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SANTOS, Diego Pereira. Aspectos biogeograficos e ecolégicos de palmeiras de
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RESUMO

A Mata dos Cocais, formacdo vegetal emblematica do Meio-Norte brasileiro, constitui um
mosaico ecoldgico singular em que as palmeiras representam elementos estruturantes da
paisagem, estendendo-se por diversos estados e abrigando notavel diversidade sociobioldgica.
Apesar de sua relevancia ecoldgica e cultural, sua delimitagao espacial permanece marcada por
incertezas conceituais e cartograficas, um desafio biogeografico, pois afeta diretamente a forma
como se compreende, se planeja e se conserva a paisagem. Entre suas espécies mais
representativas, destacam-se as palmeiras do Complexo Babacgu (Attalea spp.), reconhecidas
por sua ampla distribuicdo e dominancia ecoldgica, além de sua importancia social, econdmica
e simbolica para comunidades tradicionais que delas dependem. Contudo, tanto os babaguais
quanto a propria Mata dos Cocais estao sob crescente pressao antropica decorrente da conversao
do uso da terra, da fragmentagdo de habitats e dos efeitos das mudancgas climaticas. Assim,
compreender esses sistemas requer integrar abordagens espaciais, ecoldgicas e sociais capazes
de traduzir incertezas em instrumentos aplicaveis a conservacdo. Neste contexto, o presente
trabalho buscou preencher lacunas de conhecimento sobre as incertezas biogeograficas que
permeiam a Mata dos Cocais ¢ o Complexo Babacgu. Inicialmente, foi realizada uma revisao
sistematica de delimitacdes espaciais existentes atribuidas a Mata dos Cocais. Dentre os
principais resultados, foram descobertas sete fontes que apresentaram divergéncias
significativas quanto a sua extensdo territorial e critérios de defini¢do. O delineamento de
Nascimento e Lima (2016) abrangeu a maior area, e a sobreposicdo dos diferentes mapas
permitiu identificar uma zona de consenso, a qual foi denominada de “regido nucleo”, composta
por 14 municipios do estado do Maranhdo. Essa sintese cartografica resultou em uma area
potencial de ocorréncia que abrange 392 municipios distribuidos em cinco estados brasileiros.
Em sequéncia, empregamos a Modelagem de Distribui¢do de Espécies (SDMs) para sete
espécies do Complexo Babacu e para o grupo como um todo, utilizando os algoritmos
Maximum Entropy (MaxEnt), Random Forest (RF), Boosted Regression Trees (BRT) e
Generalized Linear Models (GLM). Dados de ocorréncia provenientes do GBIF foram
combinados com varidveis bioclimaticas do CHELSA 2.1 sob o cenario atual (2011-2040) e
cenarios futuros de alta emissdao (SSP3-7.0 e SSP5-8.5) para 2041-2070 e 2071-2100. Os
resultados indicaram que RF e BRT geraram projecdes mais conservadoras, enquanto MaxEnt
e GLM apresentaram distribui¢des mais amplas. A sazonalidade da temperatura foi o principal
preditor bioclimatico. Attalea maripa, A. phalerata e A. speciosa exibiram faixas de
adequabilidade mais amplas, ao passo que 4. funifera e A. vitrivir apresentaram distribuicoes
mais restritas. Os cenarios futuros projetaram aumento de alta adequabilidade, particularmente
nas regioes amazonicas € do Cerrado. Apenas A. funifera e A. vitrivir apresentaram declinios.
Ao revelar como as incertezas cartograficas e preditivas limitam o planejamento territorial e a
conservagao de ecossistemas, este estudo reforga a importancia da biogeografia da conservagao
como campo estratégico para compreender e intervir em paisagens socioecoldgicas complexas,
especialmente em regides tropicais sujeitas a multiplas pressdes ambientais.

Palavras-chave: Conservagdo da Terra; Floresta de Palmeiras; Distribui¢do Espacial,

Modelagem de Distribuicao de Espécies; Projecdao Ecoldgica.
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ABSTRACT

The Cocais Forest, an emblematic vegetation formation in the Brazilian Mid-North,
constitutes a unique ecological mosaic in which palm trees represent structural elements
of the landscape, extending across several states and harbouring remarkable
sociobiological diversity. Despite its ecological and cultural relevance, its spatial
delimitation remains marked by conceptual and cartographic uncertainties, a
biogeographical challenge, as it directly affects how the landscape is understood, planned
and conserved. Among its most representative species are the palms of the Babassu
Complex (Attalea spp.), recognised for their wide distribution and ecological dominance,
as well as their social, economic and symbolic importance to the traditional communities
that depend on them. However, both the babassu palm forests and the Cocais Forest itself
are under increasing anthropogenic pressure due to land use conversion, habitat
fragmentation and the effects of climate change. Thus, understanding these systems
requires integrating spatial, ecological and social approaches capable of translating
uncertainties into instruments applicable to conservation. In this context, this study sought
to fill gaps in knowledge about the biogeographical uncertainties that permeate Cocais
Forest and the Babassu Complex. Initially, a systematic review of existing spatial
delimitations attributed to the Cocais Forest was carried out. Among the main results,
seven sources were discovered that presented significant divergences in terms of their
territorial extension and definition criteria. The delineation by Nascimento and Lima
(2016) covered the largest area, and the overlap of the different maps allowed us to
identify a zone of consensus, which was named the ‘core region,” comprising 14
municipalities in the State of Maranhao. This cartographic synthesis resulted in a potential
area of occurrence covering 392 municipalities distributed across five Brazilian states.
Next, we employed Species Distribution Modelling (SDMs) for seven species of the
Babassu Complex and for the group overall, using the Maximum Entropy (MaxEnt),
Random Forest (RF), Boosted Regression Trees (BRT) and Generalised Linear Models
(GLM) algorithms. Occurrence data from GBIF were combined with bioclimatic
variables from CHELSA 2.1 under the current scenario (2011-2040) and future high-
emission scenarios (SSP3-7.0 and SSP5-8.5) for 2041-2070 and 2071-2100. The results
indicated that RF and BRT generated more conservative projections, while MaxEnt and
GLM presented broader distributions. Temperature seasonality was the main bioclimatic
predictor. Attalea maripa, A. phalerata, and A. speciosa exhibited broader ranges of
suitability, while 4. funifera and A. vitrivir presented more restricted distributions. Future
scenarios projected an increase in high suitability, particularly in the Amazon and Cerrado
regions. Only A. funifera and A. vitrivir showed declines. By revealing how cartographic
and predictive uncertainties limit territorial planning and ecosystem conservation, this
study reinforces the importance of conservation biogeography as a strategic field for
understanding and intervening in complex socio-ecological landscapes, especially in
tropical regions subject to multiple environmental pressures.

Keywords: Land conservation; Palm forest; Spatial distribution; Species distribution
modelling; Ecological projection.
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INTRODUCAO

O desenvolvimento de pesquisas sobre os padrdes de ocorréncia e distribuicao
dos organismos em ecossistemas de alta biodiversidade é essencial para a ecologia e
biologia da conservacao, e fundamental para compreender os fatores que norteiam tais
padrdes (KUJALA; MOILANEN; GORDON, 2018; COELHO et al., 2023). Quando
aliados a ferramentas como o sensoriamento remoto, geotecnologias e modelagem
preditiva, podem ampliar a precisdo das analises ecologicas e oferecer bases cientificas
para a formulacdo de politicas publicas direcionadas a conservagdo ambiental (FERRIER,

2002; ZIZKA et al., 2020).

Apesar dos avangos, ainda existem lacunas significativas sobre a distribuicao
de plantas em diferentes regides. SOUSA-BAENA et al. (2014) destacam que muitas
politicas conservacionistas permanecem restritas a abordagens generalistas ou pouco
aprofundadas, em parte pela escassez de informagdes taxonOmicas e biogeograficas
robustas. Essa limitacdo restringe a eficiéncia das estratégias de manejo e conservagao, o
que cria um desafio que requer agdes e informagdes mais assertivas, sobretudo ao
considerarmos ecossistemas complexos e de grande importancia socioambiental
(BOULINIER et al., 1988; KUJALA; MOILANEN; GORDON, 2018; COELHO et al.,
2023).

Um exemplo emblematico ¢ a “Mata dos Cocais”, uma formagdo vegetal de
transi¢do do Meio-Norte brasileiro caracterizada pela predominincia de palmeiras
(TEIXEIRA, 2008; MORAES; MACHADO; ARAUJO, 2015). Essa regido apresenta
inconsisténcias cartograficas e conceituais quanto a sua delimitacdo em diversas
literaturas (BARRETO; PARISE; DE ALMEIDA, 2019; IMESC (Brasil), 2021; LAPIG
(Brasil), 2019; NASCIMENTO; LIMA, 2016; OLSON et al., 2001; ROCHA et al., 2011;
SANTOS-FILHO; ALMEIDA JUNIOR; SOARES, 2013). Tais incertezas dificultas o
planejamento territorial e a implementagdo de ag¢des de conservagdao, num contexto em
que a expansao agricola e pecudria exerce forte pressdo sobre a paisagem (GEHRING et
al., 2020; MITJA et al., 2018; SANTOS et al., 2022).

Nesse mosaico, destacam-se as espécies do Complexo Babagu (Attalea spp.),
que apresentam altas densidade populacionais e desempenham fungdes ecologicas,
econOmicas e culturais relevantes (LIMA et al., 2003; PORRO, 2019). Os babacuais
sustentam praticas de subsisténcia, fornecem recursos energéticos e alimentares e

compdem identidades culturais de comunidades tradicionais, como as quebradeiras de
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coco. No entanto, a fragmentagao e a degradagao resultantes da conversao de habitats tém
alterado a distribui¢ao dessas populacdes e comprometido a manuten¢do do ecossistema

(GEHRING et al., 2020; MITJA et al., 2018; SANTOS et al., 2022).

Além do uso da terra, os babaguais estdo sujeitos aos efeitos das mudangas
climaticas, que interagem de forma sinérgica com a expansio agropecuaria. O aumento
das temperaturas, a alteragao dos regimes de chuva e a intensifica¢ao de eventos extremos
podem afetar a reproducao, a fenologia e a sobrevivéncia dessas palmeiras (BLOIS et al.,
2013; PETERSON et al., 2011). Estudos recentes ja apontam que cendrios climaticos
futuros podem restringir a adequabilidade de habitat de algumas espécies de Attalea em
regides como Caatinga ¢ Mata Atlantica (DE LIMA et al., 2022; MENEZES et al., 2023).
Entretanto, os efeitos sobre o Complexo Babagu como um todo ainda permanecem pouco

compreendidos.

Diante desse contexto, torna-se necessario investigar simultaneamente as
incertezas biogeograficas e espaciais associadas a Mata dos Cocais e 0s potenciais
impactos das mudangas climaticas sobre as espécies de babacu. Compreender esses
sistemas requer integrar abordagens espaciais, ecologicas e sociais capazes de traduzir
incertezas em instrumentos aplicdveis a conserva¢do. Por meio de uma abordagem
interdisciplinar que alia ecologia, geotecnologias e modelagem bioclimatica, este trabalho
parte das seguintes hipdteses: (1) as delimitagdes espaciais da Mata dos Cocais
apresentam variagdes significativas entre diferentes fontes cartograficas; (2) apesar
dessas divergéncias, existe uma area de sobreposicao entre os mapas analisados, o que
pode ser considerada como uma “regido nucleo”; (3) a distribuicdo das espécies do
Complexo Babacu ¢ fortemente influenciada por fatores associados a temperatura e
disponibilidade hidrica; e (4) os cenarios climaticos futuros podem alterar a extensao das
areas de alta adequabilidade de habitat, ampliando-as para algumas espécies e

restringindo-as para outras.

Para testar essas hipoteses, este trabalho teve como objetivos especificos:
realizar uma revisdo sistemdtica das delimitacdes espaciais da Mata dos Cocais,
comparando mapas existentes e propondo uma sintese cartografica, e; modelar a
distribui¢do bioclimdtica potencial das espécies do Complexo Babagu utilizando os
métodos da Maximum Entropy, Random Forest, Generalized Linear Models e Boosted

Regression Trees, sob cenario atual (2011-2040) e dois cenarios de mudancas climaticas
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para os periodos de 2041-2070 e 2071-2100, avaliando a contribui¢ao relativa das

variaveis ambientais.

Por fim, foi buscada a produgao de resultados que possam ser utilizados como
base informativa a ser potencialmente consultada para o planejamento de politicas
publicas, estratégias de manejo sustentavel, acdes de planejamento socioecondmico,
dentre outros, alinhando-se a metas globais como os Objetivos de Desenvolvimento
Sustentavel (ODS), em especial os ODS 13 (Ag¢ao Climatica) e 15 (Vida Terrestre). Ao
reconhecer o papel estratégico do babagu para a bioeconomia e para a seguranga
socioambiental de comunidades tradicionais, este trabalho também dialoga com os ODS

1 (Erradicagao da Pobreza), 2 (Fome Zero) e 12 (Consumo e Producao Sustentaveis).
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REFERENCIAL TEORICO
A Mata dos Cocais e 0 Complexo Babacu

A Mata dos Cocais, também chamada de Zona dos Cocais ou Floresta de
Babagu, ¢ uma formacgao vegetal localizada no Meio-Norte brasileiro (REIS et al., 2018;
SANTOS-FILHO; ALMEIDA JUNIOR; SOARES, 2013). Esta formac#o é caracterizada
como um ecotono complexo, pois se trata de uma zona de transicdo que engloba em
grande escala os biomas da Floresta Amazonica a oeste, do Cerrado ao sul e, em menor
extensdo, a Caatinga a leste ¢ a Mata Atlantica na por¢do costeira, o que lhe confere
elevada diversidade floristica e funcional (TEIXEIRA, 2008; MORAES; MACHADO;
ARAUJO, 2015). Sua fitofisionomia ¢ marcada pela predominancia de palmeiras,
sobretudo do Complexo Babagu (Attalea spp.). Palmeiras como a carnatuba (Copernicia
prunifera), o buriti (Mauritia flexuosa) e o tucum (Bactris setosa) também sdo elementos
fitofisiondmicos importantes, possuindo papel relevante na estrutura ecologica e nas
praticas socioecondmicas na regido (ARGIBAY; SPARACINO; ESPINDOLA, 2020;
FEITOSA; TROVAO, 2006; SARAIVA et al., 2020).

Embora as formacdes de palmeiras estejam incluidas em classificagdes
globais, como os mapas globais de ecorregides (OLSON et al., 2001) ou o produto de
cobertura do solo da European Space Agency (HARPER et al., 2023), a delimitagdo
espacial da Mata dos Cocais ¢ marcada por fortes incertezas conceituais e cartograficas.
A auséncia de critérios padronizados para sua caracterizacdo estrutural e funcional,
levaram a diferentes interpretacdes cartograficas (BARRETO; PARISE; DE ALMEIDA,
2019; IMESC (Brasil), 2021; LAPIG (Brasil), 2019; NASCIMENTO; LIMA, 2016;
OLSON et al., 2001; ROCHA et al., 2011; SANTOS-FILHO; ALMEIDA JUNIOR;
SOARES, 2013).

