire e Craig C. Mello foram contemplados com o prémio
Nobel de Medicina e Fisiologia por sua participa¢do na elu-
cidag@o do silenciamento génico por RNAi.> O mecanismo
de RNAIi ocorre em varios organismos eucariontes®’ e os
dsRNAs envolvidos podem ser classificados de acordo com
sua origem e fun¢do em pelo menos trés categorias: miRNAs
(microRNAs), siRNAs (short interfering RNAs) e shRNAs
(short hairpin RNAs).}

Os miRNAs representam pequenos dsRNAs endogenos,
com aproximadamente 22 nucleotideos, cuja principal fungdo
¢ atuar como silenciadores pods-transcricionais, inibindo a
tradu¢do do mRNA-alvo em proteina. Sua descoberta data
de pouco mais de uma década, em estudos realizados com
Caenorhabditis elegans, ¢ sdo hoje reconhecidos como
reguladores fundamentais da expressdo génica em plantas
e animais. Os genes que codificam miRNAs sdo transcritos
pela RNA polimerase II em um longo microRNA primario
(pri-miRNA) que, ainda no nucleo, é clivado por um com-
plexo proteico do qual fazem parte uma RNase I1I (Drosha)
e a proteina Pasha ou DGCRS8 (DiGeorge Syndrome Critical
Region 8 protein) que apresenta um dominio de ligagdo
para dsRNA. A clivagem resulta no micro-RNA precursor
(pré-miRNA), com cerca de 70 pares de bases, contendo um
trecho de fita dupla e uma alga de fita simples, formando uma
estrutura denominada hairpin. O pré-miRNA ¢é exportado
para o citoplasma pela exportina-5, onde ¢ clivado pela
Dicer, gerando um miRNA maduro com cerca de 22 nucle-
otideos de comprimento. A Dicer ¢ uma RNase I1I essencial
no processo de RNAI. Apresenta um dominio de ligagdo ao
RNA, PAZ, que parece ser responsavel pelo tamanho do
dsRNA gerado. Esta também envolvida na incorporagdo
de uma das fitas do miRNA a um complexo denominado
RISC (RNA-Induced Silencing Complex) do qual faz parte
juntamente com Argonauta (Ago2) e outras proteinas.’
O complexo RISC permite o pareamento entre a fita do
miRNA incorporada e a regido homoéloga do mRNA-alvo
por complementaridade de bases. Normalmente, quando a
complementaridade ¢ total, ocorre degradagdo do mRNA
e, quando parcial, ocorre repressao da tradugdo e posterior
degradag¢do do mRNA (Figura 1).1°

Argonautas sdo proteinas presentes no complexo RISC,
caracterizadas pela presenca de dominios conservados (PAZ
e PIWI). Elas se ligam aos siRNA e miRNA, e apresentam
atividade de endonuclease dirigida contra a fita de mRNA
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Figura 1. Esquema das vias que levam a interferéncia por
microRNAs e siRNAs.

complementar ao siRNA ou miRNA. As proteinas argonautas
sdo também responsaveis pela selegdo da fita do siRNA, que
sera incorporada ao RISC.!12

Os shRNAs sao RNAs de dupla fita construidos para apre-
sentarem uma estrutura semelhante aos miRNAs. Podem ser
sintetizados exogenamente e introduzidos prontos na célula ou
transcritos dentro da célula a partir de vetores que codificam
0 shRNA junto a um promotor da RNA polimerase III. Nesse
caso o transcrito ¢ processado pela Dicer da mesma forma
que os miRNAs. !

Os siRNA s2o moléculas sintéticas de dupla fita de RNA
de 19 a 30 pb, que atuam por meio de pareamento a sequén-
cias complementares a0 RNA mensageiro alvo, causando sua
degradagao e, portanto, silenciamento especifico do gene. O
silenciamento do gene-alvo possibilita a obtencdo de infor-
macdes sobre a fungdo exercida na célula pela proteina que
esse gene codifica.'

Recentemente tem sido demonstrada a existéncia de uma
ligagdo entre RNAI e corpos GW (GWB),'>1%17 os quais pa-
recem ser os sitios envolvidos na repressdo da traducdo de
mRNAs por miRNAs. Os GWB (ou P bodies) sdo estruturas
citoplasmaticas recentemente descritas que estdo envolvidas
no controle da expressdo génica pos-transcricional.'® Esse
controle regula o turnover de mRNA bem como a remogao
de RNAs aberrantes ¢ com mutacgdes nonsense. A formacao
dos GWB parece depender de proteinas especificas ¢ RNA,
em particular, miRNAs."
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Figura 2. Imunofluorescéncia em células HEp-2, mostrando a
presenca de corpos GW (visualizados em verde) no citoplasma.
Os nucleos foram corados com DAPI (azul). Fotomicrografia
gentilmente cedida pelo Dr. EK Chan, Departamento de Biologia
Oral, Universidade da Flérida, Gainesville, Estados Unidos.

Aspectos gerais relacionados a
terapia empregando RNAI

O grande potencial de RNAi tem resultado em estratégias bem-
sucedidas para o silenciamento de uma grande variedade de
genes codificadores de proteinas, permitindo obter importantes
informagdes sobre a fungao desses genes e respectivas protei-
nas. A alta especificidade desse método permite interferir com
alelos relacionados com doenca que diferem do alelo normal
por apenas alguns poucos nucleotideos. A RNAi ¢ muito mais
potente do que outras estratégias antisenso que empregam fitas
curtas de DNA antisenso e ribozimas."

A RNAI tem sido 0 método de escolha no silenciamento de
genes em células de mamiferos por sua seletividade e poténcia.
O emprego de RNAi como abordagem terapéutica tem sido
considerado altamente promissor no combate a doengas em
que a expressdo anormal de certos genes pode ser identifica-
da como a causa ou o fator contribuinte. Entre essas doencas
podemos citar cancer, doengas genéticas dominantes, doengas
autoimunes ¢ infecgdes virais.?

Ha atualmente mais de uma dezena de companhias de
biotecnologia dedicadas ao desenvolvimento de aplicagdes
clinicas de siRNA em varias doengas humanas.?! A RNAi
tem sido utilizada com sucesso em modelos experimentais no
silenciamento de genes criticos para a viabilidade, prolifera-
¢do e disseminacdo de células tumorais.’>?* Até o momento,
porém, a maior contribuicdo da interferéncia por RNA tem
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sido a revolugdo tecnoldgica introduzida no processo de
descoberta de novas drogas. O uso de RNAi reduz o nimero
de alvos potenciais permitindo centralizar esfor¢os nos genes
candidatos mais promissores.?”** A RNAi tornou-se também
uma poderosa ferramenta para a validag@o de alvos de drogas
terapéuticas.

siRNAs e shRNAs

Ha basicamente duas estratégias para se induzir RNAi. Na
primeira, sSiRNAs pré-sintetizados sdo introduzidos nas células-
alvo. Embora muitas estratégias empreguem siRNAs de 21-23
pares de base, siRNAs mais longos, com 27 nucleotideos (nt),
que sdo processados pela Dicer, sdo mais eficientes em promo-
ver o silenciamento. Esses siRNAs mais longos apresentam
uma extremidade 3’ com 2nt ndo pareados e uma extremidade
cega (blunt end) permitindo que o processamento pela Dicer
resulte em um tnico siRNA. Eventualmente, a extremidade cega
pode ativar proteinas sinalizadoras e induzir a producao indese-
jada de interferon por vias de resposta ao estresse, entretanto,
por ser mais potente, os sSiRNAs de 27nt podem ser usados em
doses menores, evitando esse efeito.?? Uma vez que o silencia-
mento obtido com siRNAs ¢ transitorio, novas estratégias foram
desenvolvidas visando obter um silenciamento mais permanente.

A segunda estratégia se baseia na introdugao de vetores que
codificam o shRNA, o que resulta em silenciamento estavel de
longa duragdo na célula. A transcricdo do shRNA ¢ controlada
por sequéncias promotoras para as RNA polimerases II ou III,
dependendo do tipo de expressao desejada. Altos niveis de shR-
NAs s@o obtidos com promotores de RNA pol I11. J& os shRNAs
sob controle de promotores de RNA pol I sdo transcritos como
precursores longos que mimetizam os pri-miRNAs, podem ser
expressos especificamente em um dado tecido e, por serem
efetivos em baixos niveis, evitam a saturacao dos componentes
da via de RNAi.*®

Selecao

Existem trés atributos importantes que devem ser levados
em consideracdo quando se deseja projetar ¢ selecionar um
siRNA. Sao eles: poténcia, especificidade e estabilidade
as nucleases. O passo inicial para identificar siRNAs bons
candidatos comeg¢a com um projeto de bioinformatica.
Diversos algoritmos tém sido desenvolvidos visando se-
lecionar siRNAs com as caracteristicas de especificidade
¢ estabilidade desejadas ¢ atualmente existem métodos in
vitro para identificar rapidamente os candidatos capazes
de silenciar um dado gene de interesse.’* Ainda assim,
os siRNAs devem ser avaliados experimentalmente para
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determinar a eficacia do silenciamento e verificar auséncia
de efeitos indesejados, denominados efeitos fora do alvo

(off-target effect.)’!

Poténcia

Os siRNAs podem ser desenhados para silenciar qualquer gene
desejado, frequentemente com atividade in vitro em concen-
tracdes da ordem de nanomolar ou mais baixas. Embora o uso
de algoritmos aumente a chance de identificacdo de siRNAs
eficientes, algumas vezes falham em prever siRNAs potentes.*
O uso de siRNAs um pouco mais longos, que necessitem ser
processados pela Dicer antes de serem incorporados ao com-
plexo RISC, parece resultar em maior eficiéncia. Entretanto,
essas moléculas mais longas sdo mais dificeis de serem sin-
tetizadas e tém maior probabilidade de ativar uma resposta
imune indesejada.’!

Especificidade

Um dos fatores criticos para o sucesso no uso de RNAi ¢ a
capacidade do siRNA em silenciar especificamente 0 mRNA-
alvo. O silenciamento génico mediado por siRNAs pode ser
altamente especifico, como evidenciado pelo silenciamento
seletivo de alelos que divergem em um tnico nucleotideo.*? No
entanto, siRNAs também podem reconhecer e interferir com a
expressdao de mRNAs que apresentam homologia parcial com
o mRNA-alvo. De fato, a avaliagdo da atividade transcricional
in vitro tem mostrado que siRNAs podem alterar os niveis de
mRNA de genes que ndo constituem o alvo desejado (efeitos
fora do alvo) embora com menor intensidade.**** Um desenho
criterioso da molécula de siRNA e a introdu¢do de modifica-
¢des quimicas nos residuos de ribose da fita guia podem reduzir
ou evitar a maioria dos efeitos ditos fora-do-alvo sem afetar o
desempenho do siRNA sobre o gene desejado.™

Além disso, siRNAs podem eventualmente induzir efeitos
indesejados por ativacdo de mecanismos da resposta imune
inata usada na defesa viral. A ativag@o dos receptores Toll-like
(TLR), especialmente TLR7 que reconhece dsRNA, ¢ uma
grande preocupagdo. A ativagdo desses receptores nas células
dendriticas plasmocitoides resulta em produgao de interferons
tipo I e citocinas pro-inflamatorias.

Estabilidade

Moléculas de siRNAs desprotegidas sdo degradadas no plasma
humano, com uma meia-vida de minutos.’”>*® Para converter
siRNAs em droga otimizada, modifica¢des quimicas capazes
de prolongar a meia-vida da molécula sem comprometer sua
atividade biologica tém sido investigadas detalhadamente.
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Algumas modificagdes envolvem altera¢des no grupo fosfato
da ligagdo entre os nucleotideos, que conferem estabilidade
frente a exonucleases ¢ sdo bem toleradas.’”*° As modifica¢des
em residuos de agucar, como a metilagdo, que conferem resis-
téncia a endonucleases, embora em geral toleradas, dependem
dalocalizagdo dentro da molécula. Em geral, modificagdes em
acucares da fita senso sdo mais bem aceitas do que na fita guia,
ou antisenso.?'*! As mudangas minimas necessarias a estabili-
dade de um dado siRNA podem ser avaliadas pelo estudo de
produtos de degradacao do siRNA no plasma. Alguns grupos
obtiveram melhora na estabilidade e eficiéncia de entrega in
vivo complexando siRNA com colesterol,*? atelocolageno® e
polietilenimina.*

Introducao de siRNAs in vivo

O principal obstaculo ao uso de siRNAs como drogas terapéu-
ticas ¢ obter sua penetragdo na célula através da membrana
citoplasmatica, de modo a ser incorporado na via de RNAi e
causar a degradacdo do mRNA-alvo no tecido de interesse. Na
auséncia de agentes de transfec¢do ou alta pressdo, a maioria
das células nao incorpora siRNA.*4¢

O siRNA, por sua carga negativa, ndo penetra com fa-
cilidade através das membranas celulares hidrofobicas.?*4
Entretanto, silenciamento in vivo tem sido relatado apos ad-
ministragdo direta de siRNAs desprotegido (naked) a locais
anatomicamente isolados (intravitreo, intranasal e intratecal),
demonstrando a possibilidade de entrega de siRNAs em olhos,
pulmao e sistema nervoso central.*>! Entretanto, o emprego
terapéutico de RNAi de modo mais amplo depende da possibi-
lidade de associar as moléculas de siRNA outras propriedades
farmacoldgicas como biodisponibilidade e seletividade para
as células-alvo.34?

Diversas estratégias empregam injecdo endovenosa de
siRNAs quimicamente modificados, mediante conjugagao ao
colesterol, ou protegidos dentro de lipossomas catidnicos. A
conjugac¢ao ao colesterol tem mostrado bons resultados, pois
prolonga a meia-vida dos siRNA na circulagdo por meio de
ligacdo a lipoproteinas, que sdo resistentes a filtragao pelos rins
¢ oferecem também protegdo a acdo das nucleases plasmaticas.
Embora eficaz, a conjugagdo ao colesterol ndo ¢ um método
seletivo, pois o complexo colesterol-siRNA-lipoproteina pode
ser endocitado por receptores de colesterol encontrados em
todos os tipos celulares.”® A ligagdo de siRNAs a lipossomas
cationicos, que também vem sendo amplamente estudada,
melhora a farmacocinética e diminui a toxicidade dos siRNAs,
embora resulte também em amplo espectro de agdo celular.’!
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Mecanismos seletivos de entrega de siRNA a células e te-
cidos estdo sendo intensamente estudados. Uma possibilidade
¢ a ligacdo de siRNAs a aptameros que se ligam a receptores
celulares especificos. Aptdmeros sdo moléculas RNA ou DNA,
capazes de se ligarem com alta afinidade a ions, oligossaca-
rideos e uma grande variedade de proteinas e glicoproteinas
como trombina, L-selectina, P-selectina, vasopressina. Além
de apresentarem alta afinidade e especificidade pelos seus
ligantes, os aptdmeros podem ser sintetizados quimicamente,
sendo, portanto bastante atraentes para uso terapéutico, em
que o controle de qualidade ¢ critico.”