Enquanto alguns autores a classificam como uma formagdo secundéria
resultante de processos antropicos, outros a reconhecem como uma unidade ecologica
com dindmica e composi¢do proprias (BARRETO; PARISE; DE ALMEIDA, 2019;
NASCIMENTO; LIMA, 2016; SANTOS-FILHO; ALMEIDA JUNIOR; SOARES,
2013). Essa falta de consenso entre as informagdes compromete o planejamento territorial
e as politicas de conservagdo, uma vez que a auséncia de fronteiras claramente definidas

dificulta a gestdo integrada de ecossistemas (ACOSTA-VELAZQUEO,Z et al., 2023;
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DELAROCHE; LE TOURNEAU; DAUGEARD, 2022; MARQUES et al., 2019;
RECHCINSKI; TUSZNIO; GRODZINSKA-JURCZAK, 2019).

Dentro desse mosaico paisagistico da Mata do Cocais, o Complexo Babacu,
um agrupamento de espécies do género Attalea que exibem caracteristicas morfoldgicas
em comum, hibridizacdo natural frequente e limites taxondmicos nao resolvidos, assume
um papel central (CAVALLARI; TOLEDO, 2016; MATA et al., 2022; PINTAUD, 2008).
A taxonomia de Attalea permanece um dos desafios mais persistentes da botanica
neotropical. O niumero de espécies reconhecidas variou amplamente ao longo do tempo
(de 29 a 73), e apenas cerca de vinte alcangaram consenso entre especialistas (PINTAUD,
2008). Essa instabilidade resulta de uma combinagdo de fatores, incluindo a ampla
variagdo morfoldgica intraespecifica, a escassez e perda de espécimes-tipo € a ocorréncia
frequente de hibridos naturais, que dificultam a delimitacdo precisa entre taxons

(HENDERSON, 2020).
HENDERSON (2020) analisaram 902 espécimes de herbario utilizando 21

variaveis quantitativas e 33 qualitativas, reconhecendo 30 espécies validas. Esses
resultados evidenciam a complexidade intrinseca do género e a expressiva sobreposi¢ao
morfoldgica entre grupos proximos. Estudos filogenéticos recentes (FREITAS et al.,
2016) ampliam essa discussd@o ao revelar que alguns agrupamentos tradicionalmente
reconhecidos ndo sdo monofiléticos, o que desafia os enquadramentos taxonomicos
classicos e reforca a necessidade de revisdes que integrem dados moleculares, anatomicos

e morfoldgicos.

Complementarmente, MATA et al. (2022) demonstraram que a anatomia
foliar pode fornecer caracteres diagndsticos relevantes para diferenciar espécies do
Complexo Babagu. O estudo identificou que tragos como a disposicdo dos estomatos, a
organizagdo dos feixes vasculares e a espessura do parénquima paligddico oferecem
suporte anatomico a distingdo taxonOmica, embora possuam muitas caracteristicas
anatomicas comuns, como epiderme unisseriada, cicatrizes glandulares e mesofilo
dorsiventral, justificando seu reconhecimento como taxas distintas e refor¢cando que as
avaliagOes ecoldgicas sejam feitas também em nivel de espécie.

As espécies atualmente reconhecidas no Complexo Babagu incluem Attalea
barreirensis Glassman, A. eichleri (Drude) A.J. Hend, A. funifera, A. maripa (Aubrl)
Mart., A. phalerata Mart. ex Spreng., A. speciosa Mart. ex Spreng. e A. vitrivir, além de

dois hibridos 4. x teixeirana (Bondar) Zona (A4. eichleri x A. speciosa) € A. X
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dahlgreniana (Bondar) Wess. Boer (4. speciosa x A. maripa). Por mais que as diferencas
morfoldgicas e anatdmicas revelem a diversidade interna do género, todas as espécies de
Attalea compartilham atributos ecologicos que as tornam elementos estruturantes dos
ecossistemas tropicais. Assim, as incertezas taxondémicas do género ndo constituem
apenas uma questdo de nomenclatura, mas refletem lacunas mais amplas no
conhecimento evolutivo e ecologico. E precisamente nesse ponto que a perspectiva
taxondmica se conecta a ecologica: compreender as variagdes morfoldgicas e funcionais
entre espécies € essencial para interpretar o papel que desempenham nas comunidades

vegetais e nos processos ecologicos em multiplas escalas.

As palmeiras, no geral, sdo componentes estruturais de destaque nos
ecossistemas tropicais e desempenham multiplas fungdes ecoldgicas. Elas influenciam a
ciclagem de nutrientes, regulam o microclima do solo, abrigam fauna associada e
contribuem para a regeneragdo natural apos distarbios (ARAUJO et al., 2016; BLACH-
OVERGAARD et al., 2010; CORREA et al., 2023; PORRO, 2019; RESSIORE; LIMA;
TURNHOUT, 2024). No caso das espécies do Complexo Babagu, destacam-se a alta
produtividade de frutos, a dispersao zoocoérica (principalmente por mamiferos e aves), a
capacidade de rebrota apds o fogo ou corte, € a estruturacao de ecossistemas abertos e
semiabertos, o que explica sua ampla distribui¢ao e resiliéncia frente a distarbios (REIS
et al., 2018; SANTOS-FILHO; ALMEIDA JUNIOR; SOARES, 2013; SILVA et al.,
2014; TEIXEIRA, 2008). Essas caracteristicas fazem dos babaguais formagdes-chave na

manutengdo da conectividade ecoldgica e dos servigos ecossistémicos regionais.

Indo além dos seus valores ecologicos, as espécies do Complexo Babagu sio
um pilar para a manutencdo de praticas culturais e valores identitarios (RESSIORE;
LIMA; TURNHOUT, 2024). A exploragdo do babacu ¢ uma atividade extrativista de
grande importancia socioecondmica e cultural para milhares de familias, especialmente
as quebradeiras de coco, quilombolas e indigenas, que dependem em diferentes graus de
seus produtos para a seguranca alimentar e subsisténcia (ALMEIDA CAMPOS et al.,
2015; LIMA et al., 2003; PORRO, 2019). O coco babagu ¢ o principal produto dessas
palmeiras. Altamente versatil, a partir do coco podem ser originados diversos
subprodutos, como farinha de mesocarpo (CARDOSO VIEIRA et al., 2023), 6leo (NETO
et al., 2021), carvao vegetal, biocombustivel (CORREA et al., 2023), aditivos quimicos
(VIEIRA et al., 2011), além de farelos para alimentacdo animal (PORTELA et al., 2024).



21

Dessa forma, a pluralidade de usos do babagu o posiciona como um elemento-chave para

a sustentabilidade econdémica e cultural de comunidades.

Apesar de toda importancia socioambiental e econdmica, os babaguais ¢ a
Mata dos Cocais como um todo estdo sob intensa pressdo antropica decorrente do
processo de transformacgao do uso da terra. De modo geral, as mudangas continuas no uso
e na cobertura do solo ja afetaram a distribuicao geografica de muitas espécies,
perturbando os fluxos génicos e taxondmicos globalmente, com impactos diretos a
diversidade biologica (JUNG; ROWHANI; SCHARLEMANN, 2019; NEWBOLD et al.,
2015; PANTHI et al., 2019). A diminui¢do da densidade populacional do babagu nao
apenas afeta os modos de vida das comunidades tradicionais e a disponibilidade de
recursos, mas, de forma geral, fragiliza o equilibrio ecossistémico (MITJA et al., 2018,

2019; PORRO; VEIGA; MOTA, 2011).

As mudancas no uso da terra associadas aos efeitos das mudancas climaticas
intensificam as pressdes sobre os babaguais, afetando sua regeneragdo e distribui¢do. O
avanco agropecudrio, a fragmentacdo florestal e a conversdo de habitats reduzem a
conectividade das populagdes, enquanto o aumento das temperaturas e a alteracdo nos
regimes de precipitacdo afetam processos ecoldgicos como germinagdo, frutificagcdo e
dispersao (ADHIKARI et al., 2022; BELLARD etal.,2012; HOLYOAK; HEATH, 2016;
KATUWAL et al., 2023; TRAUTMANN, 2018). Essa sinergia entre uso da terra e clima
representa uma ameaga crescente a persisténcia dos babacguais, especialmente em
ecossistemas de transi¢do onde pequenas variagdes ambientais podem redefinir limites de
adequabilidade. Adicionalmente, as mudangas nos regimes de chuva, o aumento das
temperaturas e a ocorréncia de eventos climaticos extremos podem afetar a fenologia, a
reprodugdo e a sobrevivéncia das palmeiras (BLOIS et al., 2013; DE KORT et al., 2021;
EISERHARDT et al., 2011; PETERSON et al., 2011).

Pesquisas recentes sugerem que os cenarios climaticos futuros previstos
podem desfavorecer a expansao de areas de alta adequabilidade para algumas espécies do
género Attalea em regides como a Caatinga e Mata Atlantica (DE LIMA et al., 2022;
MENEZES et al., 2023). Estudos sobre outras espécies de palmeiras ou ecossistemas
similares, como os de BLACH-OVERGAARD et al. (2010) e EISERHARDT et al.
(2011), ja haviam demonstrado a sensibilidade das Arecaceae as variacdes climaticas.
Entretanto, os efeitos das mudangas climaticas sob as espécies do Complexo Babagu

ainda s3o insuficientemente compreendidos. Compreender os potenciais mecanismos
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pelos quais as mudangas climaticas podem afetar essas palmeiras € crucial para antecipar
o efeito desses cendrios e auxiliar no desenvolvimento de estratégias de adaptacdo e
mitigacao de seus impactos (ELLIOTT et al., 2024; LANNUZEL et al., 2021; VOLIS;
TOJIBAEYV, 2021).

Biogeografia e Ecologia Espacial

Das diversas disciplinas que compdem as ciéncias naturais, a biogeografia
busca, por esséncia, explicar os processos que norteiam a distribuicdo dos organismos em
determinado espaco, bem como os fatores que moldam a dindmica de seus padrdes ao
longo do tempo (RECODER, 2011; COX; MOORE; LADLE, 2016; LOMOLINO;
RIDDLE; WHITTAKER, 2016). Trata-se de uma ciéncia interdisciplinar que integra
aspectos ecologicos, evolutivos, geograficos e historicos, visando determinar
espacialmente a distribui¢do das espécies e identificar padrdes cruciais para o
levantamento, reconhecimento e conservagao de taxons em ecossistemas (LOMOLINO;

RIDDLE; WHITTAKER, 2016; WEN; NIE; ICKERT-BOND, 2019).

De forma complementar, a ecologia espacial emerge com uma abordagem
mais direta aos efeitos do espaco e da escala sobre os processos ecologicos, o que permite
andlises mais robustas sobre ocupacdo, conectividade e dindmica das espécies
(FLETCHER; FORTIN, 2018). A integracdo entre biogeografia e ecologia espacial tem
se tornado essencial para a ecologia da conservagdo, especialmente em regides tropicais
onde a incerteza ecoldgica e informacional ¢ elevada, representando um avango
metodologico significativo para o enfrentamento dos desafios socioambientais

contemporaneos.

Essa sinergia pode fornecer bases sodlidas para pesquisas ecologicas,
permitindo uma abordagem holistica na compreensao da distribui¢do da biodiversidade e
na formulagdo de solucdes sustentdveis para sua conservacao, o que viabiliza abordagens
interdisciplinares e multiescalares necessarias para lidar com os desafios ambientais
emergentes (COBB; NALAU; CHAUVENET, 2024; MAGDALENA; DE SOUZA;
AMORIM, 2023). Essa abordagem ¢ fundamental para informar decisdes em
planejamento ambiental e politicas publicas de conservagao, sendo mais urgente diante

das rapidas transformag¢des ambientais (FERRIER, 2002; OSHIMA et al., 2021).
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Um dos aspectos tedricos centrais para a biogeografia, a abordagem
deterministica da teoria do nicho ecoldgico define que a amplitude geografica de uma
espécie depende diretamente da atuagdo dos fatores ambientais, os quais estabelecem os
limites de tolerancia para sua sobrevivéncia, desenvolvimento e reprodu¢ao (COELHO
etal., 2023; KUJALA; MOILANEN; GORDON, 2018; PETERSON et al., 2011). A partir
desse principio, a distribui¢do geografica observada das espécies pode ser compreendida
como o resultado da interagdo entre suas exigéncias ecoldgicas e a disponibilidade de

condigdes ambientais adequadas (HUTCHINSON, 1991; PETERSON et al., 2011).

Entre os fatores que mais influenciam a distribuicdo natural das espécies,
destacam-se as variagdes climaticas e edaficas, que influenciam estrutura, funcionamento
e composi¢cao dos ecossistemas (FURLEY; RATTER, 1988; PUNYASENA; ESHEL;
MCELWAIN, 2007). As variaveis climaticas apresentam-se como um fator
particularmente importante para as palmeiras, na medida em que a sua distribuicao esta
frequentemente associada a umidade e temperatura (DE KORT et al., 2021,
EISERHARDT et al., 2011). Alteragdes nesses componentes podem induzir profundas

transformagdes nas comunidades biologicas.

A intensificagdo do uso da terra para agricultura e pecudria, juntamente com
o uso irracional dos recursos naturais, sdo vetores de transformacao que, em sinergia com
as mudancas climaticas, fragilizam o meio ambiente e comprometem a biodiversidade e
a estabilidade dos servicos ecossistémicos (LUINTEL; SCHELLER; BLUFFSTONE,
2018). Na extensao da Mata dos Cocais, por exemplo, a fragmentacao de habitats causada
pela expansdo agricola afeta diretamente a distribuicdo espacial e a densidade das
populagdes de babagu (BARRETO; PARISE; DE ALMEIDA, 2019; GEHRING et al.,
2020; SANTOS et al., 2022), o que ressalta a urgéncia de estudos para subsidiar acdes de
manejo e conservacdo. A fragmentagdo dos habitats compromete o fluxo génico e a
resiliéncia de ecossistemas, colocando em risco a diversidade biologica (ADHIKARI et
al., 2022; BELLARD et al., 2012; TRAUTMANN, 2018). A degradacdo ambiental
resultante diminui a resiliéncia desses ambientes a perturbagdes, colocando em risco a
manutenc¢ao das espécies a longo prazo (VELAZCO et al., 2019).

E crucial considerar, ainda, que os efeitos das mudangas ambientais ndo se
manifestam de maneira homogénea no espaco. As regides tropicais, por exemplo, sdo
particularmente vulneraveis as alteragdes na temperatura e nos regimes de chuvas, fatores

que afetam drasticamente a fenologia das espécies e sua distribuicdo geografica
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(CORREA-LIMA et al., 2019). Entretanto, compreender e mitigar esses efeitos exige um
conhecimento técnico e cientifico sdlido sobre os ecossistemas e suas espécies, algo ainda

incipiente em muitos ambientes de transi¢do do Brasil.

Nesse contexto, a biogeografia da conservagao se estabelece como um campo
aplicado que utiliza principios € métodos biogeograficos para priorizar areas e estratégias
de conservagdo eficazes (FERRIER, 2002; ZIZKA et al., 2020). A distribuicdo das
espécies deixa de ser vista apenas como um produto de gradientes ambientais, e passa a
ser compreendida como um campo de interagdo entre historia evolutiva, dinamica
ecoldgica e pressoes antropicas (ACEVEDO et al., 2016; WHITTAKER et al., 2005).
Além disso, a biogeografia da conservagdo pode incorporar, ainda, componentes sociais
e culturais, reconhecendo que a conservagao efetiva depende da integracdo entre natureza
e sociedade (TEEL et al., 2018). Sua abordagem, entretanto, depende fortemente da
disponibilidade e qualidade das informagdes, o que torna a incerteza informacional um

desafio central.

A incerteza informacional engloba tanto a escassez de dados ecoldgicos,
taxondmicos e climaticos quanto as imprecisdes associadas a sua representagdo espacial
(MEYER; WEIGELT; KREFT, 2016). Em ecossistemas de transi¢ao, como a Mata dos
Cocais, essa condicdo se manifesta como incerteza espacial: fronteiras entre biomas
difusas, delimitagdes cartograficas inconsistentes e auséncia de critérios padronizados
para definir a extensdo e a funcionalidade ecoldgica da paisagem. Essas incertezas
refletem ndo apenas limitacdes de dados, mas também a natureza continua e gradativa
dos sistemas ecologicos, cuja variabilidade desafia classificagdes rigidas e generalizacdes
simplificadas (CRESSIE et al., 2009; ROCCHINI et al., 2011). Compreender a
biogeografia sob essa perspectiva implica reconhecer que as fronteiras ecologicas sdao
zonas de transi¢do probabilisticas e contextuais, cuja defini¢do depende da escala, das
variaveis utilizadas e dos métodos empregados (KENT et al., 1997).

Nesse cendrio, a identificagdo de refugios climaticos, dreas que permanecem
relativamente estaveis mesmo sob cenarios de mudanca climatica, tem se mostrado uma
estratégia eficaz para a persisténcia das espécies, devendo ser prioritarias nos esforcos de
conservagdo (BARROWS et al., 2020; BAUMGARTNER; ESPERON-RODRIGUEZ;
BEAUMONT, 2018; MORELLI et al., 2020). Das diversas estratégias que podem ser
adotadas, a construgdo de cendrios espaciais preditivos baseados em modelagens

bioclimaticas surge como uma alternativa concreta para contornar as lacunas
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informacionais e espaciais e antecipar as possiveis consequéncias de diferentes trajetorias
de desenvolvimento, possibilitando a proposi¢do de medidas preventivas e adaptativas
que contribuam com a resiliéncia dos sistemas socioecoldgicos (GARCIA; MARTINEZ

FERNANDEZ; FITZ, 2020; ZAAR, 2023).

O avanco das tecnologias de geoprocessamento e modelagem estatistica tem
permitido o refinamento dos estudos biogeograficos, possibilitando a analise de grandes
volumes de dados ambientais e biologicos (HOBAN et al., 2019; WEN; NIE; ICKERT-
BOND, 2019). A avaliagdo da vulnerabilidade das espécies baseada, por exemplo, em
modelos de adequabilidade de habitat e dados de histéria de vida, dispersao e plasticidade
fenotipica, permite hierarquizar os esforcos de conserva¢do de maneira mais eficiente
(FLEURY et al., 2024; HUNTER-AYAD et al., 2020; ROSS; WORT; HOWELL, 2019).
Esses avangos resultaram no desenvolvimento de modelos preditivos cada vez mais
precisos sobre a distribui¢ao das espécies e os efeitos de varidveis ambientais sobre seus

padrdes de ocorréncia (ELITH; FRANKLIN, 2013; FRANKLIN, 2023).

Modelagem da Distribuicido Potencial de Espécies

A construcdao de mapas de predi¢do dos padrdes geograficos de distribuicao
das espécies e da adequabilidade de habitats de areas pouco amostradas e a projetagao de
respostas a cenarios de mudangas climaticas tem se mostrado essencial para o
planejamento e manejo da conservagao de ecossistemas, sendo chave para a biogeografia
da conservacao (ELITH; LEATHWICK, 2009; FERRIER, 2002; PALACIO et al., 2021;
ZIZKA et al., 2020). As modelagens de distribui¢do de espécies (Species Distribution
Modelling - SDMs), especificamente, tém sido amplamente empregadas para investigar
questdoes fundamentais da biogeografia, como a identificacdo de areas de maior
diversidade, a compreensdo de padrdes historicos de distribuicdo e a previsao de impactos
das mudancas ambientais (ELITH; FRANKLIN, 2013; FRANKLIN, 2023).

O cerne dos SDMs reside no pressuposto de que as condi¢des ecologicas,
tanto bidticas quanto abidticas, moldam a distribuicdo potencial das espécies,
influenciando diretamente processos demograficos fundamentais como crescimento,
sobrevivéncia e reproducao (LIAN et al., 2022; PAGEL et al., 2020; PEARCE-HIGGINS
et al., 2015). Como nota-se, os SDMs fundamentam-se nos principios da teoria do nicho

ecologico, permitindo a identificacdo de regides potencialmente habitdveis por meio da
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correlagdo entre pontos de ocorréncia georreferenciados e variaveis ambientais preditoras
(BRUN et al., 2020; ELITH; FRANKLIN, 2013; FRANKLIN, 2023; NAIMI; ARAUJO,
2016; PETERSON et al., 2011). As areas com maior probabilidade de ocorréncia para
uma determinada espécie sdo aquelas que oferecem as condi¢des ideais para a

maximizacao do seu fitness.

Dessa forma, os padrdes de distribuicao de uma espécie refletem a complexa
interacdo entre suas exigéncias ecoldgicas e os gradientes ambientais em que estd
inserida. Essa abordagem contribui ndo apenas com a compressdo da presenca atual de
uma espécie, mas também seu potencial de ocorréncia em outras regides diante de
condi¢des favoraveis (COELHO et al., 2023; KUJALA; MOILANEN; GORDON, 2018;
LIAN et al., 2022; PETERSON et al., 2011).

Entre suas diversas aplicagdes, os SDMs permitem avaliar como fatores
ecoldgicos e climaticos afetam a biodiversidade, mapear a distribuicao futura de espécies
sob cenarios de mudangas climdticas e prever a expansao de espécies invasoras (ALVES
etal.,2023; BARBET-MASSIN et al., 2018). Suas proje¢des sdo essenciais para antecipar
desafios de manejo e estabelecer estratégias de mitigagcdo de impactos (PECCHI et al.,
2019). Contudo, os modelos ndo eliminam a incerteza, eles a formalizam e a tornam
mensuravel. A qualidade dos resultados depende da resolugao das variaveis ambientais,
da representatividade das ocorréncias e da robustez dos algoritmos empregados, sendo
essencial trata-los como representacdes probabilisticas € ndo deterministicas (BEALE;

LENNON, 2012; SRIVASTAVA; LAFOND; GRIESS, 2019).

Essa ferramenta ¢ particularmente valiosa para espécies com dados de
ocorréncia escassos ou em risco de extingdo, possibilitando o delineamento de areas
prioritarias para conservacdo (LANNUZEL et al., 2021; VOLIS; TOJIBAEYV, 2021). A
aplica¢do dos modelos de distribui¢cdo sdo bastante relevantes, também, para espécies de
ampla distribui¢ao ou com grande importancia ecoldgica e socioecondmica. Nesses casos,
a identificagdo de areas de alta densidade populacional pode guiar acdes de manejo,
conservacdo e uso sustentavel, contribuindo para a formulacdo de politicas publicas
ambientalmente fundamentadas (AVOLIO et al., 2019; OSHIMA et al., 2021).

No caso do Complexo Babagu, essa perspectiva ganha especial relevancia. A
combinagdo de limites taxonOmicos imprecisos, lacunas de amostragem e processos
ecoldgicos complexos, como a sindrome de dispersdo zoocdrica na maioria de suas

espécies e regeneracdo poOs-disturbio, impde desafios adicionais a modelagem
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bioclimatica. Dessa forma, compreender sua distribuicdo potencial ndo ¢ apenas um
exercicio estatistico, mas uma oportunidade de explorar como a incerteza se manifesta
simultaneamente no espaco ecologico e geografico, moldando tanto a compreensio

cientifica quanto as decisdes de conservagao.

A modelagem também oferece suporte para a avaliagdo de impactos
decorrentes de alteragdes no uso e cobertura da terra, a inclusdo de variaveis
antropogénicas nos modelos tem se mostrado cada vez mais relevante (FRANS et al.,
2022; NUNEZ-PENICHET; MAITA; SOBERON, 2024; ZUQUIM et al., 2023). Fatores
como densidade populacional, proximidade de areas agricolas, infraestrutura viaria e
indices de pressdo antropica se mostram determinantes na busca por distribuigdes mais
reais das espécies e devem ser incorporados para aumentar a acuracia dos modelos

(FRANS; LIU, 2024; PANTHI et al., 2019; REQUENA-MULLOR et al., 2019).

Os SDMs tem sido muito utilizados em contextos de mudangas climaticas,
especialmente em regides tropicais. Ao simular diferentes cenarios futuros de mudancas
climaticas, € possivel prever como tais mudangas podem afetar a distribuigdo das espécies
e a estabilidade dos ecossistemas (FRANKLIN, 2023). Espécies da familia Arecaceae,
como as do Complexo Babagu, tém sido amplamente estudadas por sua sensibilidade as
variagoes climdticas e por sua importancia ecoldgica na manutengdo da integridade dos
ecossistemas tropicais (BLACH-OVERGAARD et al., 2010; COSTA et al., 2022;
EISERHARDT et al., 2011; GOLDEL; KISSLING; SVENNING, 2015).

Nesse cendrio, os modelos possibilitam identificar areas que permanecerao
adequadas para essas espécies no futuro, mesmo sob cenarios climaticos adversos. Tais
areas podem funcionar como refugios climaticos, devendo, assim, serem consideradas
prioritdrias para a conservacdo, restauragdo ecoldgica e manutencdo de servicos
ambientais (CHHETRI; BADOLA; BARAT, 2021; FOIS et al., 2016; KATUWAL et al.,
2023).

Ao associar os resultados da modelagem a andlise de vulnerabilidade
ecoldgica, por exemplo, os SDMs podem subsidiar politicas de adaptagdo as mudangas
climéticas. Isso inclui, por exemplo, o redirecionamento de unidades de conservagao, a
priorizagao de corredores ecoldgicos e o apoio a comunidades tradicionais dependentes
dos recursos naturais (BLAIR; LE; XU, 2022; FERRAZ et al., 2021; IANNELLA et al.,
2021; PECCHI et al., 2019). A falta de conhecimento sobre a sensibilidade especifica de
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cada espécie do Complexo Babacu a essas variaveis climaticas representa uma lacuna

critica que pode ser abordada no ambito da modelagem bioclimatica preditiva.

A flexibilidade metodoldégica dos SDMs permite a utilizacao de diferentes
algoritmos estatisticos e de aprendizado de maquina, como os modelos de Méxima
Entropia (MaxEnt), Random Forest (RF), Modelos Lineares Generalizados (GLM),
Boosted Regression Trees (BRT), dentre outros (KARGER et al., 2023; PHILLIPS;
DUDIK, 2008; ZHANG et al., 2019). O MaxEnt, por exemplo, ¢ amplamente utilizado
devido a sua robustez com dados apenas de presenga e sua capacidade de modelar
relacdes complexas entre espécies e variaveis ambientais (JHA; J; NAMEER, 2022;
VENNE; CURRIE, 2021). O RF ¢ um método de aprendizado de maquina que se destaca
pela alta precisao preditiva e pela capacidade de lidar com interagdes ndo-lineares e
multicolinearidade, sendo menos propenso a overfitting (DE MARCO; NOBREGA,
2018). Os GLMs, por sua vez, oferecem uma abordagem estatistica mais tradicional,
permitindo a interpretacdo direta da relacdo entre as variaveis preditoras e a probabilidade
de ocorréncia (NORBERG et al., 2019; VALAVI et al., 2022). Os BRTs combinam a
flexibilidade das arvores de decisdo com a capacidade de melhorar a precisdo por meio
do boosting, sendo eficazes na captura de padrdes complexos e na identificacdo de

variaveis importantes (IRVING; JAHNIG; KUEMMERLEN, 2020).

Cada um desses métodos possui caracteristicas distintas que os tornam
adequados para diferentes tipos de dados e perguntas de pesquisa. Contudo, a utilizagao
de um conjunto de modelos, em vez de um tUnico, pode permitir uma avaliacdo mais
abrangente da adequabilidade de habitat e uma maior confianca nas projec¢des, mitigando
as incertezas inerentes a cada método individual (HAO et al., 2019; KAKY et al., 2020;
MARMION et al., 2009; VALAVI et al., 2022).

AUSTIN (2002) destacou que o conhecimento ecoldgico das espécies
modeladas ¢ um elemento crucial no processo de modelagem. Os SDMs tém sido
utilizados em estudos comparativos entre diferentes espécies ou grupos taxondmicos,
permitindo anélises de sobreposi¢do de nicho, complementaridade de distribuicdo e
potenciais interagdes ecologicas (MURPHY; SMITH, 2021; STIELS; SCHIDELKO,
2018). Tais analises contribuem para o delineamento de estratégias integradas de
conservagao. A interpretacao dos resultados e a selecao das variaveis ambientais devem
estar fundamentadas em informagdes bioldgicas solidas, evitando inferéncias

equivocadas e reforcando a robustez dos modelos gerados (FOURCADE; BESNARD;
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SECONDI, 2017). Fatores como interagdes bidticas, capacidade de dispersao das
espécies e processos evolutivos adaptativos sdo dificeis de incorporar nos modelos, mas
podem ter um papel crucial na determinagdo da distribuicdo real das espécies

(DORMANN et al., 2018; RECORD et al., 2018).

Cabe reconhecer, contudo, as limitagdes intrinsecas aos SDMs. Seus modelos
baseiam-se em premissas simplificadoras, como a de que a distribuicao atual das espécies
reflete seu nicho ecologico completo € que as relagdes espécie-ambiente permanecerao
constantes no futuro (PEREZ-NAVARRO et al., 2021; PETERSON et al., 2011;
PIIRAINEN et al., 2023). Além disso, a qualidade dos dados de ocorréncia e das varidveis
ambientais (ex: viés de amostragem e resolu¢do espacial) pode influenciar
significativamente a acurdcia das predicdes (LAKE; BRISCOE RUNQUIST;
MOELLER, 2020; LEE et al., 2022). Em adigdo, a extrapolacdo para condigdes
ambientais fora do dominio de calibracdo do modelo (climas futuros, por exemplo)
introduz incertezas consideraveis (BRODIE et al., 2022; FRANKLIN, 2023; PASSOS et
al., 2024; THOMAS et al., 2024).

Outro ponto importante ¢ a necessidade de validagdo empirica dos modelos
gerados. A verificagdo em campo, o uso de métricas de desempenho como AUC (Area
sob a Curva) e TSS (True Skill Statistic) e a avaliagdo com dados independentes sdo
estratégias que fortalecem a confiabilidade das proje¢des, apesar de que, na auséncia de
dados de qualidade sobre presenga e auséncia, podem ser falhos na avaliagdo de
significado ecologico (ALLOUCHE; TSOAR; KADMON, 2006; FOURCADE;
BESNARD; SECONDI, 2017; SWETS, 1988; VALAVI et al., 2022).