Recentemente foi relatada a introdug@o célula-especifica de
siRNAs empregando o siRNA ligado a uma proteina de fusdo
Fab de imunoglobulina-protamina. A ligagao do siRNA ¢ me-
diada pela interagdo com a porg¢do protamina e a especificidade
celular ¢ dependente da porg¢ao Fab da molécula de anticor-
po.** A entrega a células especificas facilita a incorporagéo do
siRNA por endocitose. Os sistemas seletivos de entrega para
receptores especificos de superficie celular sdo vantajosos pela
necessidade de menor dose e redugdo de efeitos fora do alvo.

Diversos grupos tém estudado o uso de vetores virais para
a introduc@o de shRNAs em organismos.**>* Entretanto, o uso
de vetores virais ainda € questionado quanto a seguranga para
emprego terapéutico.’

Estudos pré-clinicos com RNAi em
doencas reumaticas autoimunes

As ultimas trés décadas foram marcadas por rapidos avancos
nas técnicas de biologia molecular, que hoje estdo amplamente
disponiveis para rotina dos grupos de pesquisa no mundo todo.

Exemplos eloquentes incluem a técnica de microarray e os
métodos de silenciamento génico como os pequenos RNAs de
interferéncia (siRNA) e a transfec¢do celular com construtos
antissenso. Para os grupos de pesquisa interessados no estudo
da patogénese de doengas, essas novas técnicas permitem um
rapido screening de genes que estdo diferencialmente expressos
na saude e na doenga e que provavelmente estdo implicados
no desenvolvimento e progressio da doenga.* Neste contexto,
tém sido realizado inimeros progressos na compreensio da
fisiopatologia das doengas do tecido conjuntivo. As doencas
do tecido conjuntivo compreendem um amplo espectro de
desordens nas quais a fisiopatologia ¢ apresentagao clinica sdo
bastante diversas. Entretanto o descobrimento de mecanismos
e moléculas-chave implicados na patogénese das mesmas tem
aumentado significativamente as op¢des de tratamento para
suas complica¢des orgao-especificas ou sistémicas. Enquanto
as terapias ndo seletivas convencionais ainda tém importancia
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na vida clinica cotidiana, a maioria dos novos agentes desen-
volvidos visa a moléculas especificas ou a mecanismos que
apresentam papel funcional na patogénese da doenga sistémica
ou manifestacdes 6rgao-especificas. Muitas citocinas, quimio-
cinas, fatores de transcrigdo, moléculas expressas na superficie
de células do sistema imune (CDs, moléculas de adesdo) tém
sido alvo de estudos para terapia molecular com RNA.

Na osteoartrose (OA), varias citocinas ¢ enzimas tém sido
associadas ao dano articular e, nos ultimos anos, terapias gé-
nicas visando citocinas e/ou vias de sinalizagdo ativadas em
processos inflamatdrios, trouxeram novas esperangas no seu
tratamento. A IL-1 e o TNF-a sdo considerados as principais
citocinas inflamatorias participantes nesta enfermidade,’” sendo
assim potenciais alvos para terapia em OA. O NF-xB ¢ um dos
principais fatores de transcrigao relacionado a via inflamatoria
e varios métodos tém sido usados para inibir a indugéo de NF-
kB, como o uso de oligonucleotideos antissenso™® e construtos
adenovirais de IkB mutado.” Recentemente, um estudo em
modelo animal de OA mostrou a eficacia do siRNA especifico
para subunidade p65 do NF-xB.®® A interferéncia por RNA
foi capaz de inibir a expressao de varios genes relacionados
a via de sinalizacdo do NF-«B, tais como os genes da cicloo-
xigenase-2 (COX-2), da oxido nitrico sintetase-2 (NOS-2) e
da metaloproteinase-9 de matriz (MMP-9). Esses mediadores
estdo associados ao inicio e a progressdo da lesdo articular
em modelo de osteoartrite e sdo induzidos em condrocitos
expostos a I[L-1 e TNF-a. Esses resultados demonstram que o
siRNA especifico para NF-kB p65 ¢ um potencial candidato
na terapia génica preventiva para OA em estagios precoces.

A possibilidade de inibir a atividade de NF-kB torna-se ain-
da mais interessante quando seu potencial de ag@o sobre ativa-
¢do de células do sistema imune ¢ analisado mais amplamente,
como em alguns protocolos que visam inibir a maturagdo de
células dendriticas e assim restabelecer a tolerancia imunolo-
gica. A companhia de biotecnologia canadense Tolerothech
Inc. tem explorado o uso de siRNA em estudos pré-clinicos
para silenciar a via inflamatoria Th1. Essa companhia desen-
volveu o farmaco ToleroVaxT que ¢ um siRNA especifico para
subunidade p35 da IL-12. Seu uso induz desvio imune de uma
resposta Th1 para uma reposta Th2 com elevados niveis de [L-4
e IL-10 e baixa produgdo de INF-y. Com essa ferramenta tem
sido possivel inibir a atividade aloestimulatoria de DCs (células
dendriticas) em culturas mistas de leucocitos.®!

A senescéncia dos condrdcitos também tem sido alvo de
estudos com siRNA, uma vez que a idade ¢ considerada outro
fator de risco para desenvolvimento de OA, por sua correlagdo
com a queda na sintese de matriz extracelular pelos condrocitos
que também apresentam menor responsividade aos fatores
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de crescimento. A proteina p16™%* tem um papel importante
no controle do ciclo celular e senescéncia, atuando como um
competidor de ciclinas que controlam a saida da célula da fase
Gl e levando a senescéncia. Em pacientes com OA hd uma alta
expressao de p16™K4 ¢ o silenciamento desta proteina in vitro
em condrdcitos de pacientes com OA levou a uma alteracao
de suas caracteristicas senescentes, a0 aumento na expressao
de alguns genes especificos de condrdcitos e a melhora geral
em sua capacidade de reparo. A inibi¢do da p16™*por RNAi
pode ser uma estratégia terapéutica explorada para o bloqueio
da senescéncia articular de condrocitos relevante a prevengdo
e ao tratamento de OA.*

Estratégias terapéuticas com siRNA também tém sido alvo
de estudos in vitro com sinovidcitos de pacientes com artrite
reumatoide (AR). Na AR, um dos mecanismos que provocam
degradagdo articular ¢ a presenga de células sinoviais anormal-
mente resistentes a apoptose, que produzem elevados niveis de
citocinas pro-inflamatorias e metaloproteinases. A indugao de
apoptose ¢ uma propriedade comum dos receptores de morte,
a maioria dos quais pertencentes a familia do fator de necrose
tumoral (TNF). Um desses receptores ¢ o ligante indutor de
apoptose ligado ao TNF (TRAIL). Entretanto, alguns dos
receptores tipo TRAIL, como o TRAIL 4, possuem atividade
antiapoptotica. No estudo de Terzioglu et al. (2007) observou-
se que a terapia génica utilizando siRNA especifico para TRAIL
4 combinado com a transfec¢do de TRAILs pro-apoptoticos
eliminou os sinoviodcitos resistentes a apoptose. O equilibrio
da expressdo desses receptores pode ser uma nova estratégia
de terapia génica para sensibilizar os sinovidcitos de pacientes
com AR a apoptose.”® Em modelos animais de artrite induzida
por colageno, alguns estudos com siRNA visando o silencia-
mento do TNF-a estdo sendo realizados. Algumas formas de
entrega de siRNA estdo sendo testadas, como a entrega direta
do siRNA no tecido articular por eletroporagdo ou a entrega
sistémica de siRNA usando lipossomo como carreador. Ambos
os estudos vém apresentando bons resultados, diminuindo
significativamente a inflamagéo articular.*%

No contexto de doengas do espectro do lupus eritema-
toso sistémico (LES), estudos em modelos animais tém de-
monstrado o potencial da terapia por RNAi. Camundongos
homozigotos para muta¢do do gene que codifica a proteina
Roquin apresentam grande aumento na expressao do receptor
co-estimulatério induzivel de células T (ICOS), com conse-
quente acumulo de linfocitos ¢ desenvolvimento de sindrome
semelhante ao LES. A proteina Roquin contém dominios de
ligagdo ao RNA e pode ser observada associada aos granu-
los de estresse e aos GWB. Esta estreita associagdo leva ao
questionamento sobre a possibilidade de Roquin ser capaz de
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direcionar certos mRNAs para rota de decaimento por miRNA
nos GW-bodies. O miR-101 ¢ um componente-chave na repres-
sdo da expressdo de ICOS e a expressdo de miR-101 foi capaz
de reduzir os niveis deste receptor co-estimulatorio. Acredita-se
que, devido a mutacdo na proteina Roquin nos camundongos,
o mRNA de ICOS néo seja corretamente enderegado aos GWB
impedindo que haja o controle de sua expressdo pelo miR-
101.% Existem muitos estudos mostrando a importancia de
proteinas capazes de regular a repressdo mediada por miRNA
direcionando a localizagdo do mRNA-alvo para os GWB. De
maneira interessante, tem sido descrito um grande numero de
autoanticorpos contra componentes chaves da maquinaria de
interferéncia por RNA, tanto em camundongos quantos em
humanos,? inclusive contra proteinas Argonautas ¢ Dicer.®®

Em doencas autoimunes com manifestagdes clinicas de
fibrose, como a esclerose sistémica, o TGF-f1 ¢ um potencial
alvo para prevengao e tratamento. Uma vez que esta citocina
apresenta um papel importante na fisiopatologia da fibrose
em varias doengas, a utilizagdo de RNAi visando esta mo-
lécula podera prevenir o desenvolvimento de fibrose ou até
mesmo trazer melhora do quadro, como observado no estudo
de Takabatake et al. (2005) em modelo animal de glomeru-
lonefrite. Neste estudo a utilizagdo de siRNA contra TGF-f1
levou a uma melhora significativa no quadro de progressao da
expansdo de matriz fibrotica.*

A analise do perfil de expressdo de miRNAS também tem
se mostrado uma ferramenta util na investigagao dos mecanis-
mos genéticos envolvidos na predisposicao e patogénese de
doengas humanas, uma vez que os mesmos possuem um papel
essencial na embriogénese e diferencia¢do celular. Koralov
et al. (2008) mostraram um papel relevante de miRNAs nos
estagios iniciais do desenvolvimento de células B em modelo
experimental de knockout condicional de Dicer.” Dai et al.
(2008) estudaram o perfil de expressao de miRNAs em pacien-
tes com lupus eritematoso sistémico (LES) e identificaram 16
miRNAs diferencialmente expressos no grupo LES quando
comparado a controles normais,” indicando que a avaliagdo
de miRNAs ¢ uma ferramenta potencialmente ttil como bio-
marcador de provaveis fatores envolvidos na patogénese de
doencas reumaticas autoimunes.

Perspectivas

Mesmo que a terapia com RNAI esteja associada a um tra-
tamento com alto grau de especificidade, achados recentes
sugerem que os efeitos fora do alvo e outras potenciais
complicagdes podem ser observadas. Alguns siRNA podem
induzir a supressdo pds-traducional de produtos génicos ndo
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desejados, assim como observado pela atividade dos miRNAs,
que podem ser capazes de atuar sobre diferentes produtos
génicos. Esse efeito inibitorio nao especifico ocorre quando o
siRNA ¢ utilizado em baixas concentra¢des e apresenta com-
plementaridade parcial com o gene-alvo. O desenvolvimento
de um siRNA com uma simples alteragdo, que levara a um
pareamento parcial, podera ndo s6 reduzir sua eficiéncia de
silenciamento, como aumentar a chance de parecamento com
transcritos cujo silenciamento nao ¢ desejado e que contenham
regides de complementaridade parcial. Outros efeitos ndo
especificos dos siRNAs também tém sido observados. Por
exemplo, vias alternativas de resposta celular contra dSRNA
podem ser ativadas, resultando na ativagdo ¢ no aumento na
expressdo de genes tipicamente associados a resposta imune
inata, incluindo genes para expressao de Interferons de tipo
I (INF).*® Além disso, os receptores tipo Toll-like (TLRs),
como TLR7 e TLRS8, podem reconhecer certas sequéncias
de siRNA e induzir resposta imune com produ¢ao de INFs.3
Mais estudos ainda serdo necessarios para investigar a frequ-
éncia de reconhecimento inespecifico e os efeitos adversos do
uso de RNAi e shRNA, bem como identificar as sequéncias

Rev Bras Reumatol 2010;50(6):695-709

estruturais responsaveis por desencadear tais processos.
Téaticas potenciais para reduzir os efeitos de indugdo de INF ou
ativa¢do dos TLRs incluem o desenvolvimento de algoritmos
para o desenho de siRNAs e modificagdes quimicas capazes
de diminuir sua imunogenicidade e aumentar sua vida util,
evitando sua degradacdo por RNases do organismo. Outra
possibilidade que deve ser investigada rigorosamente esta
relacionada a sua seguranca em relagdo a possibilidade de
induzir mutagénese insercional e transformac¢ao maligna, ou
a possibilidade do organismo desenvolver respostas imunes
contra as proteinas dos vetores virais utilizados para trans-
feccdo em alguns modelos de terapia.’** De maneira geral, a
utilizacdo de RNAi como estratégia terapéutica ¢ uma alter-
nativa atraente e potencialmente promissora. Os resultados
em modelos experimentais de doenca autoimunes e estudos
in vitro com células humanas vém trazendo resultados en-
corajadores, mas uma futura aplicagdo clinica desse modelo
terapéutico ainda requer vigorosas investigagdes referentes
a sua eficacia, seletividade, desenvolvimento de estratégias
para evitar efeitos fora do alvo e otimizacdo dos sistemas de
entrega dos siRNAs.
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Resumo

O artigo apresenta uma andlise sobre a educacdo inclusiva no ensino de Ciéncias e Biologia, contextualiza
historicamente o desenvolvimento da educacdo inclusiva no Brasil e internacionalmente, destacando marcos como a
criacdo de instituicdes para pessoas com deficiéncia e a influéncia de documentos como a Declaragdo Universal dos
Direitos Humanos e a Lei de Diretrizes e Bases da Educacdo Nacional. O estudo enfatiza a importancia da
participagdo ativa dos alunos no processo de aprendizagem, com énfase na formacéo docente como elemento-chave
para promover uma educacao inclusiva. A metodologia adotada envolve uma revisdo bibliografica qualitativa, tendo o
objetivo de buscar artigos relacionados a formacgdo de professores de Ciéncias/Biologia na perspectiva da educacéo
inclusiva. Os resultados e discussdo destacam a importancia das disciplinas de Ciéncias e Biologia no curriculo
escolar e a necessidade de adaptar as praticas de ensino para atender as necessidades individuais dos alunos,
especialmente aqueles com deficiéncia. Sdo abordados desafios enfrentados pelos educadores, como a falta de
formacdo inicial em educacgdo inclusiva e a escassez de recursos didaticos adequados. A formacdo continua dos
professores é ressaltada como fundamental para superar esses obstaculos e promover uma pratica pedagdgica mais
eficaz e inclusiva. A pesquisa destaca também a dimenséo politica da educacéo e a importancia de promover debates
abrangentes e continuos sobre a inclusdo escolar. Em suma, o artigo enfatiza a urgéncia de adotar abordagens
inclusivas e adaptativas para garantir uma educacdo de qualidade para todos, reconhecendo a necessidade de esforgos
coletivos para alcancar esse objetivo.