A Mata dos Cocais ¢ o Complexo Babagu representam um sistema
socioecologico de alta complexidade e importancia, que enfrenta desafios com muitas
facetas, decorrentes da expansdo agricola e das incertezas climdticas. A integracdo de
dados ecolodgicos, modelagem preditiva e cartografia, € essencial para uma delimitagao
mais precisa da Mata dos Cocais e para a compreensao das dinamicas de distribuicao das
espécies do Complexo Babagu. Essa abordagem inter e transdisciplinar ¢ fundamental
para a constru¢do de politicas publicas eficazes que buscam a promoc¢do de justica
ambiental e resiliéncia ecoldgica, garantindo a conservac¢do desse patrimonio natural e
sociocultural, e revela que lidar com a incerteza ¢ parte intrinseca do processo de
conservar, nao apenas um obstaculo técnico, mas uma condi¢ao epistemoldgica da ciéncia

da paisagem tropical.
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Esta tese foi desenvolvida no formato de artigos cientificos, redigidos de
acordo com as normas editoriais das respectivas revistas, conforme previsto no
regulamento do programa. Os resultados apresentados nos capitulos estdo diretamente
associados a producdo cientifica derivada da tese, contribuindo para o avango do
conhecimento na area de Biogeografia da Conservacdo, com énfase na analise de
incertezas espaciais, informacionais e ecoldgicas aplicadas as palmeiras de babacgu

(Attalea spp.) e seus ecossistemas.



31

CAPITULO 1 - THE PROBLEM OF CONSERVING AN ECOSYSTEM THAT
HAS NOT BEEN COMPLETELY DELINEATED AND MAPPED: the case of the

Cocais Palm Forest

O presente capitulo corresponde a um artigo cientifico desenvolvido no
ambito desta tese, redigido e apresentado a seguir integralmente de acordo com as normas
editoriais da revista Environmental, Monitoring and Assessment, no qual ¢ discutido o
desafio da conservacdo de ecossistemas caracterizados por elevada incerteza espacial,
tomando a Mata dos Cocais como estudo de caso. O artigo encontra-se publicado desde
01 de junho de 2023, com o seguinte identificador digital: DOI:
https://doi.org/10.1007/s10661-023-11345-z.
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Abstract
Land-cover changes threaten biodiversity and alter the geographic distribution of forests

worldwide. Studies on this topic are important to establish conservation strategies and
public policies. However, different studies may propose different spatial representations
due to differences when identifying, classifying, and/or mapping the same vegetation
formation, as observed for the Cocais Forest region. This palm-dominated ecosystem
predominates the Brazilian Mid-north region in an ecotone region with 3 of the 6
Brazilian biomes. In this study, we conducted a literature review of studies that delineated
and mapped the Cocais Forest, aiming to compare different mapped regions and to
establish a new distribution map integrating these spatial data. We found seven sources
that revealed spatial divergences in identifying the spatial distribution of Cocais Forest,
including its characteristics in terms of size and shape, which could affect the
conservation, socioeconomic, and cultural policies and studies carried out on this
emblematic vegetation formation and influence area. The delineation proposed by de
Sousa Nascimento and Lima (2016) encompassed the largest area. In addition, there was

a lack of consensus regarding the nomenclature for this ecosystem, and few works offered
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a detailed description of the mapping process. Despite the different spatial distributions
found for the Cocais Forest, we succeeded in establishing a common area by overlapping
individual maps, resulting in the identification of a core region exclusive located in the
State of Maranhao.

Keywords: cartography, spatial distribution, palm trees, babassu, forest conservation,

Maranhao.

Introduction

Climate change, land use and land cover change, the irrational use of natural
resources, and biodiversity loss are major contemporary global crises. These factors act
synergistically to increase the vulnerability of the environment, endanger ecosystem
balance and human life, and modify the global distribution of ecosystems (Allen et al.,
2010; Newbold et al., 2015; Luintel et al., 2018; Ma et al., 2019; Silvério et al., 2019;
Arroyo-Rodriguez et al., 2020; Jain et al., 2021). Conservation and restoration of forest
ecosystems are essential approaches in addressing biodiversity loss and enhancing their
capacity as carbon sinks. Disturbances in forest dynamics are highly variable based on
factors such as forest type and location, resilience, and disturbance type and intensity,
which require the analysis of a set of spatial-temporal data (Diaz-Yanez et al., 2016; Ojha
etal., 2019).

Knowledge regarding the nature and territorial delimitation of ecosystems is
essential for the effective management and conservation of biodiversity (Marques et al.,
2019). The ecological security of a landscape requires an adequate planning and design
to optimize the spatial representation of its heterogeneity and diversity (Wang et al.,
2019). Thus, information on the biodiversity of an environment, characterization of its

occurrence patterns in the landscape, and mapping of vegetation extent and land cover
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are the main prerequisites for ecology and conservation biology studies, as well as for the
formulation of public policies aimed at conservation, environmental zoning, and land use
management (Frederico et al., 2021; Marques et al., 2019).

Avoiding divergences in land cover delineation could contribute to provide the
good quality spatial information required to support environmental conservation
strategies. To increase the success of these strategies, it is necessary to prevent the
discrepancy between the spatial scale of environmental management and ecological
processes that often hamper environmental conservation goals (Nguyen et al., 2022).

Tropical forests have been highlighted as priority management areas owing to
their high ecological complexity, diversity of species and hotspots, and for being the
largest carbon sinks in terrestrial environments (Phillips et al., 1998; Pan et al., 2011;
LeFevre et al., 2020). Transition zones between large tropical biomes, also known as
ecotones, are rich in complexity and community interactions. Thus, these ecotones require
more complex and in-depth research for the adoption of appropriate biodiversity
conservation strategies (Torello-Raventos et al., 2013; Marques et al., 2019). Among the
various forest formations in central-northern Brazil, the Cocais Forest or Cocal Zone (also
known locally as Mata dos Cocais or Zona dos Cocais) is a palm-dominated transition
zone between the humid Amazon forests in the north, the Cerrado Savannas in the south
and east, and the semi-arid Caatinga regions in the northeast. These transition regions are
hotspots of diversity and could serve as refuge for endemic species from the surrounding
biomes (Saraiva et al., 2020, Argibay et al., 2020). This region occurs across tropical,
equatorial, and semi-arid climates (Nunes et al., 2012), and is also known as babassu
forest because of the predominance of the emblematic palm tree species Attalea spp.

(locally known as babassu palms). This palm tree is primarily found in tropical countries
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such as Mexico, Bolivia, Colombia, and Suriname (Teixeira, 2008; Silva et al., 2013;
Santos-Filho et al., 2013; Reis et al., 2018).

Several studies have presented results on Brazilian land cover at various scales
(IBGE, 2012; Batistella et al., 2013; LAPIG, 2019; Alencar et al., 2020, Project
MapBiomas, 2021). However, there are several differences concerning the nomenclature,
classes, and its spatial extensions, which are important criteria in boundary delimitation
and spatial distribution. Although palm tree formations are included in global
classifications such as the global ecoregions maps (Olson et al., 2001) or the European
Space Agency Climate Change Initiative land cover product, there is currently no official
maps for the distribution of Cocais Forest. This region has been scientifically
neglected or misunderstood in the context of large-scale floristic characterization or
mapping (Batistella et al., 2013), despite its great importance for local traditional people
and communities, such as the babassu breakers, who depend on the sustainable extraction
of the babassu coconut (Porro et al., 2011; Porro & Porro, 2015; Mitja et al., 2019; de
Oliveira et al., 2022).

Because of the great significance of coconut babassu extraction for local
communities and regional economies, as well as the need to conserve the remnants of
Cocais Forest, here we performed a literature review aiming to analyze divergences on
its spatial delineation from different sources, and to propose an official map that will
serves as reference to improve conservation policies, ecological studies, and

socioeconomic planification in the Mid-north Region of Brazil.

Methods
Study region
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The Cocais Forest region has great landscape heterogeneity and is considered a
type of secondary vegetation with tree clusters that form dense forests or more open
regions with the presence of palm trees, such as in pasture or savannah areas (Santos-
Filho et al., 2013; Barreto et al., 2019). It is estimated that this region comprises
approximately 500 plant species. Palm trees such as Attalea speciosa Mart. ex Spreng,
Bactris setosa Mart., Copernicia prunifera (Mill.) H. E. Moore, Euterpe edulis Mart., and
Mauritia flexuosa L. F. are predominant and have a great socioeconomic value to local
communities that depend on sustainable extraction activities (Pinheiro, 2011; Campos et
al., 2015). Despite initiatives to detect palm trees formations through remote sensing
approach, there are still uncertainties about the real extent of these formation and its

conservation status (Vieira et al., 2017).

Systematic bibliographic research

In this study, we performed a literature review to gather spatial information on
the distribution and delineation of the Cocais Forest by comparing several cartographic
delineations. First, we conducted a systematic bibliographic research on different
databases such as Scielo, Scopus, Web of Science (WoS), and Wiley Online Library
(WOL). The search was performed considering studies involving the Cocais Forest with
no defined date range. Based on the different nomenclature observed in English and
Portuguese, we searched for the terms “Mata dos Cocais” OR “Cocal Forest” OR
“Floresta de Babagu” OR “Babassu Forest”, limiting the search to titles, abstracts, and
keywords in the Scopus database, and to any field category in the other databases. In
addition, we searched for other grey literature in online and print formats to supplement

the data from the systematic bibliographic research. We considered all studies that
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included a map of the Cocais Forest, additional information is given in the PRISMA flow
diagram in Online Resource 1.
Shapefiles with State and municipal boundary data were obtained from IBGE

(2020b).

Geoprocessing procedures

For each study selected from the systematic review, we extracted the following
information: mapping and publishing year; the nomenclature used by the authors to
classify the Cocais Forest region (e.g., biome, ecoregion, and phytoregion); the spatial
range and references used for mapping; the number of municipalities within the region
attributed to Cocais Forest per State considering all municipalities that cross the
shapefiles; and the size of the mapped region in square kilometers (km?).

We gathered these data from shapefiles whenever available, and for studies that
had no spatial information in shapefile format, we georeferenced the maps using QGis
software version 3.18 Zurich® and the Georeferencer tool in a SIRGAS 2000 projection-
based coordinate system. Next, using the georeferenced maps, we manually delineated
the polygon defined for this vegetation formation from the figure map presented in each
analyzed source, at a scale of 1:4,000,000, with the vertices corrected for a scale of
1:2,000,000, generating the respective vector (shapefile) of its boundaries.

We calculated the total area and other features based on the number of
municipalities included and their areas inside each Cocais Forest boundaries. In addition,
we overlapped the shapefile layers derived from the different maps to create a single
boundary map for this vegetation formation based on all the collated sources. Then, vector

files were rasterized with a 1-km spatial resolution to ensure compatibility with the spatial
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resolution of other climate and environmental products derived from remote sensing (e.g.
1 km for precipitation data derived from CHIRPS, 500 m to 1km for MODIS derived
products) and to facilitate the processing and evaluation of future analyses. We used the
raster calculator to sum the individual layers created by each study using map algebra
functions. Based on the overlapped map, we determined the following information: the
total region attributed to the Cocais Forest by combining the areas of all maps, and a core

region defined by the intersection between all maps.

Results and discussion
Systematic bibliographic research

The systematic review on databases returned a total of 116 papers, being 16 from
Scielo, 54 from Scopus, 46 from WoS and none from WOL (Online Resource 1).
However, none of studies presented explicit figures or maps of the Cocais Forest extent,
for this reason we could not use them to accomplish our goal. Thus, we searched for the
grey literature which yielded seven maps of the Cocais Forest extent, that served as
cartographic data for this study (Table 1): World Wildlife Fund for Nature Brazil (WWF
Brasil, 2004), Rocha et al. (2011), Santos-Filho et al. (2013), de Sousa Nascimento and
Lima (2016), Barreto et al. (2019), Deforestation Polygon Assessment Tool (DEPAT) of
the Image Processing and Geoprocessing Laboratory (LAPIG) of the Federal University
of Goias (UFG) (LAPIG, 2019), and Maranhense Institute of Socioeconomic and

Cartographic Studies (IMESC) (2021).
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Table 1 Compilation of the cartographic data extracted from the selected sources.

Spatial Number of Cocais
. . Nomenclature R
Year of Mapping Mapping range municipalities  Forest
Reference C e used to define .
publication year(s) reference(s) wused for . incorporated, Area
. Cocais Forest »
mapping by State (km®)
IBGE
WWF . (1993); . CE: 12; MA:
Brazil 2004 inf Olson et al. Global Ecoregion 125: PI: 57 141,628.98
(2001)
. . Type of MA: 129; PIL:
Rocha et al. 2011 in.f in.f Northeast vegetation 74: TO: 17 219,219.49
Santos- WWF and Maranhao MA: 126; PI:
Filho et al. 2013 2006 IBGE and Piaui Zone 54 149,361.81
Ceara,
De Sousa Diversos Maranhao, Babassu CE:1; MA:
Nascimento; 2016 in.f atores Para, ecological 168; PA: 12; 260,039.07
Lima . Piaui and region PI: 86; TO: 33
Tocantins
Maranhao
Barreto et IBGE ., ’ MA: 108; PI:
al. 2019 2015 (2015) Piaui apd Landscape 53: TO: 25 164,994.67
Tocantins
. Sanoetal. Cerrado ) MA: 87, PI:
LAPIG 2019 inf (2019) Biome Ecoregion 1 74,129.07
IMESC 2021 inf Zg%%‘* Maranhio  Zone MA: 14 27,905.24

i.n.f Information not found, CE Ceara State, MA Maranhao State, P4 Paré State, PI Piaui

State, 7O Tocantins State.

Cartographic surveys of Cocais Forest and its implications for nature conservation

Maps from the identified studies revealed spatial divergences of the Cocais

Forest region (Figs. 1a to 1g). Each map depicted a unique representation of the spatial

delimitation of the Cocais Forest, both in terms of its size and shape, as well as the
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Brazilian States encompassed. Considering the analyzed sources (Fig. 1), Cocais Forest
was identified in five of the 27 Brazilian States: Ceara (CE), Maranhdo (MA), Para (PA),
Piaui (PI), and Tocantins (TO), most located in the northeastern region of Brazil. The
absence of a cartographic consensus among the references may have a direct impact on
studies that guide the landscape characterization process and the implementation of public
policies aimed at managing and conserving this plant formation (Colten, 2018; de
Almeida et al., 2019; Barreal & Jannes, 2020). Anything that has not been rightly
delimited or identified cannot be protected or conserved properly, as has been the case
for other ecosystems such as the Asian savannas, which have been misclassified in global
and local research, resulting in controversies over conservation efforts (Ratnam et al.,
2016). In the case of the Cocais Forest in Brazil, misclassification or inaccurate
definitions of its spatial distribution could affect related research. For example, the extend
and correct delineations of land cover is important to determine the effects of fire regime
changes and how that affect the flammable and fire adapted ecosystems (e.g Cerrado
savannas) and the more fire sensitive forest ecosystems (e.g. gallery forest, amazon forest)
where fire could cause forest fragmentation or degradation (Silva-Junior et al., 2022).
Accurate spatial information serves as a cartographic basis for burned areas analyses
(Alves & Alvarado, 2019; Argibay et al., 2020; Syphard & Keeley 2020, Silva et al.,
2021), particularly in these transition zones as the Cocais Forest region characterized by

a mosaic of patches of palms forest into a matrix of anthropic areas and savannas.
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Fig. 1 The main spatial delimitations of Cocais Forest. Maps were adapted from the
Cocais Forest distributions reported by a) WWF Brasil (2004), b) Rocha et al. (2011), ¢)
Santos-Filho et al. (2013), d) de Sousa Nascimento and Lima (2016), e¢) Barreto et al.

(2019), ) LAPIG (2019); and g) IMESC (2021).
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The spatial information obtained from mapping a region is essential for
establishing and applying spatial indices and landscape metrics for structural
quantification, forest landscape management, and diagnosing and measuring spatial
changes in landscape composition and configuration (Herold et al., 2003; Feng et al.,
2018; Dadashpoor et al., 2019; Jia et al., 2019; Mandal & Chatterjee, 2021). These metrics
require different types of land-mapping data for their equations and algorithms, such as
area and perimeter data (Kupfer, 2012). Thus, maps with distinct spatial delimitations

produce divergent geometric information and location vectors, implying that different



43

results are produced for aspects associated with landscape changes at various scales. In
addition, research on landscape metrics has demonstrated a correlation between landscape
metrics and ecosystem services (Zhang et al., 2011; Duarte et al., 2018; Wang et al., 2019;
Hou et al., 2020), making it important to properly and accurately delineate vegetation
formations.

In areas with a high degree of anthropization, such as the Cocais Forest region
(Santos-Filho et al., 2013), landscape metrics are essential for predicting habitat
restrictions when considering the movement and potential for species dispersion and other
aspects associated with population dynamics (Jackson & Fahrig, 2015; Rezende et al.,
2020; Santos et al., 2020), and population genetics (Wan et al., 2018). The forest cover
of a landscape is inextricably linked to the availability of natural resources and
consequently to the richness, abundance, perpetuation, and population density of species
(Fahrig, 2003; Godefroid & Koedam, 2003; Gignac & Dale, 2007; Fahrig, 2013; Jackson
& Fahrig, 2015; Uroy et al., 2019). The number of studies analyzing the influence of
landscape connectivity on biodiversity has increased considerably since the early part of
the 21st century (Ayram et al., 2016). Thus, as biodiversity patterns vary widely
(Bridgewater et al., 2004; Milliken et al., 2010; Soares et al., 2020), forest managers
require highly accurate forest cover information (Unger et al., 2014).

Regarding the States encompassed in each single maps (Fig. 1), the area
established by de Sousa Nascimento and Lima (2016) (Fig. 1d) contained the greatest
number of Brazilian States (Ceara, Maranhao, Para, Piaui, and Tocantins), whereas the
region defined by the IMESC (2021) was the most limited and restricted exclusively to
the State of Maranhdo. Highly restrictive classifications might prevent the spatial
characterization of areas on official maps by disregarding or inadequately identifying its

actual characteristics. A map that underestimates the extent of a landscape may not
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encompass all its economic and ecological heterogeneity and multifunctionality. For
example, landscape heterogeneity has the potential to mitigate the detrimental effects of
habitat fragmentation (Tscharntke et al., 2012; Uroy et al., 2019) and is essential for the
perpetuation of biological diversity, provision of ecosystem services, and conservation of
endangered species (Dorresteijn et al., 2015; Laszl6 et al., 2018).

The differences in spatial delimitation observed in the analyzed maps (Figs. 1a
to 1g) have a substantial impact on the quality of the sustainability assessment of the
Cocais Forest ecosystem, which has great social, economic, scientific, and ecological
interest (Porro & Porro, 2015; Mitja et al., 2019; de Oliveira et al., 2022), and has
historically been impacted by anthropogenic activities (Santos-Filho et al., 2013), needing
strategic plans for ecological protection and recovery. By estimating the spatial
delimitation of the Brazilian Caatinga biome, Antongiovanni et al. (2018) quantified its
spatial structure and assessed the extent to which the remaining areas were susceptible to
anthropogenic disturbances. Thus, mapping properly an area makes it possible to
understand the complexity of mosaic landscape dynamics, including its composition,
changes, and the intensity and potential effects of human disturbances that can influence
ecological processes and conservation strategies (Marques et al., 2019; Souza-Filho et al.,
2019; Yang et al., 2019; Wang et al., 2019). Marques et al. (2019) obtained different
values for estimated deforested areas in the Caatinga biome compared to the mapping
performed by IBGE, demonstrating one of the effects associated with different spatial
delimitations for the same region.

Another associated issue is the inconsistency between maps in terms of its
distribution and quantification of potential forest biomass along forest landscapes. For
example, spatial differences influence the estimation of the above-ground biomass and its

potential carbon sequestration of the region, causing under- or overestimations of these
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values (Wang et al., 2019). This scenario makes it difficult to develop and implement a
green (low-carbon) economy and adopt strategies targeted at efficient natural resource
management, green investment, technological innovation, and poverty eradication
(Brand, 2012). Furthermore, it prevents the acquisition of economic incentives for the
land organization and management, and landscape-scale conservation efforts such as
payments for ecosystem services (Hartig & Drechsler, 2009; Muradian et al., 2010;

Ruggiero et al., 2019; Nguyen et al., 2019; Nguyen et al., 2022).

Implications of the criteria and methods used to delimit the Cocais Forest region

Assessment of the identified maps in the analyzed studies revealed that the
mapping year was the most unreported information since it was only reported by Santos-
Filho (2013) and Barreto et al. (2019). The absence of a temporal record affects the
evaluation of spatial and temporal dynamics in the short and long term and the analysis
of land cover change dynamics (Turner & Gardner 2015). It is the baseline to know the
current status, reconstruct the past history, quantify the degradation level, or predict the
future trajectory of Cocais Forest vegetation. In addition, to achieve an accurate
interpretation of the landscape, it is important that the temporal and spatial scales are well-
defined, allowing for the separation between the effects associated with landscape
connectivity from other factors, such as dispersal mode (Uroy et al., 2019).

It is important to emphasize the lack of information about the mapping process
or methodological approaches used in all analyzed studies, such as the descriptive
information on the primary sources (e.g., satellite images, other sources of bibliographic
references, and field data) and variables (e.g., vegetation reflectance, topography, rainfall,

and temperature) used by these authors to map the Cocais forest region. This prevented



46

us from discussing the key variables in the biogeographic delimitation of this formation.
In general, the recurring absence of information throughout our literature review indicated
the need to better characterize the methodological procedures used in the studies on
Cocais Forest to clarify the criteria and variables used to delimit this region, which can
serve as a foundation for future research on this plant formation.

The problem involved with the definition of the Cocais Forest is not exclusive
to this region. In the Brazilian Caatinga biome and its phytophysiognomies, a similar
discrepancy between the information from multiple maps is observed, particularly
regarding the semiotic choices made during the preparation of the map classification
system (Bontempo et al., 2020). The absence or inadequacy of this information
exacerbated the issue raised by Sousa-Baena et al. (2014), who analyzed primary data on
angiosperm biodiversity in Brazil. The authors identified knowledge gaps regarding this
primary data and reported that most biodiversity data is not available in digital format and
not georeferenced or is limited to the extent that makes them unusable. In the context of
conservation-oriented public policies, this directly affects their implementation because
the available digital knowledge employed is limited, biased, or insufficient. According to
Frederico et al. (2021), primary data are required to develop knowledge that can be
applied more diligently. The limited methodological information restricts the use of these
cartographic materials to develop biogeographical research and, consequently, to
establish environmental conservation strategies or to explain landscape dynamics.

Another controversial issue is the various nomenclature used by authors to refer
to the Cocais Forest formation. Some publications used similar terms, such as WWF
Brazil (2004) and LAPIG (2019), which referred to Cocais Forest as an “ecoregion”,
whereas Santos-Filho et al. (2013) and IMESC (2021) used “zone.” The remaining studies

applied different nomenclatures (landscape, type of vegetation, and babassu ecological
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region). However, even among references that employing similar terminology, distinct
cartographic delimitations were observed (Figs. 1c and le, and 1b and 1f). Regarding the
conceptual aspects of landscape ecology, the various terms used to represent the spectrum
of approaches used by the authors, ranging from a geographic approach that focuses on
the anthropogenic effects on geographic areas to an ecological approach that emphasizes
the relationship between the area and its ecological processes (Pickett & Cadenasso, 1995;
Turner & Gardner, 2015). This confirms the lack of consistency about the nomenclature
used, even among studies employing the same methodological approach (geographical or
ecological). Using terminology better suited to characterize the Cocais Forest is essential
for the development of studies in this field, especially in terms of formulating public
policies aimed at the specificities of this research to reinforce the core objectives of
environmental standards. More concrete notions can guide decision-makers in developing
initiatives with a more integrated perspective, thereby facilitating the adaptation of the
normative framework and management of available resources (Sposati, 2016).

Among the references analyzed in this study, only Barreto et al. (2019) used the
term “landscape” to refer to the Cocais Forest. Given the notion underlying this term, as
described by Wu and Qi (2000) and Siqueira et al. (2013), who considered a landscape as
a dynamic product of physical, biological, and anthropogenic factors, this nomenclature
appears more biogeographical than the other afore mentioned terms. Landscapes are
identified as areas exhibiting considerable spatial differences, which are sometimes
expressed in the form of mosaics of patches with distinct shapes, sizes, histories, and
compositions, and the Cocais Forest fits this definition. Although this region comprises
naturally dense areas, it also has fragmented anthropogenic areas across States in the

Brazilian Mid-north region (Santos-Filho et al., 2013).
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Regarding the spatial range utilized for mapping, different scales have been used
in previous studies. WWF Brazil used the widest scale, with global-scale vegetation
mapping based on studies by IBGE (1993) and Olson et al. (2001), whereas the IMESC
(2021) used the smallest scale, performing mapping at the State level only for State of
Maranhao using the Maranhdo Ecological-Economic Zoning database process (2021),
which represents a political bias. Establishing a suitable scale for landscape analyses is
highly relevant for accomplishing biogeographic delimitations and ecological analyses
because living organisms respond to environmental gradients rather than political
boundaries. The differences observed in this information may result in spatial data with
distinct spatial arrangement patterns and precision, and most important, excluding regions
where this formation is present. The scale used could compromise the characterization of
environment, such as the heterogeneity of its systems, owing to changes in how its
varying nature is perceived (Wu & Qi, 2000). Interestingly, the map presented by LAPIG
(2019) (Fig. le), based on the study by Sano et al. (2019), was developed exclusively for
the Cerrado ecoregions. Thus, according to the criteria of these authors, it is believed that
the Cocais Forest area could have been larger than it appeared on the map if the same
information had been available for the Amazon biome.

Sousa Nascimento and Lima (2016) reported the largest area (260,039.07 km?)
including the largest number of municipalities (n = 300, 56% of which were in State of
Maranhdo). The study of Rocha et al. (2011) reported the second largest area with
219,219.49 km?, contained the second-highest number of municipalities (n = 220, with
58.6% of these located in State of Maranhdo). In contrast, the IMESC study (2021)
restricted to a single State (Maranhio), presenting the smallest area with 27,905.24 km?
and consequently the smallest number of municipalities (n=14). The IMESC data (2021)

(Fig. 1f) resulted from a local sociopolitical approach, from the technical work carried
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out by the State of Maranhao government to define zones for management and territorial
planning (Maranhao Ecological-Economic Zoning — ZEE project), limiting the extent of
the studied area to the geographical State boundaries rather than following the natural
distribution of Cocais Forest formation (Barros, 2020; SEATI, 2020). This approach has
been criticized by several researchers who affirm that it favors the socioeconomic
interests over the environmental interests on the conservation of the forest remnants in
the State (Silva-Junior et al. 2020; Silva-Junior et al., 2021; Celentano et al., 2017).
Restringing the studies to a geographical boundary may also have contributed to
a more limited spatial definition by excluding areas in other States or other palm
formation regions, such as those occupied by carnauba palms (known as carnaubais in
Portuguese) in Piaui State (Santos-Filho et al. 2013). Piaui is divided into 12 so-called
Development Areas (Territorios de Desenvolvimento in Portuguese), one of which is
referred to as the Cocais Development Area, comprising 22 municipalities in the north of
the State, and a second one referred as the Carnaubais Development Area encompassing
16 municipalities in the Mid-North of the State (SEPLAN-PI, 2019). Although the
geographic boundaries of the States were the primary criteria for limiting the mapping
area in these studies, the Cocais Forest was delineated in each one using different

classification criteria.

The new proposed Cocais Forest area delimitation

The sum of the raster layers of the single analyzed maps (Figs 1a to 1g) indicated
that the total area allocated to Cocais Forest encompassed 425,529.30 km? and comprised
five Brazilian States (Cear4, Maranhdo, Pard, Piaui, and Tocantins) (Fig. 2). In terms of

total area, the largest portion (270,591.13 km?) was in Maranhdo State, accounting for
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63.59% of the total area and 82% of the State (Table 2). The Cocais Forest region included
a total of 392 municipalities, 51.28% of which were in Maranhdo, which also
corresponded to the most representative State in the new proposed Cocais Forest
delimitation, with 92.63% of its municipalities (201 from 217) included in this formation.
In contrast, Ceara State had the smallest percentage of municipalities (6.52%). All studies
indicated that the largest area of occurrence designated as Cocais Forest were in
Maranhao State (Figs. lato 1g), corroborating the findings of Batistella et al. (2013), who
characterized this forest formation as a typical landscape of Maranhdo.

Fig. 2 Overlay map of the areas attributed to Cocais Forest in the reviewed studies,

highlighting the total area and core region.
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Table 2 Geographic aspects of the States included in the total area attributed to Cocais
Forest. The values in parentheses represent the proportions of municipalities within the
total region that are attributed to Cocais Forest relative to the total number of

municipalities in that State.

Area of the Percentage
Percentage area of the
State .
oy area of the State in
within the oy .
e State within  relation to Number of
Brazilian Area of the total e e Teis
2 . the total the total  municipalities
State State (km*®) Cocais . . .
Forest Cocais region incorporated
resion Forest attributed to
(kgmz) region (%) Cocais
Forest (%)
Maranhdo 329,651.56 270,591.13 82.08 63,59 201 (92.63%)
Piaui 1,245.870.28 79,166.09 6.35 18,60 108 (48.21%)
Tocantins 277,423.57 60,169.46 21.69 14,14 59 (42.25%)
Para 251,755.48 13,321.82 5.29 3,13 12 (8.33%)
Ceara 148,894.44 2,280.80 1.53 0,54 12 (6.52%)
TOTAL 2,253,595.33 425,529.30 - - 392 (43.17%)

The overlapping of different layers made it possible to determine the intersection
between the 7 analyzed maps, resulting in a core region that proved to be exclusively
within Maranhdo State and predominantly in the eastern region. This core region
contained 14 Maranhdo municipalities and occupied an area of 20,643.94 km? where
95.5% (4,975.85 km?) of the Caxias municipality belongs to this core area and the other
nine municipalities are entirely situated within the core (Online Resource 2). In terms of
environmental aspects, based on information from the IBGE database (2012; 2020a), the

entire core region was in the Cerrado biome, and a considerable portion of this area was
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situated in the Brazilian semi-arid region (Caatinga biome), in areas where seasonal
deciduous and semi-deciduous forests occurred.

Considering the consensus between the cartographic data analyzed, and
reinforced by the presence of a region whose plants are indicative of Cocais Forest, the
IMESC (2018) defined a Development Area denominated “Cocais” in Maranhao State
based on a socioeconomic classification. This reinforced the close relationship between
the local communities in the region and these palm trees that constitute this forest
formation and that contribute to its domination in the landscape, particularly babassu tree
palm (Porro et al., 2011; Porro & Porro, 2015; Mitja et al., 2019; de Oliveira et al., 2022).