Palavras-chave: Ciéncias; Biologia; Educacéo inclusiva; Ensino e aprendizagem; Formacdo docente.

Abstract

The article presents an analysis of inclusive education in the teaching of Science and Biology, historically
contextualizing the development of inclusive education in Brazil and internationally, highlighting milestones such as
the creation of institutions for people with disabilities and the influence of documents such as the Universal
Declaration of Human Rights and the Law of Guidelines and Bases of National Education. The study emphasizes the
importance of active participation of students in the learning process, with an emphasis on teacher training as a key
element in promoting inclusive education. The methodology adopted involves a qualitative bibliographic review, with
the objective of searching for articles related to the training of Science/Biology teachers from the perspective of
inclusive education. The results and discussion highlight the importance of Science and Biology subjects in the school
curriculum and the need to adapt teaching practices to meet the individual needs of students, especially those with
disabilities. Challenges faced by educators are addressed, such as the lack of initial training in inclusive education and
the scarcity of adequate teaching resources. Continuous teacher training is highlighted as essential to overcome these
obstacles and promote more effective and inclusive pedagogical practice. The research also highlights the political
dimension of education and the importance of promoting comprehensive and ongoing debates on school inclusion. In
short, the article emphasizes the urgency of adopting inclusive and adaptive approaches to ensure quality education
for all, recognizing the need for collective efforts to achieve this goal.

Keywords: Sciences; Biology; Inclusive education; Teaching and learning; Teacher training.
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Resumen

El articulo presenta un andlisis de la educacion inclusiva en la ensefianza de Ciencias y Biologia, contextualizando
histéricamente el desarrollo de la educacidn inclusiva en Brasil e internacionalmente, destacando hitos como la
creacién de instituciones para personas con discapacidad y la influencia de documentos como la Declaracion
Universal. de Derechos Humanos y la Ley de Lineamientos y Bases Nacionales de Educacion. El estudio enfatiza la
importancia de la participacion activa de los estudiantes en el proceso de aprendizaje, con énfasis en la formacion del
profesorado como elemento clave para promover la educacion inclusiva. La metodologia adoptada implica una
revision bibliogréfica cualitativa, con el objetivo de buscar articulos relacionados con la formacién de profesores de
Ciencias/Biologia desde la perspectiva de la educacion inclusiva. Los resultados y la discusién resaltan la importancia
de las materias de Ciencias y Biologia en el curriculo escolar y la necesidad de adaptar las practicas de ensefianza para
satisfacer las necesidades individuales de los estudiantes, especialmente aquellos con discapacidades. Se abordan los
desafios que enfrentan los educadores, como la falta de formacion inicial en educacion inclusiva y la escasez de
recursos didacticos adecuados. La formacion continua de los docentes se destaca como fundamental para superar estos
obstaculos y promover una practica pedagégica mas eficaz e inclusiva. La investigacion también destaca la
dimensién politica de la educacion y la importancia de promover debates integrales y continuos sobre la inclusion
escolar. En resumen, el articulo enfatiza la urgencia de adoptar enfoques inclusivos y adaptativos para garantizar una
educacion de calidad para todos, reconociendo la necesidad de esfuerzos colectivos para lograr este objetivo.

Palabras clave: Ciencias; Biologia; Educacion inclusiva; Ensefianza y aprendizage: Formacion docente.

1. Introducao

A trajetdria da educacdo para pessoas com deficiéncia no Brasil tem suas raizes na fundagdo de duas instituicdes
emblematicas: o Imperial Instituto dos Meninos Cegos, hoje conhecido como Instituto Benjamin Constant, e o Instituto dos
Surdos Mudos, atualmente denominado Instituto Nacional da Educacéo dos Surdos. Estabelecidos no Rio de Janeiro por meio
do decreto imperial n°® 1.428 de 1854 e em 1857, respectivamente, esses marcos histéricos foram cruciais para o
desenvolvimento da educag&o inclusiva no Brasil.

No cenério internacional, a Declaragdo Universal dos Direitos Humanos de 1948 enfatizou a importancia de uma
educacdo inclusiva para todas as criancgas, independentemente de suas capacidades fisicas ou mentais. No entanto, foi somente
em 1994, durante a Conferéncia Mundial sobre Necessidades Educacionais Especiais em Salamanca, que a discussdo sobre a
educacdo inclusiva ganhou destaque globalmente. No Brasil, a promulgacdo da Lei de Diretrizes e Bases da Educacdo
Nacional (LDB), Lei n°® 9394/96, em 1996, impulsionou a ampliacdo dos servigos de educacdo especial em todo o pais, tanto
em escolas publicas quanto privadas (Machado, 2016).

Uma proposta educacional eficaz requer a participacdo ativa dos individuos na construcdo do conhecimento. Esse é
um principio fundamental reconhecido por todos os envolvidos na educagdo, pois acreditam na educacdo como uma
oportunidade para experiéncias autbnomas. No contexto da educacdo inclusiva, é essencial que os alunos sejam vistos como
protagonistas do processo de aprendizado, e ndo meros receptores passivos.

A educagdo inclusiva busca incentivar a inclusdo social e assegurar igualdade de oportunidades para todos,
respeitando suas diferencas culturais, étnicas, geracionais, de género e fisicas. Como ressaltou Paulo Freire, a pratica educativa
estd intrinsecamente ligada ao contexto social, cultural, politico e econdmico (Mazzotta & D’antino; 2011).

Este trabalho reflete ndo apenas uma pesquisa académica, mas também a experiéncia cotidiana de uma professora-
pesquisadora. Além de focar nos alunos, é crucial analisar os cursos de licenciatura, que preparam os professores para 0s
desafios da sala de aula.

O estudo tem propésito de fazer uma busca qualitativa em artigos que tenham o foco na formacdo do docente de
Ciéncias / Biologia na perspectiva da educacgdo inclusiva. Foram envolvidas etapas basicas que incluem, identificacao,

compilagdo, fichamento, analise e interpretacao dos artigos selecionados.
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2. Metodologia

Este estudo tem como objetivo analisar qualitativamente artigos que abordam a formacdo de professores de
Ciéncias/Biologia na perspectiva da educagdo inclusiva. As etapas incluiram identificagdo, compilagdo, fichamento, analise e
interpretacdo dos artigos selecionados. Na abordagem de pesquisa mista, é crucial considerar dois aspectos principais: a)
vivéncia prética, que envolve compreender profundamente o fendmeno, permitindo que habilidades e conhecimentos adquiram
significado por meio da experiéncia vivida e das influéncias historicas e sociopoliticas; b) capacidade de reflexdo, exigindo
sensibilidade para aplicar o pensamento tedrico as perspectivas dos fundamentos sociais (Johnson, 2007).

Um planejamento meticuloso é fundamental para o desenvolvimento satisfatorio de um estudo investigativo. Os
pesquisadores podem optar por duas abordagens principais: qualitativa e/ou quantitativa. A pesquisa qualitativa, segundo
Cordova e Silveira (2009), prioriza a compreensdo de um grupo social ou organizacdo, em vez de se concentrar em
representacdes numericas. Assim, este estudo é predominantemente qualitativo, utilizando opinides e estudos cientificos de
autores que abordam a tematica da Educacéo Inclusiva e suas diversas perspectivas sobre a pratica inclusiva na escola.

Conforme Gil (1987), a pesquisa bibliografica utiliza materiais ja elaborados, como livros e artigos. Dessa forma, este
estudo se caracteriza como uma pesquisa bibliografica. A pesquisa é exploratéria e bibliogréfica, envolvendo a leitura de
diversos livros, artigos e documentos oficiais para explorar questGes relacionadas a formagdo docente e ao papel do professor
na inclusdo escolar.

O presente artigo conta com uma metodologia cientifica descritiva, de natureza qualitativa (Pereira et al., 2018), do
tipo revisdo narrativa, que € uma revisdo mais simples e com menos requisitos conforme Cavalcante & Oliveira (2020). As
informacgdes e artigos revisados foram selecionados principalmente a partir de bases de dados como Google Académico
utilizando palavras-chave como "metodologia cientifica”, "educacdo inclusiva”, "pesquisa qualitativa" e “estudos
bibliograficos recentes".

Os autores estudados incluem: Keasilchik (2000), Nobre e Silva (2014), Dias; Campos (2013), Imbernén (2011),
Denise Tolfo Silveira (2009), Fernanda Peixoto Coérdova (2009), Antbnio Carlos Gil (1997), Machado (2016), Mazzota;
D'Antino (2011), Gatti (2009) e (2010), Nascimento (2009), Oliveira (2018), Freire (2001) e Johnson (2007). Além desses
autores, foram consultados o censo escolar de 2022, o decreto imperial n © 1.428 de 1854 e a Lei de Diretrizes e Bases da
Educacdo Nacional (LDB) n° 9.394/1996 para compreender a legislacdo relacionada a Educagdo Especial e Inclusiva no

contexto brasileiro.

3. Resultados e Discussao

Ao lidar com estudantes que apresentam necessidades especiais, é fundamental reconsiderar a abordagem na
disciplina de Ciéncias/Biologia, uma vez que essas duas disciplinas desempenham um papel crucial em suas jornadas
académicas, podendo enriquecer significativamente a aprendizagem. Disciplinas como Ciéncias no Ensino Fundamental ou
Biologia no Ensino Médio, de acordo com a Lei de Diretrizes e Bases (LDB), estabelecem a conexdo entre a educagdo, o
mundo do trabalho e a pratica social, oferecendo conhecimentos essenciais para lidar com questfes ambientais, de satde e
genética, contribuindo, assim, para uma melhor qualidade de vida (BRASIL, 1996).

Nobre e Silva (2014) enfatizam que a aprendizagem de Ciéncias e Biologia para alunos com necessidades
educacionais especiais requer dos educadores uma abordagem &gil para cativar a atencdo dos alunos e facilitar a transmisséo de
entendimento. A inclusdo de recursos visuais, como imagens e simbolos, aliada a realizagdo de atividades praticas, é crucial

para proporcionar uma aprendizagem mais significativa.


http://dx.doi.org/10.33448/rsd-v13i9.46948

Research, Society and Development, v. 13, n. 9, 11913946948, 2024
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v13i9.46948

Dentro do vasto panorama do ensino das disciplinas para alunos com deficiéncia quanto para os demais, a énfase em
atividades praticas é indispensavel. Krasilchik (2000) destaca a importancia de aulas praticas, envolvendo os alunos em
investigacBes cientificas para solucionar problemas, desenvolvendo um olhar critico para as ciéncias biolégicas e suas
metodologias. Tais praticas ndo apenas promovem a compreensdo de conceitos fundamentais, mas também estabelecem um
contato direto entre os alunos e os fendmenos naturais (Krasilchik, 2000).

Ao lecionar Ciéncias/Biologia, € imperativo que os docentes conhecam sua turma, identificando especialmente os
alunos com necessidades especiais. As atividades planejadas pelos educadores podem abranger desde a elaboragéo de textos
até a construcdo de maquetes, pesquisa em diversas fontes, confeccdo de cartazes e apresentacdo de seminarios. A incluséo
desses alunos em classes regulares tem se tornado mais frequente no Brasil, refletindo um aumento significativo, conforme
indicado pelo Censo Escolar de 2022 (BRASIL, 2022). Essa inclusdo destaca a importancia de abordagens pedagdgicas
adaptadas para atender a diversidade dos alunos.

Os desafios enfrentados na educacdo inclusiva sdo diversos, destacando-se a singularidade de cada aluno e suas
habilidades especificas. A prética da educacdo inclusiva requer abordagens mais colaborativas, onde o papel central do
professor no método de incluséo escolar é enfatizado. Para efetivar a inclusdo de maneira abrangente, é imperativo abordar
todos os elementos do processo de ensino-aprendizagem, incluindo a revisdo de metodologias, avaliaces e projetos politico-
pedagdgicos, com a implementagdo de adaptagBes curriculares. Essas adaptacdes devem ser integradas tanto no projeto
pedagdgico global quanto no curriculo desenvolvido em sala de aula, atendendo as necessidades individuais de cada aluno, o
que, em contrapartida, demanda uma formagao apropriada por parte do professor (BRASIL, 1999; Dias & Campos, 2013).

Os educadores enfrentam desafios significativos ao lecionar para alunos com deficiéncias, sendo a falta de
aprendizagem inicial em relacdo a educacdo inclusiva e a escassez de recursos didatico-pedagdgicos, sendo esses fatores
determinantes para que a problemética se agrave. Isso leva muitos professores das disciplinas a se sentirem inseguros ao
ministrar aulas para alunos com deficiéncias, temendo ndo conseguir transmitir os conteudos de maneira acessivel aos
estudantes.

A caréncia de uma formacéo inicial adequada é um dos principais obstaculos enfrentados pelos docentes. Portanto, é
essencial proporcionar uma formacéo inicial qualificada para capacitar os professores a lidar de maneira eficaz com alunos
com dificuldade. Conforme destacado por Imbernon, a formagao inicial desempenha um papel crucial, moldando as atitudes,
valores e funcdes que os futuros professores atribuem a profissdo, sendo fundamental para enfrentar os desafios da pratica
profissional (Imbernodn, 2011, p. 57).

A formagdo inicial no ensino de Ciéncias/Biologia deve estabelecer uma base sélida para o evolucdo de um
conhecimento pedag6gico especializado, capacitando o professor a superar desafios dentro da sala de aula. Imbernén (2011, p.
69) ressalta a magnitude da atualizacdo constante, destacando a necessidade de criar estratégias, métodos de intervencao,
cooperacdo, analise e reflexdo. A inovacao nas estratégias de ensino é essencial para garantir um aprendizado significativo dos
alunos, e essa atualizagao deve ser continua ao longo da trajetoria profissional.

A formac8o dos professores no Brasil desenvolve um papel importante na projecdo do futuro da educagdo e da
sociedade. Trata-se de um processo continuo, conforme ressaltado por Gomes e Santos (2014), que vai além da simples
participacdo em cursos isolados, demandando uma reflexdo constante sobre a pratica pedagdgica e a disposi¢do para questionar
conceitos arraigados.

Nascimento (2009) destaca a importancia de os educadores se engajarem na reflexdo sobre sua propria pratica,
desafiando suas crencas e buscando aprimorar constantemente o processo de ensino. Um professor bem formado, como

indicado por Gatti (2009), integra conhecimento, didatica e compreensdo das diversas realidades dos alunos.
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Apesar desses esforcos, persistem desafios significativos, como apontado por Oliveira (2018), incluindo a falta de
infraestrutura e as barreiras a inclusdo efetiva de alunos com deficiéncia. O ensino de disciplinas especificas, como Ciéncias e
Biologia, também enfrenta obstaculos, como destacado por Gomes e Santos (2008), evidenciando lacunas na preparacdo dos
professores.

A formacdo inicial dos educadores, discutida por Gatti (2010), muitas vezes é fragmentada, falhando em integrar
teoria e pratica de abordagem adequada. A abordagem superficial de disciplinas essenciais compromete a eficacia dos
programas de formagdo. Os estudos de Souza et al. (2022) corroboram essa visdo ao apontar que “nos ultimos anos, em todo o
territorio nacional, com a oferta de vagas e a ampliacdo do acesso as escolas publicas da educacdo bésica, observou-se um
aumento no numero de alunos e alunas da educacdo especial”. No entanto, ¢ importante destacar que a formacdo de professores
para atuar na educacdo especial ainda ndo acompanhou esse crescimento da demanda.

A auséncia de formacdo adequada dos professores é um obstaculo significativo a aprendizagem e a adaptacdo de
criangas com necessidades especiais nas escolas. A inclusdo escolar exige que todos os alunos participem ativamente das
atividades em sala de aula. Para garantir essa participacdo, é fundamental que os educadores compreendam as habilidades e
desafios de cada aluno com necessidades especiais, 0 que lhes permitira buscar o apoio e 0s recursos necessarios para integra-
los efetivamente nas tarefas. De acordo com Santana et al. (2023), a formacéo de professores e os desafios enfrentados na sala
de aula s&o aspectos cruciais para o sucesso da educacéo inclusiva.

Ademais, a educagdo é compreendida como um ato politico, como argumentado por Freire (2001), onde a escola nédo é
neutra, mas um campo de luta e transformagdo social. Reconhecer a dimensdo politica da educacdo é fundamental para
compreender e enfrentar as desigualdades presentes no sistema educacional brasileiro.

Concluindo a andlise sobre a educacéo inclusiva no contexto do ensino de Ciéncias e Biologia, é fundamental ressaltar
a profundidade e a influéncia desse assunto para a préatica educacional contemporanea. Enfrentar os desafios de ensinar alunos
com necessidades especiais destaca a urgéncia de adotar abordagens inclusivas e adaptativas para garantir uma educacao de
qualidade para todos.

O estudo enfatizou a vitalidade das disciplinas no cenario educacional, destacando sua capacidade de enriquecer a
jornada académica dos estudantes e promover uma compreensdao mais aprofundada dos fendmenos naturais e questdes
cientificas.

A pesquisa constatou a importancia das atividades praticas, do uso de recursos visuais e da personaliza¢do do ensino
para atender as necessidades individuais dos alunos. Foi identificado também os desafios enfrentados pelos educadores,
incluindo a falta de formacéo inicial em educacéo inclusiva e a escassez de recursos didaticos adequados. A formacéo dos
professores emergiu como um elemento-chave para superar tais obstaculos e promover uma prética pedagégica mais eficaz e
inclusiva. E essencial que os educadores se mantenham atualizados e comprometidos com a reflexdo sobre sua pratica,
buscando constantemente aprimorar suas habilidades e conhecimentos.

Por fim, reconhecemos a dimensdo politica inerente a educacdo e a importancia de estimular debates abrangentes e
oferecer formag&o continua a todos os envolvidos no processo educacional. E importante salientar que a escola, enquanto
instituicdo formadora também é responsavel por estimular a visdo que enxerga as chances para a aprendizagem de
conhecimentos para as pessoas com deficiéncia. Somente por meio desses esforcos coletivos poderemos alcancar uma

educacdo verdadeiramente inclusiva, que atenda as diversas necessidades dos alunos e promova a igualdade de oportunidades.

4. Concluséao

A educacdo inclusiva nas disciplinas de Ciéncias/Biologia destaca sua grande importancia para garantir uma educacgéo
de qualidade e oportunidades iguais para todos os alunos. Ao longo da andlise, fica evidente que a educacédo inclusiva vai além
5


http://dx.doi.org/10.33448/rsd-v13i9.46948

Research, Society and Development, v. 13, n. 9, 11913946948, 2024
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v13i9.46948

do simples acesso a educacdo, implicando na criacdo de ambientes de desenvolvimento que reconhecam e valorizem a
diversidade dos estudantes.

Os resultados enfatizam a urgéncia de abordagens pedagOgicas adaptativas e inclusivas, que reconhecam as
caracteristicas individuais de cada aluno e incentivem sua participacdo ativa no processo de aprendizagem. Isso inclui o uso de
recursos visuais, atividades praticas e personalizagdo do ensino para atender as necessidades especificas dos alunos,
especialmente daqueles com deficiéncias.

Além disso, torna-se claro que a formacdo inicial e continua dos professores desempenha um papel essencial na
promocédo da educacdo inclusiva. Os desafios enfrentados pelos educadores, como a falta de formacdo adequada e recursos
educacionais, destacam a urgéncia de investimentos em programas de capacitacao e apoio para os docentes.

Portanto, o ensino inclusivo é um processo em constante evolucdo, que exige o engajamento de todos os envolvidos
no sistema educacional. Somente através de esfor¢os colaborativos e um compromisso genuino com a igualdade de
oportunidades, podemos alcancar uma educacgdo verdadeiramente inclusiva e que transforme vidas.

Para trabalhos futuros, sugerimos a realizacdo de estudos empiricos que explorem a eficacia das formacdes oferecidas
a professores na pratica escolar. Por outro lado, a investigacdo de casos especificos de sucesso em inclusdo em diferentes
contextos pode fornecer conhecimentos valiosos para a formacdo docente. Por fim, a andlise das percepcfes dos préprios

alunos sobre a inclusdo pode enriquecer ainda mais a discussdo e orientar futuras politicas educacionais.

Conflito de Interesses

Os autores declaram que ndo ha nenhum conflito de interesses.

Referéncias

Brasil. (2022). Cresce inclusao em salas de aula.
http://download.inep.gov.br/educacao_basica/censo_escolar/resumos_tecnicos/resumo_tecnico_censo_educacao_basica_2022.pdf

Brasil. (1996). Lei 9394, de 20 de dezembro de 1996. Lei de Diretrizes e Bases da Educagdo Nacional. Diario Oficial da Unido, Brasilia, DF, 23 dez.
http://www.planalto.gov.br/ccivil_03/leis/19394.htm

Brasil. (1999). Decreto n. 3.298, de 20 de dezembro de 1999. Regulamenta a Lei n° 7.853, de 24 de outubro de 1989, que dispde sobre a Politica Nacional para
a Integragdo da Pessoa Portadora de Deficiéncia. Diario Oficial da Uniéo, Brasilia, DF, 21 dez. http://www.planalto.gov.br/ccivil_03/decreto/D3298.htm

Cavalcante, L. T. C., & Oliveira, A. A. S. (2020). Métodos de reviséo bibliogréafica nos estudos cientificos. Psicologia: Teoria e Préatica, 26(1), 82-100.
https://doi.org/10.5752/P.1678-9563.2020v26n1p82-100

Cérdova, F. P., & Silveira, D. T. (2009). Métodos de pesquisa. Porto Alegre: Editora UFRGS.

Gomes Barbosa, A. K., & Costa Bezerra, T. M. (2021). Educagdo inclusiva: Reflexdes sobre a escola e a formagdo docente. Revista: Ensino em Perspectiva,
Fortaleza, 2(2), 1-11. https://revistas.uece.br/index.php/ensinoemperspectivas/article/view/5871

Brasil. (1854). Decreto imperial n © 1.428, de 12 de setembro de 1854. https://www?2.camara.leg.br/legin/fed/decret/1824-1899/decreto-1428-12-setembro-
1854-508506-publicacaooriginal

Dias, A. B., & Campos, L. M. L. (2013). A educacao inclusiva e 0 ensino de ciéncias e de biologia: A compreensdo de professores do ensino basico e de
alunos da licenciatura. In IX Encontro Nacional de Pesquisa em Educacédo em Ciéncias (pp. 1-10). Sao Paulo: IX ENPEC; Aguas de Linddia.
https://abrapec.com/atas_enpec/ixenpec/atas/resumos/R1057-1.pdf

Freire, P. (2001). Politica e educag&o: ensaios (5 ed.). Sdo Paulo: Cortez. Colegdo Questdes de Nossa Epoca.

Gatti, B. A. (2009). Formac&o de professores: condicOes e problemas atuais. Revista Brasileira de Formacao de Professores, Cristalina, 1(1), 90-102.
https://periodicoscientificos.itp.ifsp.edu.br/index.php/rifp/article/download/716/345/2655

Gatti, B. A. (2010). A formagcéo de professores no Brasil: caracteristicas e problemas. Educac&o e Sociedade, Campinas, 31(113), 1355-1379.
Gil, A. C. (1987). Métodos e técnicas de pesquisa social. Sdo Paulo: Atlas.

Gomes, C., & Santos, F. (2014). O Pibid e a formag&o de professores de biologia na perspectiva da educagéo inclusiva. Dialogos. Revista do Departamento de
Histéria e do Programa de Pds-Graduacdo em Histdria, Maringa, 18, 243-259.

6


http://dx.doi.org/10.33448/rsd-v13i9.46948
http://download.inep.gov.br/educacao_basica/censo_escolar/resumos_tecnicos/resumo_tecnico_censo_educacao_basica_2022.pdf
http://www.planalto.gov.br/ccivil_03/leis/l9394.htm
http://www.planalto.gov.br/ccivil_03/decreto/D3298.htm
https://doi.org/10.5752/P.1678-9563.2020v26n1p82-100
https://revistas.uece.br/index.php/ensinoemperspectivas/article/view/5871
https://www2.camara.leg.br/legin/fed/decret/1824-1899/decreto-1428-12-setembro-1854-508506-publicacaooriginal
https://www2.camara.leg.br/legin/fed/decret/1824-1899/decreto-1428-12-setembro-1854-508506-publicacaooriginal
https://abrapec.com/atas_enpec/ixenpec/atas/resumos/R1057-1.pdf
https://periodicoscientificos.itp.ifsp.edu.br/index.php/rifp/article/download/716/345/2655

Research, Society and Development, v. 13, n. 9, 11913946948, 2024
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v13i9.46948

Imbernén, F. (2011). Formacéo de docente e profissional: forma-se para mudanca e a incerteza. Séo Paulo: Editora Cortez.
Johnson, R. B. (2007). Toward a definition of mixed methods research. Journal of Mixed Methods Research, 1(4), 303-308.
Krasilchik, M. (2000). Reformas e realidade: o caso do ensino de ciéncias. Sdo Paulo em Perspectiva, 1(14), 85-93.

Machado, L. R. A. M. (2016). O acesso da crianga com deficiéncia a escola.
https://editorarealize.com.br/editora/anais/fiped/2016/trabalho_ev057_md4_sa6_id3987_22092016193025.pdf

Mazzotta, M. J. S., & D’Antino, M. E. F. (2011). Inclusdo social de pessoas com deficiéncias e necessidades especiais: cultura, educacéo e lazer. Salde e
Sociedade, 20(2), 377-389.

Nobre, S. A. O., & Silva, F. R. (2014). Métodos e praticas do ensino de Biologia para jovens especiais na escola de ensino médio Liceu de Iguatu Dr. José
Gondim, Iguatu/CE. Revista SBEnBIO, 7, 2105-2116.

Nascimento, R. P. (2009). Preparando professores para promover a incluséo de alunos com necessidades educacionais especiais. Curitiba: SEED.

Oliveira, A. A. (2018). Um olhar sobre o ensino de ciéncias e biologia para alunos deficientes visuais. S8o Mateus: Universidade Federal do Espirito Santo.
Pereira, A. S. et al. (2018). Metodologia da pesquisa cientifica [e-book gratuito]. Santa Maria/RS: Ed. UAB/NTE/UFSM.