Based on the identified studies, the overlay map of the locations attributed to
Cocais Forest could be regarded as a new proposed area for its occurrence. Thus, it could
be inferred that the larger the number of overlay maps, the greater the possibility of a
region being classified as a Cocais Forest region. However, studies about the potential
species distribution and niche distribution modeling are strongly recommended to
perform a robust analysis based on field occurrence data of the dominant tree palms.

Regarding environmental conservation strategies, mapping that underestimates
the breadth of a landscape similarly affected the definition of priority areas for
conservation (Rezende et al., 2020). Based on this interpretation and utilizing this new
proposed map as a cartographic reference, the vulnerabilities that permeate this
environment can be studied more assertively (Wang et al., 2019). Consequently, the initial
areas for management and conservation plans for their communities and sustainability

can be identified.

Conclusions

The analyzed data confirmed the existence of spatial and nomenclatural

divergence in the Cocais Forest region, as evidenced by the various spatial delimitations
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from the selected studies, which highlighted the necessity to better characterize and report
the methodological procedures employed to perform these classifications. The lack of
consensus regarding cartographic boundaries could impact the characterization of
geographic areas and biogeographical analyses necessary for the implementation of
public policies to manage and conserve the Cocais Forest region.

Considering the challenges in characterization and nomenclature, a fundamental
issue in biogeographical studies, ecologists bear a considerable amount of responsibility
for appropriately defining this type of ecosystem. In addition, a highly anthropized
environment requires interdisciplinary action to integrate aspects intrinsic to landscape
ecology and geography in an approach that encompasses physical and biotic components
as well as anthropogenic and social factors.

Combining the different maps resulted in a new proposed occurrence
delimitation for Cocais Forest, which included 392 Brazilian municipalities across five
States and could be regarded as a potential delimitation area. Although more studies are
needed to better understand the potential species distribution of the dominant and
emblematic tree palms and its niche distribution. Despite the various spatial delimitations
of Cocais Forest, a common area was established by overlapping the single selected maps,
resulting in the identification of a core zone located on Maranhdo State, which may be
used as a priority area to focus conservation efforts.

This study offered key insights for researchers, policymakers, and practitioners.
Future studies based on field work and remote sensing techniques are required to provide
scientifically robust data and assess the practical impacts of these divergences on this
ecosystem, as a basis for multidisciplinary researchers in the conservation of this relevant

landscape.



54

Availability of data and materials

The datasets generated during and/or analyzed during the current study are

available from the corresponding author on reasonable request.

Declarations

Ethical approval

All authors have read, understood, and have complied as applicable with the

statement on “Ethical responsibilities of Authors” as found in the Instructions for

Authors. The authors approved the manuscript, and there are no ethical issues to declare.

Consent to participate

The authors have agreed on the manuscript, and there are no issues to disclose.

Consent for publication

The authors have no issues on this matter and agreed to publish the content of

the paper.

Conflict of interest

The authors declare no competing interests.



55

Author Contribution
Santos, D.P was responsible for surveying the database and formatting the

figures and tables. All authors participated in writing and revising the manuscript.

Funding
This work was supported by the Fundacdo de Amparo a Pesquisa e ao
Desenvolvimento Cientifico e Tecnoldgico do Maranhao - FAPEMA [grant number

IECT-05539/18].

References

Alencar, A. A. C., Shimbo J. Z., Lenti F., Marques C. B., Zimbres B., Rosa M., Arruda
V., Castro, I, Ribeiro, J. P. F. M., Varela, V., Alencar, 1., Piontekowski, V., Ribeiro, V.,
Bustamante, M. M. C., Sano, E. E., & Barroso, M. (2020). Mapping three decades of
changes in the brazilian savanna native vegetation using landsat data processed in the
google earth engine platform. Remote Sensing, 12(6), 924.
https://doi.org/10.3390/rs12060924

Alencar, A. A. C., Arruda, V. L. S., Da Silva, W. V., Conciani, D. E., Costa, D. P., Crusco,
N., Duverger, S. G., Ferreira, N. C., Franca-Rocha, W., Hasenack, H., Martenexen, L. F.
M., Piontekowski, V. J., Ribeiro, N. V., Rosa, E. R., Rosa, M. R., dos Santos, S. M. B.,
Shimbo, J. Z., & Vélez-Martin E. (2022). Long-Term Landsat-Based Monthly Burned
Area Dataset for the Brazilian Biomes Using Deep Learning. Remote Sensing, 14(11),
2510. https://doi.org/10.3390/rs14112510

Allen, C. D., Macalady, A. K., Chenchouni, H., Bachelet, D., McDowell, N., Vennetier,
M., Kitzberger, T., Rigling, A., Breshears, D. D., Hogg, E. H., Gonzalez, P., Fensham,
R., Zhang, Z., Castro, J., Demidova, N., Lim, J.H., Allard, G., Running, S. W., Semerci,
A, & Cobb, N. (2010). A global overview of drought and heat-induced tree mortality
reveals emerging climate change risks for forests. Forest Ecology and Management.
259(4), 660—-684. https://doi.org/10.1016/j.foreco.2009.09.001

Alves, D. B., & Alvarado, S. T. (2019). Variagdo espago-temporal da ocorréncia do Fogo
nos biomas brasileiros com base na andlise de produtos de sensoriamento remoto.
Geografia, 44(2), 321-345. ttps://doi.org/10.5016/geografia.v44i2.15119

Antongiovanni, M., Venticinque, E. M., & Fonseca C. R. (2018). Fragmentation patterns
of the Caatinga drylands. Landscape  Ecology, 33(8), 1353-1367.
https://doi.org/10.1007/s10980-018-0672-6

Araujo, F. R., Gonzalez-Pérez, S. E., Lopes, M. A., & Viégas, 1. D. J. M. (2016).
Ethnobotany of babassu palm (Attalea speciosa Mart.) in the Tucurui lake protected areas
mosaic-eastern Amazon. Acta Botanica Brasilica, 30(2), 193-204.



56

Argibay, D. S., Sparacino, J., & Espindola, G. M. (2020). A long-term assessment of fire
regimes in a Brazilian ecotone between seasonally dry tropical forests and savannah.
Ecological Indicators, 113:106151. https://doi.org/10.1016/j.ecolind.2020.106151

Arroyo-Rodriguez, V., Fahrig, L., Tabarelli, M., Watling, J. L., Tischendorf, L.,
Benchimol, M., Cazetta, E., Faria, D., Leal, I. R., Melo, F. P. L., Morante-Filho, J. C.,
Santos, B. A., Arasa-Gisbert, R., Arce-Pefia, N., Cervantes-Lopez, M. J., Cudney-
Valenzuela, S., Galan-Acedo, C., San-José, M., Vieira, I. C. G., Slik, J. W. F., ... &
Tscharntke, T. (2020). Designing optimal human-modified landscapes for forest
biodiversity conservation. Ecology letters, 23(9), 1404-1420.
https://doi.org/10.1111/ele.13535

Barreal, J., & Jannes, G. (2020). Spatial and temporal wildfire decomposition as a tool
for assessment and planning of an efficient forest policy in Galicia (Spain). Forests, 11(8),
811. https://doi.org/10.3390/f11080811

Barreto, H. N, Parise, C. K., & de Almeida Jr, E. B. (2019). The Cocais Forest Landscape.
In Salgado, A. A. R., Santos, L. J. C, & Paisani, J. L (Eds.), The Physical Geography of
Brazil (pp. 151-167). Springer Nature.https://doi.org/10.1007/978-3-030-04333-9

Barros, J. (2020, Mar 17). Aprovado projeto que institui o Zoneamento Ecoldgico-
Econoémico do Maranhdo. Agéncia ALEMA. Assembleia Legislativa do Estado do
Maranhdo. Retrieved March 24, 2023, from http://www.al.ma.leg.br/noticias/39800

Batistella, M, Bolfe, E. L., Vicente, L. E., de Castro Victoria, D., & Araujo, L. S. (orgs.).
(2013). Relatorio do Diagndstico do Macrozoneamento Ecoldogico-Econémico do Estado
do Maranhdo. Relatério Técnico, Embrapa Monitoramento por Satélite.

Bontempo, E., Demirel, M. C., Corsini, C., Martins, F., & Valeriano, D. (2020, March).
Classification System Drives Disagreement Among Brazilian Vegetation Maps at a
Sample Area of the Semiarid Caatinga. In /EEE Latin American GRSS & ISPRS Remote
Sensing Conference (LAGIRS) (pp. 499-504) IEEE.

Brand, U. (2012). Green economy—the next oxymoron? No lessons learned from failures
of implementing sustainable development. GAIA, 21(1), 28-32.
https://doi.org/10.14512/gaia.21.1.9

Bridgewater S, Ratter, J. A., & Ribeiro, J. F. (2004). Biogeographic patterns, B-diversity
and dominance in the Cerrado biome of Brazil. Biodiversity and Conservation, 13, 2295-
2317. https://doi.org/10.1023/B:BIOC.0000047903.37608.4c

Brown, J. H., & Lomolino, M. V. (2006). Biogeografia (2nd ed.). Funpec.

Campos, J. L. A, da Silva, T. L. L., Albuquerque, U. P., Peroni, N., & Aratjo, E. L.
(2015). Knowledge, use, and management of the babagu palm (Attalea speciosa Mart. Ex
Spreng) in the Araripe Region (Northeastern Brazil). Economic Botany, 69(3), 240-250.
https://doi.org/10.1007/s12231-015-9315-x

Cavallari, M. M., & Toledo, M. M. (2016). What is the Name of the Babassu? A note on
the confusing use of scientific names for this important palm tree. Rodriguésia, 67(2),
533-538. https://doi.org/10.1590/2175-7860201667218

Celentano, D., Rousseau, G. X., Muniz, F. H., Varga, 1. van D., Martinez, C., Carneiro,
M. S., Miranda, M. V. C., Barros, M. N. R., Freitas, L., Narvaesi, I. S., Adami, M.,
Gomes, A. R., Rodrigues, J. C., & Martins, M. B. (2017). Towards zero deforestation and
forest restoration in the Amazon region of Maranhao state, Brazil. Land Use Policy, 68,
692-698. https://doi.org/10.1016/j.landusepol.2017.07.041



57

Colten, C. E. (2018). Cartographic depictions of Louisiana land loss: a tool for sustainable
policies. Sustainability, 10(3), 763. https://doi.org/10.3390/su10030763

Dadashpoor, H., Azizi, P., & Moghadasi, M. (2019). Land use change, urbanization, and
change in landscape pattern in a metropolitan area. Science of the Total Environment,
655, 707-719. https://doi.org/10.1016/j.scitotenv.2018.11.267

de Almeida, A. S., Vieira, L. C. G., & Ferraz, S. F. B. (2020). Long-term assessment of
oil palm expansion and landscape change in the eastern Brazilian Amazon. Land Use
Policy, 90, 104321. https://doi.org/10.1016/j.landusepol.2019.104321

de Oliveira, J. A. P., Mukhi, U., Quental, C., & Fortes, P. J. O. C. (2022). Connecting
businesses and biodiversity conservation through community organizing: The case of

babassu breaker women in Brazil. Business Strategy and the Environment, 31(5), 2618-
2634. https://doi.org/10.1002/bse.3134

de Sousa Nascimento, P., and Lima, L. A. P. (2016). Cartografia dos Babacuais: a
palmeira dos mapas. Revista de Politicas Publicas, (Special), 189-192.
https://doi.org/10.18764/2178-2865.v20nEp189-192

Diaz-Yafez, O., Mola-Yudego, B., Eriksen, R., & Gonzalez- Olabarria, J. R. (2016).
Assessment of the main natural disturbances on Norwegian forest based on 20 years of
national inventory. PLoS One, 11(8), e0161361.
https://doi.org/10.1371/journal.pone.0161361

Dorresteijn, 1., Teixeira, L., Wehrden, H. V., Loos, J., Hanspach, J., Stein, J. A. R., &
Fischer, J. (2015). Impact of land cover homogenization on the Corncrake (Crex crex) in
traditional farmland. Landscape Ecology, 30, 1483-1495.
https://doi.org/10.1007/s10980-015-0203-7

Duarte, G. T., Santos, P. M., Cornelissen, T. G., Ribeiro, M. C., & Paglia, A. P. (2018).
The effects of landscape pattern on ecosystem services: meta-analysis of landscape
services. Landscape Ecology, 33(8), 1247-1257. https://doi.org/10.1007/s10980-018-
0673-5

Fahrig, L. (2003). Effects of habitat fragmentation on biodiversity. Annual Review of
Ecology, Evolution, and Systematics, 34, 487-515.
https://doi.org/10.1146/annurev.ecolsys.34.011802.132419

Fahrig, L. (2013). Rethinking patch size and isolation effects: the habitat amount
hypothesis. Journal of Biogeography, 40(9), 1649-1663.
https://doi.org/10.1111/jbi.12130

Feng, Y., Liu, Y., & Tong, X. (2018). Spatiotemporal variation of landscape patterns and
their spatial determinants in Shanghai, China. Ecological Indicators, 87, 22-32.
https://doi.org/10.1016/j.ecolind.2017.12.034

Frederico, R. G., Reis, V. C. S., & Polaz, C. N. M. (2021). Conservagao de Peixes de
Riacho: planejamento e politicas publicas. Oecologia Australis, 25(2), 546-564.
https://doi.org/10.4257/0ec0.2021.2502.20

Godefroid S, & Koedam, N. (2003). How important are large vs. small forest remnants
for the conservation of the woodland flora in an urban context? Global Ecology
Biogeography, 12(4), 287-298. https://doi.org/10.1046/j.1466-822X.2003.00035.x

Hartig, F., & Drechsler, M. (2009). Smart spatial incentives for market-based
conservation. Biological Conservation, 142(4), 779-788.
https://doi.org/10.1016/j.biocon.2008.12.014



58

Herold, M., Goldstein, N. C., & Clarke, K. C. (2003). The spatiotemporal form of urban
growth: measurement, analysis, and modeling. Remote Sensing Environment, 86(3), 286—
302. https://doi.org/10.1016/S0034-4257(03)00075-0

Hou, L., Wub, F., & Xie, X. (2020). The spatial characteristics and relationships between
landscape pattern and ecosystem service value along an urban-rural gradient in Xi’an city,
China. Ecological Indicators, 108, 105720.
https://doi.org/10.1016/j.ecolind.2019.105720

IMESC. (2021). Diagnostico Situacional Regionalizado do Estado do Maranhdo. Sao
Luis. Retrieved November 11, 2021, from
http://imesc.ma.gov.br/src/upload/docs/ COMPLETA-PPA .pdf

IMESC. (2018). Regioes de Desenvolvimento do Estado do Maranhdo Proposta
Avancada. Sao Luis. Retrieved November 10, 2021, from
https://seplan.ma.gov.br/files/2013/02/Proposta-IMESC 22-Regi%C3%B5es-de-
Desenvolvimento-do-Estado-do-Maranh%C3%A30-2018.pdf

IBGE (Brazil). (2020a). Banco de Dados de Informac¢oes Ambientais: vegetagdo.
Retrieved November 10, 2021, from https://bdiaweb.ibge.gov.br/#/consulta/vegetacao

IBGE (Brazil). (2020b). Malhas territoriais: malha municipal. Retrieved November 10,
2021, from https://www.ibge.gov.br/geociencias/organizacao-do-territorio/malhas-
territoriais/15774-malhas.html?=&t=downloads

IBGE (Brazil). (2012). Manual Técnico da Vegetagao Brasileira (2nd ed.). Série Manuais
Técnicos em Geociéncias 1, IBGE.