Santana, L. R., Ramos, C. B. de M., dos Santos, E. L. X., Alves, K. C. de A., Mariano, M. L. dos S., Franco, S. C. S., Vieira, M. N. T., Fragoso, J. S., & Silva,
B. S. (2023). Educacéo inclusiva: formagdo de professores e os desafios na sala de aula. Revista Contemporanea, 3(10), 19583-19599.

https://doi.org/10.56083/RCV3N10-158

Souza, S. T. B. de, Pereira, A. S. M., & Venancio, L. (2022). Alunos(as) com necessidades educacionais especiais na Educacéo Fisica Escolar: relatos de
experiéncias de um professor-pesquisador. Praticas Educativas, Memorias e Oralidades - Rev. Pemo, 4, e48178. https://doi.org/10.47149/pemo.v4.e48178


http://dx.doi.org/10.33448/rsd-v13i9.46948
https://editorarealize.com.br/editora/anais/fiped/2016/trabalho_ev057_md4_sa6_id3987_22092016193025.pdf
https://doi.org/10.56083/RCV3N10-158
https://doi.org/10.47149/pemo.v4.e48178

One Earth

Promoting effect of plant diversity on soil microbial
functionality is amplified over time

Graphical abstract

Plant and soil communities
are closely linked

2
]
5§
Plant diversity bR
How b e
w0
3> Wty
W T @ a0 )
9 | A )
Why :’E' Forest  [F
affect soil microbiomes § Grassland *
Q T g s
Plant diversity supports the long-term development of
microbial diversity, biomass, and functions

Microbial richness

Plant diversity effects

Times Young stand 0Old stand

Microbial
richness

W Microbial hiomass Microbial functions

Microbial
biomass ¥

Microbial
functions ¥

Plant diversity

Highlights
e Global plant diversity manipulative experiments are
synthesized

e Plant diversity enhances soil microbial diversity, biomass,
and functionality

e Positive effects of plant diversity on microbial functions
intensify over time

e Biodiversity loss and climate change jointly threaten
ecosystem services

Zhou et al., 2024, One Earth 7, 2139-2148

https://doi.org/10.1016/j.oneear.2024.10.004

Authors

Tao Zhou, Guopeng Liang,

Peter B. Reich,

Manuel Delgado-Baquerizo,
Chuankuan Wang, Zhenghu Zhou

Correspondence
zzhou@nefu.edu.cn

In brief

Multiple ecosystem processes link plant
and soil communities, but whether plant
diversity boosts soil microbial diversity
and functionality remains debatable.
Using a global dataset from field plant
diversity experiments, we indicated that
plant diversity has positive effects on
microbial diversity, biomass, and
function, with effects on biomass and
function amplifying over time. Climate
change and biodiversity loss further
threaten these ecosystem services,
emphasizing the need for long-term
biodiversity research and proactive plant
diversity management.

December 20, 2024 © 2024 Elsevier Inc. All rights are reserved, including
those for text and data mining, Al training, and similar technologies.

¢ CellP’ress


mailto:zzhou@nefu.edu.�cn
https://doi.org/10.1016/j.oneear.2024.10.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oneear.2024.10.004&domain=pdf

One Earth ¢? CellP’ress

Promoting effect of plant diversity
on soil microbial functionality
is amplified over time

Tao Zhou,' Guopeng Liang,? Peter B. Reich,%3* Manuel Delgado-Baquerizo,*¢ Chuankuan Wang,' and Zhenghu Zhou'-"-*
1School of Ecology and Northeast Asia Biodiversity Research Center, Northeast Forestry University, Harbin, Heilongjiang 150000, China
2Department of Forest Resources, University of Minnesota, St. Paul, MN 55108, USA

3Hawkesbury Institute for the Environment, Western Sydney University, Penrith, NSW, Australia

4Institute for Global Change Biology, and School for Environment and Sustainability, University of Michigan, Ann Arbor, MI, USA
SLaboratorio de Biodiversidad y Funcionamiento Ecosistémico, Instituto de Recursos Naturales y Agrobiologia de Sevilla (IRNAS), CSIC, Av.
Reina Mercedes 10, 41012 Sevilla, Spain

SUnidad Asociada CSIC-UPO (BioFun), Universidad Pablo de Olavide, 41013 Sevilla, Spain

7Lead contact

*Correspondence: zzhou@nefu.edu.cn

https://doi.org/10.1016/j.oneear.2024.10.004

SCIENCE FOR SOCIETY Biodiversity loss threatens Earth’s ecosystems, making effective biodiversity con-
servation strategies crucial. Plants and soil microbes are vital to ecosystem services that support human
well-being; plants produce energy through photosynthesis, while microbes decompose plant residues and
maintain soil fertility. Understanding how plant diversity affects microbial diversity, biomass, and functions
(nutrient cycling and decomposition) is key to sustaining ecosystem health. Our global dataset shows that
plant diversity enhances microbial diversity, biomass, and functions, with these benefits intensifying over
time, highlighting the critical role of plant diversity in shaping long-term ecosystem functionality. Climate
change and biodiversity loss jointly threaten these services. Our findings emphasize the urgent need for in-
tegrated conservation efforts focusing on both plant and microbial diversity to ensure that ecosystems
continue providing crucial benefits amid biodiversity loss.

SUMMARY

The ongoing biodiversity crisis of plants threatens ecosystem services, emphasizing the need to under-
stand links between plant diversity and soil health. However, how plant diversity influences soil microbial
diversity and functions remains unclear, primarily due to insufficient control of covariates and limited long-
term investigations. Here, we analyzed a global dataset from plant diversity experiments and found that
increased plant richness enhances soil microbial diversity, biomass, and functions. Plant diversity effects
on microbial functions shifted from negative in young stands to positive in old stands, indicating that long-
term plant diversity benefits microbial functionality. The dual challenges of climate change and biodiversity
loss further undermine ecosystem services. Our findings underscore the importance of long-term plant di-
versity management to sustain soil health and mitigate climate change under the ongoing biodiversity
crisis.

INTRODUCTION versity of microhabitats created by litter, microclimatic conditions,

and rhizodeposition, which is expected to promote soil microbial

Multiple ecosystem processes, such as decomposition, patho-
genesis, mycorrhizal interactions, and nutrient cycling, link plant
and soil communities. However, how and why an increase in the
number of plant species contributes to the diversity, biomass,
and functions of the soil microbiome is far less clear.” Plant diver-
sity generates soil niches and opportunities, including a greater di-

4')

diversity' ™ and functions.” However, there is no consensus in pre-
vious surveys because the association between plant diversity
and soil microbiome is either obfuscated or modified.”” The intri-
cacy of this relationship is attributed to the following mechanisms.

First, insufficient control of covariate factors may mask
the link between plant diversity and the soil microbiome.
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Figure 1. Global experiments showing plant diversity effects on microbial diversity, biomass, and functions

(A) Distribution of plant diversity manipulation experiments used in this study.

(B) Plant diversity effects on microbial diversity, biomass, and functions. The plant diversity effects (%) are quantified as the percentage of changes in mixtures
compared to the corresponding mean value for constituent monocultures, estimating with optimal multivariate linear mixed models considering plant richness,
experimental duration, and environmental variables (the optimal models are shown in Table S4). Error bars represent the 95% confidence intervals. The numbers
in parentheses are the corresponding number of observations. MAP, mean annual precipitation; MAT, mean annual temperature; aridity index, ratio of MAP to

mean annual reference evapotranspiration.

Biodiversity researchers have predominantly focused on
investigating this link across geographic and successional
gradients. However, research of this nature, which does not
systematically exclude covariate factors, may struggle to
establish a causal relationship between plant diversity and
the soil microbiome.® For example, Prober et al.® observed
no significant relationship between microbial and plant diver-
sity across geographic gradients due to environmental factors
influencing both patterns of plant and microbial diversity.
Additionally, converting from highly diverse natural forest eco-
systems to uniform agricultural monocultures positively influ-
ences microbial diversity, attributed to the increase in soil
pH."° Hence, a comprehensive quantification of plant diversity
manipulation experiments, excluding covariates, can elucidate
the intrinsically positive relationships between plant diversity
and the diversity, biomass, and functions of the soil
microbiome.

Second, uncertainties about the contribution of plant diver-
sity to microbial diversity and functions are associated with
the lack of consideration of the time required to support such
interactions. Macroecological theory indicates that plant diver-
sity has positive and time-dependent effects on biomass pro-
ductivity, soil carbon, and nutrient cycling through cumulative
complementary effects (interspecific niche partitioning or pro-
motion) and reduced functional redundancy.?>'" Therefore,
plant diversity may play a crucial, yet not fully understood,
role in shaping the long-term trajectories of microbial diversity,
biomass, and functions.'?'® If the soil microbiome adheres to
macroecological theories, then the cumulative complementary
effects and the accumulation of diverse soil mutualists may
contribute to positive plant diversity effects over time.'*'°
However, the temporal patterns of soil microbial diversity,
biomass, and functions in response to plant diversity remain
unknown due to the functional redundancy and rapid recovery
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of the soil microbiome,?*'"'® which significantly constrains our

ability to develop effective long-term policy plans for biodiver-
sity conservation.

Third, the environmental role in shaping the link between plant
diversity and microbial diversity, biomass, and functions is also a
crucial contributor. In macroecology, the environmental impacts
on the positive effects of plant diversity are well established. '®-?°
For example, the positive effects of plant diversity on productiv-
ity are more pronounced in stressful environments, where bene-
ficial species interactions occur more frequently.?"?? This envi-
ronmental dependence might be more pronounced for the soil
microbiome because of its higher sensitivity to environmental
change than other macro-organisms.'%' However, how envi-
ronmental variables govern the association between plant diver-
sity and microbial diversity, biomass, and functions remains
unclear.

Here, we assembled a global dataset (Figures 1A and ST,
Text S1, and Data S1) from field plant diversity manipulation
experiments (excluding covariate factors), including 2,117
observations (295 publications), to investigate the influences
of plant diversity (estimated with richness) on the diversity
(estimated with richness), biomass, and functions of the soil mi-
crobiome across the globe.?**° Our survey encompassed wide
ranges of geoclimatic patterns (mean annual temperature [MAT]
ranged from —2.6 to 28 °C, mean annual precipitation [MAP]
ranged from 118.4 to 4,000 mm, 1,001 observations for forests,
and 1,116 observations for grasslands). We focused on microbi-
al diversity, biomass, and multiple microbial functions, including
soil respiration, carbon decomposition enzymes, and nutrient
cycling processes, as these functions are chiefly orchestrated
by microbes and have substantial significance in terrestrial eco-
systems (Table S1). Our findings reveal that increased plant
diversity consistently has positive effects on soil microbial diver-
sity, biomass, and functions in field experiments where covariate
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Figure 2. The experimental duration-dependent plant diversity effects on microbial diversity, biomass, and functions

(A) Experimental duration-dependent relationship between plant diversity effect on microbial richness and plant richness (conditional R? = 0.10).

(B) Experimental duration-dependent relationship between plant diversity effect on microbial biomass and plant richness (conditional R?=0.15).

(C) Experimental duration-dependent relationship between plant diversity effects on microbial function and plant richness (conditional R? = 0.32). The plant
diversity effects (%) are quantified as the percentage of changes in mixtures compared to the corresponding mean value for constituent monocultures, estimating
with optimal multivariate linear mixed models considering plant richness, experimental duration, and environmental variables (the optimal models are shown in
Table S4). The p value reflects the outcome of the optimal multivariate mixed-effects model, with effects considered significant when p < 0.05. Black and colored
lines represent the mean and experimental duration-specific responses, respectively, with 95% confidence intervals indicated by shading.

factors are excluded. Notably, these positive effects intensified
over time, driven by reduced functional redundancy and cumula-
tive complementary effects, in line with macroecological theory.
Furthermore, environmental variables significantly influence the
relationship between plant diversity and soil microbiomes, high-
lighting the context-dependent nature of these interactions.
These findings suggest that promoting plant diversity over the
long term can enhance soil health by fostering a richer and
more functional microbial community, which has important im-
plications for improving ecosystem resilience amid climate
change and biodiversity loss.

RESULTS

Our study provides evidence that plant diversity (estimated with
richness) plays a crucial role in explaining microbial diversity
(estimated with richness), biomass, and functions over time.
Specifically, plant diversity had an overall significant positive ef-
fect on microbial diversity (p = 0.012; Figure 1B). Michaelis-
Menten, logarithmic, linear, power, and exponential regression
models were applied to fit the correlations between plant diver-
sity effects on microbial richness and plant richness. Among
these, the logarithmic function was identified as the optimal
model across all experiments (Table S2) as well as in individual
experiments (Table S3). Therefore, the positive effect of plant di-
versity on microbial diversity exhibited a gradual saturation as
plant richness increased (p = 0.002; Figures 2A, S2, and S3A).
However, experimental duration did not influence the positive
diversity effect on microbial diversity (p = 0.996; Figures 2A
and S2; Table S4).

We then investigated the effects of plant diversity on microbial
biomass and key microbial functions, including soil respiration,
carbon decomposition enzymes, and nutrient cycling processes
(Table S1). Plant diversity significantly increased microbial
biomass (p = 0.033) but did not significantly affect microbial func-
tions (o = 0.173; Figure 1B). In addition, individual functions of mi-

crobes, such as soil respiration (significant increase, p < 0.001),
carbon decomposition enzymes (insignificant increase, p =
0.271), and nutrient cycling processes (insignificant decrease,
p =0.089) showed inconsistent responses (Figure 1B). The optimal
model fitting the relationship between plant richness and microbial
functions was a logarithmic function, consistent across all exper-
iments (Table S2) and individual experiments (Table S3). As plant
diversity increases, its effects on microbial functions gradually
saturate (Figure S3C), indicating functional redundancy in the rela-
tionship between plant diversity and microbial functions.

The multivariate linear mixed-effects model showed a
significant interaction between plant richness and experimental
duration in plant diversity effects on both microbial biomass
and microbial functions (p < 0.001; Figures 2, S4, and S5;
Table S4). Specifically, plant diversity effects on microbial func-
tions shifted from negative in younger stands to positive in
older stands. In addition, using the fitted multivariate linear
mixed-effects model, we predicted the changes in microbial
biomass and functions under future scenarios of plant richness
loss. The results indicated that global plant richness loss-
induced decreases in microbial biomass and functions were
amplified by time (Figure S6).

Plant diversity effects on microbial richness, biomass, and
functions were also influenced by environmental variables (Fig-
ures 3 and S7-S9; Table S5). Plant diversity effects on microbial
richness shifted from positive to negative as background soil
carbon content increased (p = 0.027), while the effects on micro-
bial biomass (p = 0.035) and functions (p = 0.047) showed oppo-
site patterns along background soil carbon content (Figure 3;
Table S5). Plant diversity effects on microbial functions
(p = 0.024) and soil respiration (p = 0.001) significantly decreased
as MAT increased (Figure 3). These results suggest that plant di-
versity effects on microbial richness were stronger in carbon-
poor soils, while plant diversity effects on microbial functions
were stronger in colder, carbon-rich habitats. However, neither
the Food and Agriculture Organization of the United Nations
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Figure 3. Environmental context drives the influence of plant diversity on microbial diversity, biomass, and functions
The shading is the 95% confidence intervals of corresponding regression; the point sizes represent the relative weights of corresponding observations. Only
some of the crucial scatterplots are shown here. The p value reflects the outcome of the univariate linear mixed-effects model, with effects considered significant

when p < 0.05.