Jackson, N. D., & Fahrig, L. (2016). Habitat amount, not habitat configuration, best
predicts population genetic structure in fragmented landscapes. Landscape Ecology,
31(5), 951-968. https://doi.org/10.1007/s10980-015-0313-2

Jain, P., Khare, S., Sylvain, J. D., Raymond, P., & Rossi, S. (2021). Predicting the location
of maple habitat under warming scenarios in two regions at the northern range in Canada.
Forest Science, 67(4), 446-456. https://doi.org/10.1093/forsci/fxab021

Kupfer, J. A. (2012). Landscape Ecology and Biogeography: rethinking landscape
metrics in a post-FRAGSTATS landscape. Progress in physical geography, 36(3), 400-
420. https://doi.org/10.1177/0309133312439

LAPIG. (2019). Ecorregioes do Cerrado. Plataforma Deforestation Polygon Assessment
Tool. Federal University of Goids, Goiania, BR. Retrieved November 10, 2021, from
https://cerradodpat.ufg.br/#/plataforma

Laszlo, E, Gyorgy, K. D., Zoltan, B., Bence, K., Csaba, N., Janos, K. P., & Csaba, T.
(2018). Habitat heterogeneity as a key to high conservation value in forest-grassland

mosaics. Biological Conservation, 226, 72-80.
https://doi.org/10.1016/j.biocon.2018.07.029

LeFevre, M. E., Churchill, D. J., Larson, A. J., Jeronimo, S. M. A., Bass, L., Franklin, J.
F., & Kane, V. R. (2020). Evaluating restoration treatment effectiveness through a
comparison of residual composition, structure, and spatial pattern with historical
reference sites. Forest Science, 66(5), 578-588. https://doi.org/10.1093/forsci/fxaa014

Lomolino, M. V. (2020). Biogeography: a very short introduction. Oxford University
Press. https://doi.org/10.1093/actrade/9780198850069.001.0001



59

Luintel, H., Scheller, R. M., & Bluffstone, R. A. (2018). Assessments of biodiversity,
carbon, and their relationships in Nepalese forest commons: implications for global
climate initiatives. Forest Science, 64(4), 418-428. https://doi.org/10.1093/forsci/fxx024

Ma, L., Bo, J., Li, X., Fang, F., & Cheng, W. (2019). Identifying key landscape pattern
indices influencing the ecological security of inland river basin: The middle and lower

reaches of Shule River Basin as an example. Science of the Total Environment, 674, 424-
438. https://doi.org/10.1016/j.scitotenv.2019.04.107

Mandal, M., & Chatterjee, N. D. (2021). Spatial alteration of fragmented forest landscape
for improving structural quality of habitat: A case study from Radhanagar Forest Range,
Bankura District, West Bengal, India. Geology, ecology, and landscapes, 5(4), 252-259.
https://doi.org/10.1080/24749508.2020.1720483

Marques, E. Q., Marimon-Junior, B. H., Marimon, B. S., Matricardi, E. A. T., Mews,
H.A., & Colli, G. R. (2020). Redefining the Cerrado—Amazonia transition: implications

for  conservation.  Biodiversity @ and  conservation,  29(5), 1501-1517.
https://doi.org/10.1007/s10531-019-01720-z

Milliken, W., Zappi, D., Sasaki, D., Hopkins, M., & Pennington, R. T. (2010). Amazon
vegetation: how much don’t we know and how much does it matter?. Kew Bulletin, 65(4),
691-709. https://doi.org/10.1007/s12225-010-9236-x

Mitja, D., Sirakov, N., dos Santos, A. M., Gonzalez-Pérez, S., Macedo, D. J., Delaitre,
E., Demagistri, L., Loisel, P., de Souza Miranda, 1., Rey-Valette, H., da Rocha, M. R. T.,
Fontez, B., & Libourel, T. (2019). Viability of the Babassu Palm Eco-socio-system in
Brazil: The Challenges of Coviability. In Barriére, O., Behnassi, M., David, G., Douzal,
V., Fargette, M., Libourel, T., Loireau, M., Pascal, L., Prost, C., Ravena-Caifiete, V.,
Seyler, F., & Morand, S. (Eds.). Coviability of social and ecological systems:
reconnecting mankind to the biosphere in an era of global change (v. 2, pp. 257-284).
Springer. https://doi.org/10.1007/978-3-319-78111-2

Mota-Vargas, C., Encarnacion-Luévano, A., Ortega-Andrade, H. M., Prieto-Torres, D.
A., Pefia-Peniche, A., & Rojas-Soto, O. R. (2019). Una Breve Introduccion a los Modelos
de Nicho Ecoldgico. In Moreno, C. E. (Ed.). La Biodiversidad en un Mundo Cambiante:
fundamentos teoricos y metodologicos para su estudio (1st ed., pp. 39-63). Universidad
Autonoma del Estado de Hidalgo/Libermex.

Muradian, R., Corbera, E., Pascual, U., Kosoy, N., & May, P. H. (2010). Reconciling
theory and practice: an alternative conceptual framework for understanding payments for

environmental services. Ecological Economics, 69(6), 1202-1208.
https://doi.org/10.1016/j.ecolecon.2009.11.006

Newbold, T., Hudson, L. N., Hill, S. L. L., Contu, S., Lysenko, 1., Senior, R. A., Borger,
L., Bennett, D. J., Choimes, A., Collen, B., Day, J., de Palma, A., Diaz, S., Echeverria-
Londofio, S., Edgar, M. J., Feldman, A., Garon, M., Harrison, M. L. K., Alhusseini, T.,
... & Purvis, A. (2015). Global effects of land use on local terrestrial biodiversity. Nature,
520, 45-50. https://doi.org/10.1038/nature14324

Nguyen, C., Latacz-Lohmann, U., Hanley, N., Schilizzi, S., & Iftekhar, S. (2022). Spatial
coordination incentives for landscape-scale environmental management: a systematic
review. Land Use Policy, 114, 105936. https://doi.org/10.1016/j.1andusepol.2021.105936

Nunes, L. A. P. L., Silva, D. 1. B. D., Araujo, A. S. F. D., Leite, L. F. C., & Correia, M.
E. F. (2012). Caracteriza¢do da fauna edafica em sistemas de manejo para produgdo de
forragens no estado do Piaui. Revista Ciéncia Agronomica, 43(1), 30-37.



60

Olson, D. M., Dinerstein, E., Wikramanayake, E. D., Burgess, N. D., Powell, G. V. N.,
Underwood, E. C., D’Amico, J. A., Itoua, I, Strand, H. E., Morrison, J. C., Loucks, C. J.,
Allnutt, T. F., Ricketts, T. H., Kura, Y., Lamoreux, J. F., Wettengel, W. W., Hedao, P.,
& Kassem, K. R. (2001). Terrestrial Ecoregions of the World: A New Map of Life on
Earth: A new global map of terrestrial ecoregions provides an innovative tool for
conserving biodiversity. BioScience, 51(11), 933-938. https://doi.org/10.1641/0006-
3568(2001)051[0933: TEOTWA]2.0.CO;2

Ojha, S. K., Naka, K., & Dimov, L. D. (2020). Assessment of disturbances across forest
inventory plots in the southeastern United States for the period 1995-2018. Forest
Science, 66(2), 242-255. https://doi.org/10.1093/forsci/fxz072

Pan, Y., Birdsey, R. A., Fang, J., Houghton, R., Kauppi, P. E., Kurz, W. A., Phillips, O.
L., Shvidenko, A., Lewis, S. L., Canadell, J. G., Ciais, P., Jackson, R. B., Pacala, S. W.,
a. Mcguire, A. D., Piao, S., Rautiainen, A., Sitch, S., & Hayes, D. (2011). A large and
persistent carbon sink in the world’s forests. Science, 333(6045), 988-993.
https://doi.org/10.1126/science.1201609

Phillips, O. L., Malhi, Y., Higuchi, N., Laurance, W. F., Nufiez, P. V., Vasquez, R. M.,
Laurance, S. G., Ferreira, L. V., Stern, M., Brown, S., & Grace, J. (1998). Changes in the

carbono balance of tropical forests: Evidence from long-term plots. Science, 282(5388),
439-442. https://doi.org/10.1126/science.282.5388.439

Pickett, S. T. A., & Cadenasso, M. L. (1995). Landscape Ecology: spatial heterogeneity
in ecological systems. Science, 269(5222), 331-334.
https://doi.org/10.1126/science.269.5222.331

Pinheiro, C.U.B. (2011). Palmeiras do Maranhdo: onde canta o sabid. Editora Aquarela.

Porro, N., Veiga, 1., & Mota, D. (2011). Traditional communities in the Brazilian Amazon
and the emergence of new political identities: the struggle of the quebradeiras de coco
babacu—babassu breaker women. Journal of Cultural Geography, 28(1), 123-146.
https://doi.org/10.1080/08873631.2011.548487

Porro, R., & Porro, N. S. M. (2015). Social identity, local knowledge and adaptive
management by traditional communities of the babassu region in Maranhdo. Ambiente &
Sociedade, 18(1), 01-18, jan-mar. https://doi.org/10.1590/1809-
4422 AS0C507V1812015en

Project MapBiomas. (2021). Collection 7 of Brazilian Land Cover & Use Map Series.
Retrieved November 09, 2022, from https://plataforma.brasil.mapbiomas.org

Ratnam, J., Tomlinson, K. W., Rasquinha, D. N., & Sankaran, M. (2016). Savannahs of
Asia: antiquity, biogeography, and an uncertain future. Philosophical Transactions of the
Royal Society B: Biological Sciences, 371(1703), 20150305.
https://doi.org/10.1098/rstb.2015.0305

Reis, V. R. R., Deon, D. S., Muniz, L. C., Garcia, U. S., de Lima Cantanhéde, I. S., de
Moraes Rego, C. A. R., Costa, J. B., & de Oliveira Marques, E. (2018). Soil Chemical
Attributes under Crop-Livestock-Forest Integration. Journal of Agricultural Science,
10(4), 370-380. https://doi.org/10.5539/jas.v10n4p370

Rezende, G. C., Sobral-Souza, T., & Culot, L. (2020). Integrating climate and landscape
models to prioritize areas and conservation strategies for an endangered arboreal primate.
American Journal of Primatology, 82(12), €23202. https://doi.org/10.1002/ajp.23202



61

Rocha, A. P. B, Dantas, E. M., Morais, I. R. D., & de Oliveira, M. S. (2011). Geografia
do Nordeste (2nd ed.). EDUFRN.

Ruggiero, P. G., Metzger, J. P., Tambosi, L. R., & Nichols, E. (2019). Payment for
ecosystem services programs in the Brazilian Atlantic Forest: Effective but not enough.
Land use policy, 82, 283-291. https://doi.org/10.1016/j.1andusepol.2018.11.054

Sampaio Neto, O. Z., Batista, E. A. C., & de Almeida Meirelles, A. J. (2020). Potencial
de oleaginosas nativas no desenvolvimento de cadeias produtivas da biodiversidade

brasileira. Desenvolvimento e Meio Ambiente, 54, 537-559.
https://doi.org/10.5380/dma.v5410.71934

Santos, J. P., Sobral-Souza, T., Brown, K. S., Vancine, M. H., Ribeiro, M. C., & Freitas,
A.V.L. (2020). Effects of landscape modification on species richness patterns of fruit-
feeding butterflies in Brazilian Atlantic Forest. Diversity and Distributions, 26(2), 196—
208. https://doi.org/10.1111/ddi.13007

Santos-Filho, F. S., Almeida Junior, E. B., & Soares, C. J. R. S. (2013). Cocais: zona
ecotonal natural ou artificial?. Revista Equador, 2(1), 02-13.
https://doi.org/10.26694/equador.v2il.1043

Saraiva, R. V. C., Leonel, L, V., Dos Reis, F. F., Figueiredo, F. A. M. M. A., Reis, F. O.,
De Sousa, J. R. P., Muniz, F. H., & Ferraz, T. M. (2020). Cerrado physiognomies in
Chapada das Mesas National Park (Maranhdo, Brazil) revealed by patterns of floristic
similarity and relationships in a transition zone. Annals of the Brazilian Academy of
Sciences, 92(2), €20181109. https://doi.org/10.1590/0001-3765202020181109

SEATI. (2020, Dec 11). ZEE dos biomas Cerrado e Costeiro Maranhense serd finalizado
em novembro de 2021. Maranhao State Government. Retrieved March 24, 2023, from
https://www3.ma.gov.br/agenciadenoticias/?p=291618

SEPLAN-PI. (2019). Mapa dos territorios de desenvolvimento. Retrieved May
24,2022, from http://www.seplan.pi.gov.br/mapa_abril19.pdf.