Aridity index, ratio of MAP to mean annual reference evapotranspiration; 8, coefficients of univariate linear mixed models between the response ratios of microbial
attributes and climatic factors; MAP, mean annual precipitation; MAT, mean annual temperature; RR, response ratio; "‘p < 0.1; *p < 0.05; **p < 0.01; **p < 0.001.

(FAO) soil classification nor soil texture classification significantly
affected the plant diversity effects (Figure S7). Moreover, plant
mixtures containing nitrogen-fixing species promoted the posi-
tive effects of plant diversity on microbial richness and biomass
(Figures S8A, S8C, and S8E). In addition, a stronger positive
plant diversity effect was found in mixtures containing only
arbuscular mycorrhizal fungi-associated species compared to
mixtures containing either only ectomycorrhizal fungi-associ-
ated species or a combination of arbuscular and ectomycorrhizal
fungi-associated species (Figures S8B, S8D, and S8F). Addition-
ally, although plant diversity influenced microbial functions
similarly in both forests and grasslands (p > 0.05), the effects
on microbial richness and biomass varied between these two
ecosystems (Figure S9).

Finally, we explored whether plant diversity-induced changes
in microbial richness paralleled changes in microbial functions. A
significant positive correlation between changes in microbial
richness and functions was not found (p = 0.121; Figure S10A).
However, the multivariate analysis showed a significant interac-
tive effect between microbial richness and experimental duration
on microbial functions (p = 0.035). Specifically, the relationship
between changes in microbial richness and functions shifted
from negative in short-term experiments to positive in long-
term experiments (Figure 4A). In contrast to microbial richness,
the response of microbial biomass to plant diversity paralleled
the response of microbial functions to plant diversity in both
multivariate (o < 0.001; Figure 4B) and univariate analyses
(p < 0.001; Figure S10B). These results indicated a more domi-
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nant role of microbial biomass than diversity in supporting micro-
bial functions.

DISCUSSION

Understanding the relationships between plant diversity and
microbial diversity, biomass, and functions is crucial for preser-
ving ecosystem sustainability and services in the face of future
biodiversity loss.?®® Our global study offers empirical evidence
that demonstrates the pivotal role of plant diversity in shaping the
long-term trajectories of microbial diversity, biomass, and func-
tions. The dual challenges of ongoing climate change and biodi-
versity loss may negatively impact the ecosystem services
offered by microbes owing to climate- and resource-dependent
plant diversity effects. These findings highlight the importance of
continuous long-term biodiversity-ecosystem research and pro-
active plant diversity management in global afforestation and
grassland restoration initiatives.

Plant diversity supports soil microbial diversity

Global field plant diversity manipulation experiments evidenced
a positive coupling between plant diversity and microbial diver-
sity (Figures 2A and S3A). First, most soil microbial species are
heterotrophs, relying on plant-derived residues.* Highly diverse
plant communities increase the diversity, quantity, and quality of
above- and below-ground substrates entering soils and thus
stimulate microbial diversity by increasing the diversity of
both above- and below-ground food webs (“bottom-up” and
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“top-down” effects).?*** Second, many bacteria, fungi, and
phytopathogenic organisms have coevolved with plant species
and exhibit high host specificity.'>*>*® Rhizosphere micro-
biomes associated with mutualistic, competitive, and parasitic
interactions are unique to each plant species, which promotes
microbial diversity.**=" Third, plant diversity strengthens the
vertical distribution of roots (niche complementation), which
supports greater microbial diversity by creating more complex
and varied habitats associated with diverse root morphology,
biochemistry, and exudates.®® A logarithmic functional redun-
dancy relationship between microbial richness and plant
richness further indicates that as the number of plant species in-
creases, the additional capacity of plant diversity to generate
new niches and litter combinations diminishes.*®*° Moreover,
such a decelerating relationship probably explains the weak or
decoupled microbial and plant diversity relationship in diverse
natural ecosystems, where covarying factors (or residually high
plant diversity) limit such a positive association.

A greater positive plant diversity effect on microbial diversity
was found in soils with lower carbon contents, while an insignif-
icant or even negative one was found in carbon-rich soils (Fig-
ure 3). This relationship is explained by the species-energy
hypothesis, which posits a unimodal relationship between
energy and diversity. In soils, carbon serves as the primary
energy source for nearly all soil microbial species.*'™** There-
fore, low soil carbon content promotes positive species interac-
tions, whereas high soil carbon content leads to competition
exclusion.***> Positive plant diversity effects on soil carbon in-
crease positive species interactions in carbon-limited soils but
result in competitive exclusion in carbon-rich soils. The positive
effect of plant diversity on microbial diversity would be enhanced
if the nitrogen-fixing species were introduced into the mixtures
(Figure S8A). Plant richness-induced rapid turnover of the soil
microbiome increases nitrogen demand, and the convergent
soil carbon-to-nitrogen ratio has been shown to support high mi-
crobial diversity.“® Therefore, introducing nitrogen-fixing species
could amplify the positive effects of plant diversity on microbial
diversity by enhancing soil nitrogen availability. Moreover, plant
mixtures containing only arbuscular mycorrhizal fungi-associ-
ated species exhibited the greatest positive plant diversity
effects, because ectomycorrhizal fungi can suppress the growth
of other microbes through competition for organic nutrients,

0.0 0.5 1.0 intervals indicated by shading.

RR of microbial biomass

whereas arbuscular mycorrhizal fungi tend to nurture and enrich
diverse microbial communities that play key roles in decomposi-
tion and nutrient utilization processes (Figure S8B).*"*8

Plant diversity supports more microbial functions

over time

Positive plant diversity effects on microbial functions was ampli-
fied by experimental duration (Figures 2C and S2). Negative
plant diversity effects on microbial functions in short-term exper-
iments (Figure 2C) and the increased slope of the responses of
the microbial biomass-functions relationship with an increase
in experimental duration (Figure 4B) suggest that microbes
may prioritize competition over functional investment in the short
time in response to plant diversity.*® Plant diversity effects on
plant productivity grow stronger as species gain increasing op-
portunities to optimize their use of resources over time, > which
enhances microbial resource availability and, in turn, stimulates
microbial functions. The dilution of pathogenic soil biota and an
increase in plant-mutualistic soil biota over time in diverse plant
communities reduce the strength of negative feedback and
probably promote microbial functions over time.'®*° Moreover,
the positive effects of microbial diversity on microbial functions
in long-term experiments (as discussed below) may also
contribute to such a phenomenon. Overall, these findings under-
score the importance of the synergy between plant and microbial
diversity in sustaining ecosystem functions over time.

Plant diversity effects on microbial functions significantly
decreased with increasing MAT (Figure 3), which aligns with
the climatic pattern of the plant diversity-function relationship;
that is, plant productivity complementarity is more important in
lower MAT environments, possibly because positive species in-
teractions are more common in colder environments.”"?> Such
consistent climate patterns further support that plant diversity
may drive microbial functions indirectly by regulating plant pro-
ductivity. In addition, background soil carbon content, being
rich in lower MAT environments, could amplify positive plant di-
versity effects on microbial functions (Figure 3). Plant diversity-
induced increases in carbon inputs stimulate microbial diversity
rather than enhance microbial functions in carbon-limited soils
on a short-term scale, while plant diversity-induced increases
in soil carbon accumulation promote microbial functions on
a long-term scale.®’®' These findings suggest that ongoing
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climate warming and its induced soil carbon loss could constrain
positive plant diversity effects on microbial functions. The dual
challenges of ongoing climate change and biodiversity loss
pose significant threats to ecosystem services, necessitating
urgent measures to bolster long-term biodiversity conservation
policies and mitigate the sustained pressure on these essential
services.

Negative to positive shifts in microbial diversity-
function associations

Microbial functions rely on long-term resource accumulation in
plant mixture stands, while microbial richness responds to plant
diversity without time dependence, which results in a decoupled
microbial diversity-function relationship (Figure S10A). However,
the linear relationship between changes in microbial diversity
and changes in microbial functions shifted from negative in
short-term experiments to positive in long-term experiments
(Figure 4A). Such a pattern is in agreement with life history the-
ory®?; that is, negative diversity-function relationships in younger
stands are expected because early stands are dominated by
fast-growing, resource-acquiring, and productive species
(r-strategy microbes with high metabolic activity; similar to the
“fast” economic strategy), while positive diversity-function rela-
tionships in older stands are expected because such stands are
dominated by slow-growing species (K-strategy microbes with
low growth rate; similar to the “slow” economic strategy) char-
acterized by the abilities to slowly build large resource acquisi-
tion networks and to persist in the face of high resource
competition.>? ™"

Microbial biomass increases not only became strongly pro-
nounced in long-term experiments with increasing plant diversity
(Figure 2B) but they also showed a more positive response to
plant diversity in soils with greater background soil carbon con-
tent (Figure 3), consistent with the significant positive correlation
between the response of microbial biomass and the response of
microbial functions (Figure S10B). These findings imply that mi-
crobial biomass may be a key factor in regulating microbial func-
tions in response to plant diversity.>® Despite the fact that the
current dataset cannot explore the direct and indirect pathways
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of plant diversity effects on microbial functions due to the limita-
tions in paired data, the slope of the microbial biomass-microbial
functions relationship increased with increases in experimental
duration (Figure 4B), further highlighting the importance of plant
diversity effects on microbial functions at a long-term scale.

Limitations of the study

Our study offers valuable insights into the global relationship be-
tween plant diversity and soil microbial diversity, biomass, and
functions. However, several limitations should be acknowl-
edged. First, as a global data synthesis, our analysis may not fully
capture the underlying mechanisms driving the time-dependent
relationships between plant and microbial communities.'®?*
Second, the lack of raw sequencing data in most studies limits
our ability to perform detailed microbial community analyses.
The availability of such data is essential for gaining a deeper un-
derstanding of the contributions of keystone microbial taxa and
their functions to time-dependent relationships. Finally, despite
the breadth of our dataset, we identified a lack of long-term field
experiments involving higher plant diversity. Only 34% of the
studies included more than two species in their mixtures, and
30% spanned more than 15 years. Future research should prior-
itize long-term field experiments with greater plant diversity,
incorporating repeated observations and measurements, to
confirm the proposed patterns and explore the mechanisms
behind the relationships.”*

Conclusions

Overall, our results, derived from a comprehensive analysis of
the most extensive plant diversity manipulation experiments to
date in natural ecosystems, demonstrate that plant diversity
plays a pivotal role in supporting the long-term development
of soil microbial diversity, biomass, and functions globally
(Figure 5). Despite certain limitations, our work extends beyond
existing knowledge and reveals the important role of plant diver-
sity and its parallel influence on soil microbiomes in supporting
ecosystem functions. Our research not only advances under-
standing by providing a macroecological framework for the
mechanisms governing soil microbial systems®°°°" put it also
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lays the groundwork for future studies on the ecological conse-
quences of temporal dynamics of plant diversity, particularly un-
der ongoing climate change. Consequently, we emphasize the
necessity of synergistic conservation strategies for both plant
and soil microbial diversity, which are crucial for maintaining
ecosystem functional stability in the face of impending climate
change and biodiversity loss.®?

EXPERIMENTAL PROCEDURES

Methods

Data collection

We systematically searched peer-reviewed publications that evaluated the re-
sponses of microbial diversity, biomass, and functions to plant diversity up to
April 2024 by searching the Web of Science (Core Collection; http://www.
webofknowledge.com), Google Scholar (http://scholar.google.com), and the
China National Knowledge Infrastructure (https://www.cnki.net). The key
words used were (“species diversity” OR “tree diversity” OR “mix tree” OR
“mixture” OR “mixing”, “plant richness”) AND (“microbe” OR “microbial com-
munity” OR “respiration” OR “enzyme” OR “microbial diversity” OR “soil
function” OR “soil property” OR “carbon” OR “nitrogen” OR “phosphorus”
OR “OTUs”) AND (“soil”). To ensure comprehensive coverage, we also manu-
ally examined the references of pertinent studies to identify additional perti-
nent publications. The following criteria were established for publication
selection: (1) the field plant diversity manipulation experiments must be per-
formed in the natural ecosystem, excluding agricultural settings to avoid the
confounding effects of human management; (2) at least one plant diversity
treatment, along with all corresponding monocultures, had to be reported;
(3) no additional forcing factors (e.g., nitrogen addition, warming) are applied
together with plant diversity treatments; and (4) microbial diversity had to be
measured by high-throughput sequencing techniques, including the data
from lllumina, 454, and ABI platforms. When a study reported plant diversity
data for different sites or plant species, we treated the results as separate
observations. Similarly, when a study reported experimental data for different
durations, plant richness levels, or soil layers, we treated them as separate
observations. The final dataset included 2,117 observations from 295 papers
(Figures 1A and S1; Text S1; Data S1).

Since species richness was the unique indicator for plant diversity in most
plant diversity experiments, microbial diversity indicators dependent on com-
munity structure were excluded from the current dataset to better correlate
plant and microbial diversity. Therefore, microbial richness, operational taxo-
nomic units (OTUs), Chao 1, and Abundance-based Coverage Estimator (ACE)
indices were recorded. To deepen our understanding of microbial commu-
nities, we assessed the availability of original sequencing data across all
studies in our dataset. However, most published studies either do not submit
raw sequences to open-access databases or only submit representative
sequences. In addition, in cases where raw reads are submitted, they often
lack detailed sample-specific information, include only partial datasets, or
are made available later. We obtained raw reads from only 7 out of the 295
papers (6 for the fungal community and 3 for the bacterial community). Conse-
quently, we did not analyze the raw sequencing data due to the small sample
size. In addition, three types of microbial functions, including soil respiration,
carbon decomposition enzymes, and nutrient cycling processes, were
recorded to calculate the microbial function, referring to previous experimental
and meta-analysis studies.'*** Details of the microbial attributes are shown
in Table S1.

We also collected several associated data, including plant richness, exper-
imental duration, stand structure, latitude, longitude, ecosystem types, MAT,
MAP, aridity index (the ratio of MAP to mean annual reference evapotranspira-
tion), plot size, and soil types (FAO classification and soil texture classification),
from original/cited papers or cited data sources. Referring to previous
studies,®>®” the basal area or stem density of forests and the coverage or
seed-sowing density of grasslands were used to calculate the species density
(p) in the mixture. We also documented the species composition of each
mixture and classified the plant mixtures according to nitrogen-fixing and
mycorrhizal association types.®® The missing MAT and MAP were obtained
from the WorldClim version 2 dataset (http://www.worldclim.org/), while the

¢ CellP’ress

missing aridity index was obtained from the Global Potential Evapotranspira-
tion and Aridity Database. In addition, we used the weighted averages of soil
carbon content from monocultures in each observation as the background
resource index.

Data analysis

The natural logarithm-transformed response ratio (RR) was used to assess the
responses of the diversity, biomass, and functions of the soil microbiome to

plant diversity as:
RR = In <ﬁ>
Xe

where x; and x. are the observed value in a mixture and the expected value in
the corresponding mixture, respectively. The x. was calculated based on
weighted values of the component species in monocultures as follows:

Xe = Z(Pf *m;),

(Equation 1)

(Equation 2)

where m; is the observed value in a specific monoculture with species i and p;
is the proportion of the density of species i in the corresponding mixture.®®

Equation 2 was also used to calculate the background soil carbon. If a
study reported multiple richness levels and experimental years in mixtures,
the x; and x. of each richness level and experimental year were calculated
separately as an individual observation. We first calculated the individual
RRs of microbial richness, OTUs, Chao 1, and ACE, and then integrated
them into the overall RR of microbial diversity with a random-effects model
for each observation.'® Multiple microbial functions were also integrated as
the overall RR of microbial function using a random-effects model. Referring
to previous studies,®>®® the weighting (W) for the corresponding RR was
calculated as:

_ Nc «N;
~ Nc+N;’

(Equation 3)

where N, and N; are the number of replications in monocultures and corre-
sponding mixtures, respectively.

To better investigate the shapes of plant diversity effects on microbial attri-
butes, multiple mathematical functions (Michaelis-Menten, logarithmic, linear,
power, and exponential) were used to fit univariate mixed effects models
(“study” is the random effect) between the RR of microbial attributes and plant
richness. The candidate’s five mathematical functions are crucial for assessing
diversity effects and their functional redundancy, as they hold significant
ecological implications.”” The Michaelis-Menten function suggests a satu-
rating relationship; that is, the diversity effect becomes fully redundant.® The
logarithmic function suggests that diversity effects decelerate without satu-
rating as the increasing plant richness. A linear relationship implies that each
plant has a proportional effect. The exponential relationship suggests that a
tremendous positive diversity effect exists with increasing richness. However,
the shape of power function is not consistent; it depends on the specific situ-
ation and can represent redundancy or no redundancy. To improve the accu-
racy of model selection, we utilized the log likelihood, Akaike information crite-
rion (AIC), Bayesian information criterion (BIC), and root-mean-square error
(RMSE) as joint metrics. Our results demonstrate that in all experiments, the
AIC, BIC, and RMSE for the logarithmic function are consistently lower than
those for other functions, indicating a better fit (Table S2). Similarly, this pattern
held when evaluating individual experiments (Table S3).

Next, linear versus logarithmic experimental durations were also tested in
the mixed-effects models, and the latter consistently showed lower AIC,
BIC, and RMSE (Table S2). Therefore, for the consistency of the models, log-
arithmic plant richness and experimental duration were used in linear mixed-
effects models. To account for potential confounding factors, we initially
constructed a full model that included all relevant environmental variables
alongside plant richness and experimental duration, including MAT, MAP,
aridity index, ecosystem type (forests vs. grasslands), soil types (FAO soil clas-
sification and soil texture classification), soil carbon, and plant types (nitrogen-
fixing and mycorrhizal-associated types). We excluded interactions between
environmental variables and both plant richness and experimental duration
from the full model. This decision was based on two considerations. The first
consideration was that significant interactions were not evident when we
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tested these variables individually in a one-by-one interaction model (Data S2),
as in the following equation:

RR = Bo+B1:In (R)+B5:In (D) +B3-E +B4-In (R) XIn (D) +Bs-In (R)
X E+Bg:In (D) X E+p7-In (R) X In (D) X E + metuay + €
(Equation 4)

where In(R) and In(D) are logarithmic plant richness and experimental dura-
tion, E is environmental variables, coefficient §; represents the effect of the
ith predictor, msuqy represents the random effect of “study,” and e repre-
sents sampling error. To conveniently compare the parameters of different
predictors, the predictors in Equation 4 were scaled (minus mean and
divided by 1 SD). The second consideration was that the full model
included too many predictors that far exceeded the total number of studies
in our analysis.

Despite these simplifications, we observed notable collinearity among the
environmental factors (Table S6). Finally, we introduced environmental vari-
ables sequentially into the model to examine the parsimonious models
(Data S2). These analyses were conducted using restricted maximum likeli-
hood estimation in the “Ime4” and “ImerTest” packages.”"*’> Model selection
for the most parsimonious model (i.e., the model with the lowest AIC) was
accomplished by using the “dredge” function of the “MuMIn” package, while
the premise of selecting the model is to retain logarithmic plant richness and
experimental duration as they were related to the main goal of our study.
The details of the parsimonious models are shown in Table S4.

All terms associated with environmental variables were excluded in the
most parsimonious models. Similar to previous studies,®® to further assess
the impact of these environmental variables, we restructured the model to
include these variables as singly fixed factors, while “study” was a random
factor. The By is the overall mean RR when the predictors are at their
mean values.”® If the 95% confidence interval for an overall mean RR over-
lapped with zero, the plant diversity effect was considered insignificant
(a = 0.05). To better quantify the plant diversity effect, the RRs were con-
verted into percentage changes (Apercentage ):

Apercentage = (€™ — 1) x 100%. (Equation 5)

We also tested the interexperimental differences in the temporal relation-
ships between RRs of microbial attributes and plant richness, at which exper-
iments have at least three levels of experiment duration and plant richness
(Figures S4 and S5). We used the “effects”’* and “ggplot2”’® packages to pre-
dict and visualize the mixed linear model to better illustrate our results. Despite
that the experimental duration of the current dataset spanned the widest range
(up to 130 years), a relatively small percentage (less than 8%) of observations
extended beyond 40 years, and most of these observations only included two
species mixtures. Therefore, when the interaction was present, we set the
experimental duration as six determining factors (1, 5, mean stage age of
the dataset, 15, 20, and 40 years) to visualize intuitively. Additionally, we pre-
dicted the loss of microbial biomass and function under different scenarios of
global plant richness loss using the below function:

Py = (Re/Ry)" 1) (Eqaution 6)
where Py represents the proportion of remaining microbial biomass and func-
tion after an x% loss of plant richness over time D. R, and Ry denote the initial
and reduced levels of plant richness, respectively. The parameters 81 and g3,
which influence the rate of change in microbial attributes as plant richness
varies, are elaborated in Table S4. Our analysis of the response of microbial
attributes to plant mixtures, across varying plot sizes, yielded non-significant
results: microbial richness (p = 0.451), microbial function (p = 0.577), and mi-
crobial biomass (p = 0.872). All statistical analyses were performed in R
(version 4.0.2; Data S3).7°
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Resumo

O artigo analisa aspectos relacionados aos
problemas ambientais globais: mudanca
climatica e perda da biodiversidade no
contexto do desmatamento e da sadde
na Amazonia brasileira. Ressaltamos que
a Amazonia é o epicentro da crise da
biodiversidade e que o encerramento do
desmatamento ¢ necessario para diminuir
as emissoes brasileiras de gases de efeito
estufa. Com o0s objetivos propostos,
fundamentamos nossa analise no debate
recente sobre a questdo. O Sistema Unico
de Sadde (SUS) foi problematizado no
ampliar
diante dos novos desafios para enfrentar

sentido de suas abordagens
as demandas ambientais para a saude
humana considerando as especificidades
regionais: o fator amazonico, a diversidade
étnica, caracteristicas do territorio, regides
de saide e novas abordagens. Concluimos
sinalizando para o encerramento do
desmatamentona Amazoniaeapromulgacio

de um novo modelo de desenvolvimento

Abstract

This article analyzes aspects related to
global environmental problems: climate
change and loss of biodiversity in the
context of deforestation and health in the
Brazilian Amazon. We emphasize that the
Amazon is the epicenter of the biodiversity
crisis and that the end of deforestation is
necessary to reduce Brazilian emissions
of greenhouse gases. With the proposed
objectives, we base our analysis on the
recent debates on the issue. The Unified
Health System (SUS) was discussed in
order to broaden its approaches in the face
of new challenges to face environmental
demands for human health considering
regional singularities: the Amazonian
ethnic  diversity,
of the territory, health regions and new

factor, characteristics
approaches. We concluded by signaling
the necessity to end deforestation in the
Amazon and the enactment of a new
pattern of bioeconomic development,
reconciling with the resources of the forest

bioeconémico, conciliando com os recursos  biodiversity and ancestral knowledge
da biodiversidade da floresta e os saberes  favoring local populations.

ancestrais favorecendo as populacoes locais.

Palavra-chave Keywords

Mudanca  Climatica.  Biodiversidade.  Climate change. Biodiversity.

Desmatamento. Satide. Amazonia. SUS.
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INTRODUGCAO

E inquestionavel a relagio saide e ambiente. A relacio sociedade-natureza
determina o padrio de exploracao dos recursos naturais e o padrao de consumo da
sociedade, determinando satde, qualidade de vida e bem-estar, ou determinando
escassez, desigualdade e doengas (COUTO, 2018).

As atividades antrépicas degradam os ecossistemas e desestruturam as
bases ecologicas do planeta. Os seres humanos dependem essencialmente dos
ecossistemas e dos recursos naturais, bens e servicos que eles podem fornecer:
alimentos, 4dgua limpa, controle de doengas, regulagio do clima, satisfacao
espiritual e estética. Os ecossistemas s20 a base da vida e sdo responsaveis pela
seguranca alimentar, hidrica e climatica do planeta. A saude humana depende da
saude ambiental (MILLENNIUM ECOSYSTEM ASSESSMENT, 2005).

A Amazonia, por ser uma regido megabiodiversa, é submetida a exploracao
predatoria de seus recursos naturais e estd implicada com os problemas ambientais
globais: mudanga climatica e perda da biodiversidade, assim como os impactos
na saude da populagdo humana decorrentes de projetos de desenvolvimento
(hidrelétrica, agricultura, mineracdo e ferrovias, rodovias e portos), os quais
pressionam o Sistema Unico de Saude (SUS) que, na maioria das vezes, nio
consegue atender adequadamente essas demandas (COUTO, 2019).

O objetivo deste trabalho é problematizar alguns aspectos relacionados
aos problemas ambientais globais: mudanca climatica e perda da biodiversidade

no contexto do desmatamento e da saude na Amazonia brasileira.
1 PROBLEMAS AMBIENTAIS GLOBAIS

A Organizagio das Na¢oes Unidas (ONU) alerta que o planeta se dirige
para o colapso climatico, sanitdrio ¢ social. Ela ressalta que ainda ha tempo de reverter
esse quadro, reduzindo as emissdes de gases de efeito estufa que provocam as
mudangas climaticas, diminuindo os niveis de consumo e protegendo a agua ¢ a
biodiversidade. O estilo de vida com base no consumo de combustiveis fosseis
(gas, petrdleo, carvao) levou a humanidade para o maior desafio global, que sao
as mudancas climaticas (ARANDA, 2019).

E consenso que a queima de combustiveis fésseis (gas, petrdleo e carvio)
contribuam para o aquecimento do planeta, assim como o desmatamento das
florestas tropicais. Essas atividades liberam gases de efeito estufa: dioxido de
carbono (CO,), metano (CH,), 6xido nitroso (N,O) e outros (ORGANIZACAO
MUNDIAL DA SAUDE, 2009).
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Em 2015, foi realizada em Paris a 21* Conferéncia das Nacdes Unidas
sobre as Mudancas Climaticas (COP21), com o objetivo de celebrar um novo
acordo sobre o clima que respondesse globalmente a ameaca da mudanca
climatica, além de reforcar a capacidade dos paises para lidar com os efeitos desse
problema. O acordo foi aprovado por 195 paises representados na conferéncia
(BRASIL, 2015).

Assim, o Acordo de Paris enfatiza a necessidade de ““|...] manter o aumento
da temperatura média global a menos de 2°C acima dos niveis industriais e
promover esforcos para limitar o aumento da temperatura a 1,5°C acima dos
niveis pré-industriais” (ONU, 2015, p. 2).

O Brasil, presente na conferéncia, referendou o Acordo de Paris e se
comprometeu em reduzir suas emissdes de gases de efeito estufa em: 37% abaixo
dos niveis de 2005, em 2025; e em 43% abaixo de 2005, em 2030. O pafs também
se comprometeu em restaurar 12 milhoes de hectares de florestas até 2030, além
de alcancar 45% de energias renovaveis na composicao da matriz energética em
2030, entre outros compromissos assumidos (BRASIL, 2015).

O ultimo relatério do Painel Intergovernamental sobre Mudancas
Climaticas (IPCC, sigla em inglés), 6rgao ligado a Organizagao das Na¢oes Unidas
(ONU), analisa as perspectivas de limitar o aquecimento global em até 1,5°C em
relagdo ao periodo pré-industrial e indica que sao necessarias mudancas urgentes
na forma como usamos a terra, COMO geramos energia, COMO N0S MOVEMOs,

como produzimos e moramos (IPCC, 2018).

De acordo com o IPCC, se a emissdo de gases de efeito estufa continuar
a subir na taxa atual, o mundo estara 1,5°C mais quente entre 2030 e
2052, em compatragio a temperatura registrada antes da Revolugao
Industrial. Esse aumento de temperatura ¢ suficiente para baguncar o
sistema climdtico global e provocar efeitos petigosos, como tempestades
mais fortes e mais frequentes, perfodos mais longos ¢ mais intensos de
seca, mais derretimento do gelo nos polos, entre outros (IPAM, 2018,
nao paginado).

Nesse contexto, o IPAM ressalta que as florestas atualmente removem
cerca de ¥4 de CO2 que os humanos adicionam a atmosfera, o que impede que as
mudangas climéticas piorem ainda mais, além de fornecer servicos ecossistémicos
essenciais para o bem-estar do planeta. O Brasil pode contribuir para mitigar as
mudangas climéticas reduzindo o desmatamento da Amazénia (IPAM, 2018).

Alguns autores ressaltam que o desmatamento interfere no clima,

compromete a biodiversidade e o ciclo das dguas. Além disso, ele contribui para
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aprofundar os problemas sociais e n3o impacta positivamente o desenvolvimento
economico (FEARNSIDE, 2006; REIS; BORTOLOTTO; LOPES; BRAGA,
2017; MOURA et al., 2017)

Lovejoy e Nobre (2018, p. 1) alertam que o sistema amazonico esta prestes
a atingir um ponto de inflexio: “[...] We believe that negative synergies between
deforestation, climate change, and widespread use of fire indicate a tipping point
for the Amazon system to flip to non-forest ecosystems in eastern, southern and
central Amazonia at 20-25% deforestation”".

De acordo com Nobre (2018) apud Alisson (2018, nao paginado), “|...]
Apesar de ndo sabermos o ponto de inflexdo exato, estimamos que a Amazonia
ja tem 20% de area desmatada, equivalente a 1 milhdo km2, ainda que 15% dessa
area (150 mil km?2) esteja em recuperagio”. A fim de evitar que a Amazoénia atinja
um limite irreversivel, os pesquisadores sugerem a necessidade de ndo apenas
controlar o desmatamento da regido, mas também construir uma margem de
seguranca ao reduzir a area desmatada para menos de 20% (ALISSON, 2018;
LOVEJOY; NOBRE, 2018).

Nobre ressalta que é preciso zerar o desmatamento da Amazonia e o Brasil
cumprir o compromisso assumido no Acordo de Paris, em 2015, de reflorestar
12 milhdes de hectares de dreas desmatadas no pais, das quais 50 mil km? sdo
da Amazonia. Com essas medidas, em 2030 as areas totalmente desmatadas na
Amazonia estariam em torno de 16% a 17%. “Dessa forma, estarfamos no limite
mais seguro, para que o desmatamento, por si s6, ndo faca com que o bioma
atinja um ponto irreversivel” (ALISSON, 2018; LOVE]JOY; NOBRE, 2018).

Lamentavelmente, o desmatamento na Amazonia tem aumentado, como
mostraa taxa anual consolidada pelo Projeto de Monitoramento do Desmatamento
na Amazonia Legal por Satélite (PRODES), do Instituto Nacional de Pesquisas
Espaciais (INPE), que registrou, em 2018, 7.536 km?* e, em 2019, 10.129 km?
uma variacao de 34% (INPE, 2020), ver figura 1, abaixo.

A Plataforma Intergovernamental sobre Biodiversidade e Servigos
Ecossistemicos (IPBES) divulgou um sumario alertando sobre as graves ameagas
que pesam sobre a biodiversidade: um milhdo de espécies de animais e vegetais
no mundo estdo ameacadas de extin¢do. Somos um pais megabiodiverso, temos

responsabilidade de proteger nossa biodiversidade e nossos biomas (IPBES, 2019).

Tradugao nossa: “Noés acreditamos que sinergia negativa entre desmatamento, mudanga climdtica
e uso generalizado do fogo indica um novo ponto de inflexdo a partir do qual ecossistemas
na Amazoénia oriental, Sul e Central podem deixar de ser floresta, se o desmatamento alcangar
entre 20% a 25% da floresta original”.
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Figura 1 - Mapa do desmatamento na Amazonia Legal por quilémetro quadrado,
2018 a2 2019

Fonte: INPE (2020).

McGrath (1997) ressalta a importancia do paradigma da biodiversidade:

[...] No paradigma da biodiversidade a grande crise, que o mundo
enfrenta, ¢ a crescente taxa de perda de espécies, cuja principal causa ¢ a
destruicao sem precedentes de habitat natural. [...] A floresta tropical é o
ambiente mais critico, porque a perda da floresta tropical elimina o maior
nimero de espécies por unidade de area convertida. A bacia Amazonica,
a maior extensdo de floresta tropical do mundo, ¢ a regidao com a maior
taxa absoluta de desmatamento, ¢ o epicentro da crise da biodiversidade

(McGRATH, 1997, p. 36).

A sociedade humana tem se estruturado com base em um modelo de
desenvolvimento econémico que demanda um grande consumo de energia, uso
da terra e 4agua; além do que, vivemos em um periodo de grandes mudancgas
sociais, economicas e ecoldgicas, com crescimento populacional acelerado.
Alguns cientistas acreditam que estamos entrando em uma nova era geologica —
o Antropoceno. A exploragio dos recursos naturais existentes tem possibilitado
este modelo de desenvolvimento. A questdo é: com recursos naturais esgotados, o
futuro do homem sera possivel neste planeta? (GROOTEN; ALMOND, 2018).
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Constatamos que diante de tao graves problemas ambientais envolvendo o
planeta e a Amazonia, seria importante que o Brasil estivesse como protagonista
na defesa de nosso patriménio ambiental, entretanto vemos que o atual governo

tem se empenhado em desmontar a politica ambiental brasileira.
2 DETERMINANTES AMBIENTAIS DA SAUDE

A agdo antropica ¢ responsavel pela mudanca, até certo ponto irreversivel,
na diversidade da vida no planeta. A seguir, alguns indicadores da deterioracao
dos ecossistemas que podem afetar a saude da populagido: o desmatamento, a
desertificacao, o estresse hidrico, os impactos na atmosfera e qualidade do ar,
o impacto dos residuos sélidos e o saneamento. Estima-se que 24% da carga
mundial de morbidade e 23% de todas as mortes podem ser atribuidas a fatores
relacionados com o ambiente. Nos paises em desenvolvimento, a porcentagem
de mortalidade atribuivel a causas ambientais é de 25% e nos desenvolvidos é de
17% (RIOJAS-RODRIGUEZ; ROMERO-FRANCO, 2011).

O Brasil apresenta dados preocupantes sobre saneamento. Segundo o
Instituto Trata Brasil (ITB, 2017), sdo 33.274.514 pessoas (16,6%) sem acesso
a agua tratada e 95.775.598 pessoas (47,6%) sem coleta de esgoto. O Pard
apresenta 0.268.285 pessoas (93,7%) sem coleta de esgoto e 3.657.011 pessoas
(54,7%) sem acesso a agua tratada. A regido metropolitana de Belém apresenta
1.002.666 (44,6%) pessoas sem acesso a agua tratada e 2.052.604 pessoas (91,4%)
sem coleta de esgoto.

Ressaltamos que o desmatamento impacta negativamente a saude e tem
sido associado com o aumento da exposi¢ao aos vetores da febre amarela, malaria
e leishmaniose (RIOJAS-RODRIGUEZ; ROMERO-FRANCO, 2011).

Alguns autores apresentam evidéncias cientificas da associagdo entre
doencas e mudancas climaticas, sendo a malaria a doenca transmitida por vetor
mais sensivel as mudancas do clima (GITHEKO; LINOSAY; COFALONIERE;
PATZ, 2000; OMS, 2009; PATZ; CHRISTENSON, 2011; SOUZA; AMANCIO;
HACON; BARCELLOS, 2018).

Sdo intmeros os problemas de saude decorrentes dos determinantes
ambientais, por isso torna-se necessario ampliar nossa concep¢ao do processo
saude-doenca para melhor formular politicas para responder as novas demandas
por saude. Nesse sentido, problematizamos o SUS na Amaz6nia com novas

caracteristicas, preservando seus principios, mas renovando nas abordagens.
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3 O SUS AMAZONIA

O SUS na Amazonia deve ser estruturado levando em consideracao
as especificidades regionais: (a) fator amazonico; (b) diversidade étnica; (c)
caracteristicas do territorio; (d) regides de saide; (d) novas abordagens.

O fator amazoénico diz respeito a considerar maior a alocagdo de recursos
(financeiros etc.) para a assisténcia a saide na Amazonia, uma vez que a realizacao
das atividades de sadde, muitas vezes, se da de modo adverso dadas as longas
distancias geograficas, areas com baixa e alta densidade demografica e areas com
fluxo migratério.

A Amazonia tem uma rica diversidade étnica, que sdo os povos tradicionais:
povos indigenas, ribeirinhos, quilombolas ¢ comunidades rurais. O cuidado
a saude desses povos deve levar em consideracio a sua cultura, seus saberes
ancestrais e a situacao de vulnerabilidade a que, muitas vezes, estio submetidos.
Essa abordagem deve ser intermediada pela educacio em saide.

O SUS na Amazonia deve levar em consideracio as caracteristicas
geograficas da regiao, no sentido de viabilizar o acesso universal a satde:
ilhas, lagos, igarapés e rios, além de considerar as pequenas localidades e os
pequenos, médios e grandes municipios, pois sio nestes espagos que as pessoas
vivem e trabalham.

Dadas as caracteristicas territoriais, é necessario reforgar as regides com o
objetivo de descentralizar as acSes de saude e facilitar o acesso das populacdes, por
isso é preciso: (a) Implementar regioes de satide com capacidade de planejamento,
contratualizagio e gestdo; (b) Atribuir gestdo de média e alta complexidade; (c)
Atribuir coordenacio de vigilancia a Saude; (d) Coordenar e executar a regulacao
regional; (e) Instituir secretario (coordenador executivo) de saude com equipe
técnica de apoio; (f) Compor fundo or¢amentario com aportes do or¢camento
federal, estadual e municipal para custeio e investimento (CAMPOS, 2018).

O modelo de desenvolvimento para a Amazénia tem priorizado a
implanta¢ao de megahidrelétricas, a pecudria, o agronegocio e o desmatamento da
floresta. Essas atividades expressam um modelo de desenvolvimento excludente,
predatorio, concentrador e produtor de pobreza e desigualdades.

O impacto na satde dessas atividades (impacto de hidrelétricas, intoxica¢ao
pelo uso de agrotoxico na plantacio de soja e outras culturas, a intoxicacdo pelo
mercurio utilizado nos garimpos de ouro, projetos de infraestrutura etc.) tem se
transformado em demandas para o SUS local, que muitas vezes nio consegue

responder de modo eficiente.
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A nova abordagem seria o SUS reconhecer essas atividades, abordar os
problemas com o conceito de mpacto na saide € mapear as seguintes areas: (a)
areas de impacto na saude de hidrelétricas; (b) areas de impacto na sadde de
culturas com uso de agrotoxicos; (c) areas de impacto na saude de garimpos e
uso de mercurio; (d) areas de impacto na saude de projetos de infraestrutura:
rodovias, ferrovias, portos. O SUS deve se estruturar com base na especificidade
de cada situacido e encaminhar os problemas adequadamente para as redes de

saude e manter a vigilancia a sadde.
4 SAUDE E BIOECONOMIA

Segundo Vieira (2019), os ciclos produtivos que se sucederam na Amazonia
em um petiodo de quase 400 anos de historia nao geraram sustentabilidade ao
modelo econémico adotado, o que Melo (2010) apud Vieira (2019) chamou de

“progresso sem desenvolvimento™:

[...] em que perduram na regido a exclusio social, a pobreza, a destruicdo
ambiental, o atraso tecnoldgico, a economia de enclave, a insuficiente
infraestrutura logistica, a fragmentacdo entre os setores produtivos, o nivel
educacional softivel, a baixa capacidade cientifica instalada, as estruturas
estatais ineficientes e a desigualdade social (MELO, 2010 apud VIEIRA,
2019, p. 47).

A autora ressalta ainda que temos o desafio de buscar promover a melhoria
da qualidade de vida e o bem-estar da populagao que vive na regiao com equilibrio
ambiental. Nesse sentido, ¢ fundamental pensar um modelo de desenvolvimento
que coloque a cidadania, a participa¢ao democratica, socializacao da politica e
sustentabilidade como condigio de desenvolvimento nos termos analisados por
Acselrad (2010, p. 21).

Com base na rica biodiversidade da floresta e saberes ancestrais, alguns
autores tém defendido um modelo de desenvolvimento bioeconémico para a
Amazonia, favorecendo as populagdes locais com geracao de renda, inclusao,
saude, qualidade de vida e sustentabilidade na Amazénia (INSTITUTO
HUMANITAS UNISINOS, 2019; COSTA; FERNANDES; CRISPIM, 2018).

CONSIDERACOES FINAIS
A ONU alerta, neste inicio de século, para o colapso climatico, sanitario

e social decorrentes das mudancas climaticas e recomenda mudanca no estilo

de vida, além de proteger a dgua e a biodiversidade. Entretanto, o desmonte da
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politica ambiental brasileira tem contribuido para aumentar o desmatamento na
Amazoénia, um dos determinantes das mudancas climaticas.

O desmatamento na Amazonia é desnecessario e inaceitavel, entretanto,
o cenario futuro é preocupante e nio sinaliza para a sua reducdo. Alguns
pesquisadores alertam que o desmatamento estd chegando a um ponto de inflexao
a partir do qual a Amazonia se transformaria em savana e seria irreversivel.

A compreensio da dimensio ambiental da saide que reconhece a
relagdo saude e ambiente e seus determinantes tém ampliado e contribuido
para a explicagio do processo saude/doenca. A acio antrdpica sobre os
ecossistemas degrada a base da vida, por isso ressaltamos que os ecossistemas
sao responsaveis pelos servicos ambientais e pela seguranca alimentar, hidrica
e climatica do planeta.

O SUS deve se preparar para enfrentar os novos desafios referentes as
demandas ambientais por saude. Sugerimos pensar o SUS Amazonia com suas
especificidades: fator amazonico, diversidade étnica, territorialidades, regides de
saude e novas abordagens.

Sugerimos que o Brasil cumpra seus compromissos no Acordo de Paris,
encerrando o desmatamento na Amazoénia e reflorestando 12 milhoes de hectares
de dreas desmatadas no pais, das quais 50 mil km?* sdo na Amazonia. Apesar de
o atual modelo de desenvolvimento para a Regido nio estar em sintonia com os
pressupostos da sustentabilidade, novos projetos surgem adotando um modelo
com base na biodiversidade da floresta, e nos saberes ancestrais-com perspectiva
de gerar renda, inclusao, saide e qualidade de vida para as popula¢des amazonicas

e sustentabilidade na Regiao.
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