Silva, M. C. D, da Silva, L. M., Brandao, K. S., Souza, A. G., Cardoso, L. P., & dos
Santos, A. O. (2013). Low temperature properties of winterized methyl babassu biodiesel.
Journal ~ of  Thermal  Analysis  and  Calorimetry,  115(1),  635-640.
https://doi.org/10.1007/s10973-013-3263-4

Silva, P. S., Nogueira, J., Rodrigues, J. A., Santos, F. L. M., Pereira, J. M. C., DaCamara,
C. C., & Daldegan, G. A. (2021). Putting fire on the map of Brazilian savanna ecoregions.
Journal of Environmental Management, 296, 113098.
https://doi.org/10.1016/j.jenvman.2021.113098Get

Silva-Junior, C. H., Alvarado, S. T., Celentano, D., Rousseau, G. X., Hernandez, L. M.,
Ferraz, T. M., Silva, F. B., de Melo, M. H. F., Rodrigues, T. C. S., Viegas, J. C., Souza,
U. D. V., Santos, A. L. S., & Bezerra, D. (2021) Northeast Brazil's imperiled Cerrado.
Science Advances, 372 (6538), 139-140. https://doi.org/10.1126/science.abg0556

Silva-Junior, C. H., Buna, A. T. M., Bezerra D. S., Costa Jr, O. S., Santos, A. L., Basson,
L. O.D., Santos, A. L. S., Alvarado, S. T., Almeida, C. T., Freire, A. T. G., Rousseau, G.
X., Celentano, D., Silva, F. B., Pinheiro, M. S. S., Amaral, S., Kampel, M, Vedovato, L.
B., Anderson, L. O., & Aragdo, L. E. O. C. (2022). Forest fragmentation and fires in the
eastern  brazilian =~ Amazon—Maranhao  State, Brazil.  Fire, 53), 77.
https://doi.org/10.3390/fire5030077



62

Silva-Junior, C. H., Celentano, D., Rousseau, G. X., de Moura, E. G., Varga, 1. van D.,
Martinez, C., & Martins, M. B. (2020). Amazon forest on the edge of collapse in the
Maranhéo State, Brazil. Land Use Policy, 97, 104806.
https://doi.org/10.1016/j.landusepol.2020.104806

Silvério, E., Duque-Lazo, J., Navarro-Cerrillo, R. M., Perena, F., & Palacios-Rodriguez,
G. (2019). Resilience or vulnerability of the rear-edge distributions of Pinus halepensis
and Pinus pinaster plantations versus that of natural populations, under climate-change
scenarios. Forest Science, 66(2), 178-190. https://doi.org/10.1093/forsci/fxz066

Siqueira, M. N., Castro, S. S., & Faria, K. M. S. (2013). Geografia e Ecologia da
Paisagem: pontos para discussdo. Sociedade &  Natureza, 25:557-566.
https://doi.org/10.1590/S1982-45132013000300009

Soares, C. J., Sampaio, M.B., Santos-Filho, F. S., Martins, F. R., & dos Santos, F.A.M.
(2019). Patterns of species diversity in different spatial scales and spatial heterogeneity
on beta diversity. Acta Botanica Brasilica, 34(1), 9-16. https://doi.org/10.1590/0102-
33062019abb0054

Sousa-Baena, M. S., Garcia, L.C., & Peterson, A. T. (2014). Completeness of Digital
Accessible Knowledge of the Plants of Brazil and Priorities for Survey and Inventory.
Diversity and Distributions, 20(4), 369—381. https://doi.org/10.1111/ddi.12136

Souza-Filho, P. W. M., Giannini, T. C., Jaffé¢, R., Giulietti, A. M., Santos, D. C.,
Nascimento Jr, W. R., Guimaraes, J.T.F., Costa, M. F., Imperatriz- Fonseca, V. L., &
Siqueira, J. O. (2019). Mapping and quantification of ferruginous outcrop savannas in the
Brazilian Amazon: a challenge for biodiversity conservation. PLoS One, 14(1),
€0211095. https://doi.org/10.1371/journal.pone.0211095

Souza Jr, C. M., Shimbo, J. Z., Rosa, M. R., Parente, L. L., Alencar, A. A., Rudor, B. F.
T., Hasenack, H., Matsumoto, M., Ferreira, L. G., Souza-Filho, P. W. M., de Oliveira, S.
W., Rocha, W. F., Fonseca, A. V., Marques, C. B., Diniz, C. G., Costa, D., Monteiro, D.,
Rosa, E. R., Vélez-Martin, E., ... & Azevedo, T. (2020). Reconstructing three decades of
land use and land cover changes in brazilian biomes with landsat archive and earth engine.
Remote Sensing, 12(17), 2735. https://doi.org/10.3390/rs12172735

Sposati, A. (2016). Financiamento e Politica Publica de Assisténcia Social. Revista
Parlamento e Sociedade, 4(7), 103-118.

Syphard, A. D., & Keeley, J.E. (2020). Mapping fire regime ecoregions in California.
International Journal of Wildland Fire, 29(7), 595-601.
https://doi.org/10.1071/WF19136

Teixeira, M. A. (2008). Babassu-A new approach for an ancient Brazilian biomass.
Biomass and Bioenergy, 32(9), 857-864. https://doi.org/10.1016/j.biombioe.2007.12.016

Torello-Raventos, M, Feldpausch, T. R., Veenendaal, E., Schrodt, F., Saiz, G.,
Domingues, T.F., Djagbletey, G., Ford, A., Kemp, J., Marimon, B. S., Marimon Junior,
B. H., Lenza, E., Ratter, J. A., Maracahipes, L., Sasaki, D., Sonké, B., Zapfack, L.,
Taedoumg, H., Villarroel, D., ... & Lloyd, J. (2013). On the delineation of tropical
vegetation types with an emphasis on forest/savanna transitions. Plant Ecology &
Diversity, 6(1), 101-137. https://doi.org/10.1080/17550874.2012.762812

Tscharntke T, Tylianakis, J. M., Rand, T. A., Didham, R. K., Fahrig, L., Batary, P.,
Bengtsson, J., Clough, Y., Crist, T. O., Dormann, C. F., Ewers, R. M., Friind, J., Holt, R.
D., Holzschuh, A., Klein, A. M., Kleijn, D., Kremen, C., Landis, D. A., Laurance, W., ...



63

& Westphal, C. (2012). Landscape moderation of biodiversity patterns and processes —
eight hypotheses. Biological Reviews, 87(3), 661-685. https://doi.org/10.1111/j.1469-
185X.2011.00216.x

Turner, M. G., & Gardner, R. H. (2015). Landscape Ecology in Theory and Practice (2nd
ed.). Springer. https://doi.org/10.1007/978-1-4939-2794-4

Unger, D. R., Hung, I. K., & Kulhavy, D. L. (2014). Accuracy assessment of land cover
maps of forests within an urban and rural environment. Forest Science, 60(3), 591-602.
https://doi.org/10.5849/forsci.13-898

Vieira, V. C. B., Moreira, M. A., Dantas, F. R., Alencar, H. M. Q., Sousa, M. F. L. O.,
Rocha, M. E. S. (2017). Uso de imagens do RapidEye e técnicas de geoprocessamento
para mapear o babagu nas regioes central e norte do Piaui. 18° Simpo6sio Brasileiro de
Sensoriamento Remoto (SBSR), INPE, 4227-4234. Retrieved March 24, 2023, from
http://marte2.sid.inpe.br/col/sid.inpe.br/marte2/2017/10.27.13.44/doc/thisInformationlte
mHomePage.html

Wan, H. Y., Cushman, S. A., & Ganey, J. L. (2018). Habitat fragmentation reduces
genetic diversity and connectivity of the Mexican spotted owl: a simulation study using
empirical resistance models. Genes, 9(8), 403. https://doi.org/10.3390/genes9080403

Wang, K., Zhang, C., Chen, H., Yue, Y., Zhang, W., Zhang, M., Qi, X., & Fu, Z. (2019).
Karst landscapes of China: patterns, ecosystem processes and services. Landscape
Ecology, 34(12), 2743-2763. https://doi.org/10.1007/s10980-019-00912-w

Wu, J., & Qi, Y. (2000). Dealing with Scale in Landscape Analysis: an overview.
Geographic Information Sciences, 6(1), 1-5.
https://doi.org/10.1080/10824000009480528

WWEF Brasil. (2004). Terrestrial Ecoregions of the World. Retrieved November 10, 2021,
from https://www.worldwildlife.org/publications/terrestrial-ecoregions-of-the-world

Yang, J., Guo, A., Li, Y., Zhang, Y., & Li, X. (2019). Simulation of landscape spatial
layout evolution in rural-urban fringe areas: a case study of Ganjingzi District. GIScience
& remote sensing, 56(3), 388-405. https://doi.org/10.1080/15481603.2018.1533680

Zhang, M., Wang, K., Liu, H., & Zhang, C. (2011). Responses of spatial-temporal
variation of Karst ecosystem service values to landscape pattern in northwest of Guangxi,
China. Chinese Geographical Science, 21(4), 446-453. https://doi.org/10.1007/s11769-
011-0486-9



64

Electronic Supplementary Material

A NEW CONSENSUS MAP OF THE COCAIS PALM FOREST TO GUIDE

CONSERVATION EFFORTS

Diego Pereira Santos
Programa de P6s-Graduagdo em Biodiversidade e Biotecnologia da Amazdnia, Universidade Federal do

Maranhéo, Sdo Luis — MA, Brazil. ORCID: 0000-0003-4967-8245

Swanni T. Alvarado
Universidad del Rosario, Facultad de Ciencias Naturales, Bogotd, Colombia.
Programa de Pos-graduacdo em Geografia, Natureza e Dindmica do Espago. Universidade Estadual de

Maranhéo, Sao Luis, Maranhao, Brazil. ORCID: 0000-0002-6416-0076

Eduardo Bezerra de Almeida Jr.
Departamento de Biologia, Universidade Federal do Maranhdo, Sao Luis — MA, Brazil. ORCID: 0000-

0001-7517-4775

Fabio Afonso Mazzei Moura de Assis Figueiredo*
Departamento de Zootecnia, Universidade Estadual de Maranhdo, Sdo Luis, Maranhdo, Brazil. ORCID:
0000-0002-6904-9828

* Corresponding author.
e-mail: figueiredo.uema@gmail.com



65

Online Resource 1 PRISMA flow diagram for the systematic review, which includes searches of databases

and other sources.
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Online Resource 2 Geographic aspects of the states incorporated in the core region of Cocais Forest.

Percentage of the  Percentage of the area

Area of the Area area of the of the municipality
Municipality municipality incorporated int municipality incorporated in
(km2) the core (km2) incorporated in the relation to the total
core (%) core (%)
Caxias 5,201.93 4,975.85 95.65 24.10
Codé 4,361.61 4,361.61 100.00 21.13
Coroata 2,263.69 2,263.69 100.00 10.97
Aldeias Altas 1,942.12 1,942.12 100.00 9.41
Timbiras 1,486.58 1,486.58 100.00 7.20
Sdo Jodo do Soter 1,438.07 1,438.05 100.00 6.97
Coelho Neto 977.08 977.07 100.00 4.73
Timon 1,763.22 928.44 52.66 4.50
Peritor6 824.73 824.72 100.00 3.99
Al;‘/} ﬁ;fl%;eodo 392.75 39275 100.00 1.90
Buriti Bravo 1,582.55 327.49 20.69 1.59
Duque Bacelar 317.49 317.49 100.00 1.54
Parnarama 3,244.75 309.80 9.55 1.50
Matdes 2,108.67 98.28 4.66 0.48

TOTAL 27,905.24 20,643.94 - 100.00
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CAPITULO 2 - CLIMATE CHANGE MAY INCREASE ENVIRONMENTAL
SUITABILITY OF THE BABASSU COMPLEX (Attalea spp., ARECACEAE)

O presente capitulo corresponde a um artigo cientifico desenvolvido no
ambito desta tese, redigido e apresentado a seguir integralmente de acordo com as normas
editoriais da revista Journal of Biogeography, no qual sdo apresentados e discutidos os
principais resultados relacionados a biogeografia do Complexo Babagu (Attalea spp.). O
artigo encontra-se publicado desde 04 de agosto de 2025, com o seguinte identificador

digital: DOI: https://doi.org/10.1111/jb1.70027.
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Abstract

Aim
This study aimed to identify the key bioclimatic factors driving the distribution of the

Babassu Complex across the Neotropics in current scenario (2011-2040), and to project
their range shifts under future climate scenarios (2041-2070 and 2070-2100).

Taxon

Babassu Complex (Arecaceae): Attalea barreirensis, A. eichleri, A. funifera, A. maripa,
A. phalerata, A. speciosa, and A. vitrivir.
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Location

Neotropical region.

Methods

We employed Species Distribution Modelling using four algorithms: Maximum Entropy
(MaxEnt), Random Forest (RF), Boosted Regression Trees (BRT), and Generalized
Linear Models (GLM) for the seven babassu species and for the combined Babassu
Complex dataset. GBIF presence-only data was combined with CHELSA 2.1 bioclimatic
variables from current and future scenarios to fit the models. Projections for 2041-2070
and 2071-2100 were derived for two high-emission climate scenarios (SSP3 7.0 and
SSP5 8.5), using an ensemble of five global climate models.

Results

The RF and BRT algorithms provided more conservative predictions for the current
scenario, while MaxEnt and GLM projected broader distributions. Temperature
seasonality was the most important suitability predictor. Attalea maripa, A. phalerata,
and A. speciosa showed broadest suitability ranges, while A. funifera and A. vitrivir were
most constrained. Future scenarios projected major suitability increases (up to 871.80%
for the Complex under SSP5-8.5 by 2071-2100), particularly in Amazonian and Cerrado
regions. Only 4. funifera and 4. vitrivir showed declines (-8.55% and -20.97%
respectively under SSP3-7.0).

Main conclusions

We anticipate that climate change may favour babassu species that tolerate warmer and
more variable conditions, promoting their expansion. While this may support restoration
and livelihoods, unmanaged spread could disrupt local ecosystems. It is recommended
that future research focus on incorporating anthropogenic variables, validating
predictions with field data, and exploring species-specific ecological responses to climate
change.

Keywords: Species Distribution Modelling (SDM); Habitat Suitability; Tropical Forests;
Bioclimatic Predictors; Ecological Forecasting; Neotropical Palm; Babagu.

Introduction

The Arecaceae family represents one of the largest and most ecologically
significant tropical botanical families, contributing with the nutrients cycling, providing
habitat structure, food, and materials for both biodiversity and local communities
(Eiserhardt et al., 2011). Within this family, the genus Attalea is recognised as a major
component of the Neotropical flora (Freitas et al., 2016; Pintaud, 2008). From the c.a. 40
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species in the genus, at least seven recognised species and two hybrids form the “Babassu
Complex”: Attalea barreirensis Glassman, A. eichleri (Drude) A.J. Hend, A. funifera, A.
maripa (Aubrl) Mart., A. phalerata Mart. ex Spreng., 4. speciosa Mart. ex Spreng., 4.
vitrivir, A. x teixeirana (Bondar) Zona (a hybrid of A. eichleri and A. speciosa), and A.
dahlgreniana (Bondar) Wess. Boer (a hybrid of A. speciosa and A. maripa). Known
locally as "babassu" or "babacu," these palms are predominantly found in tropical
countries such as Brazil, Mexico, Bolivia, Colombia, and Suriname (Teixeira 2008;
Santos-Filho, Almeida Junior, Soares 2013; Silva et al. 2014; Reis et al. 2018).

The Babassu Complex refers to a group of closely related Attalea species that
exhibit overlapping morphological traits, frequent natural hybridization, and unresolved
taxonomic boundaries (Cavallari; Toledo, 2016; Mata et al., 2022b; Pintaud, 2008).
Although its species share many anatomical features such as uniseriate epidermis,
glandular scars, and dorsiventral mesophyll, they also show diagnostic differences in
traits like stomatal distribution, vascular bundle organization, and palisade parenchyma
layers (Mata et al., 2022b), justifying their recognition as distinct taxa and supporting
species-level ecological assessment.

From an ecological perspective, babassu palms are foundational species that
influence forest structure, microclimate regulation, nutrient cycling, and soil stabilization
across various Neotropical biomes (see Aratjo et al., 2016; Corréa et al., 2023; Porro,
2019; Ressiore C. et al., 2024). Socioeconomically, they support the livelihoods of
traditional communities (Almeida Campos et al., 2015; Lima et al., 2003), such as the
communities of babassu coconut breakers, women who rely on artisanal harvesting and
processing of its fruit given their broad range of uses (De Oliveira et al., 2022; Mitja et
al., 2019; Porro et al., 2011; Shiraishi Neto, 2017), . These species can be utilised for
handicrafts, construction, and human consumption. The babassu species provide a diverse
range of products, the babassu nuts are the most prominent, which have the potential to
be processed into various by-products with different levels of processing complexity,
including mesocarp flour (Cardoso Vieira et al., 2023), oil (Neto et al., 2021), adsorptive
material for chemical molecules (Vieira et al., 2011), biofuel, charcoal (Corréa et al.,
2023), and animal feed (Portela et al., 2024).

Comprehension of the ecological dynamics and distribution patterns of
babassu 1is, therefore, imperative to ensure the sustainability of such socio-ecological
systems and to support conservation and spatial planning efforts across the Neotropics.

Climatic variables are especially relevant for palms, whose distributions are often closely
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tied to thermal and moisture regimes (De Kort et al., 2021; Eiserhardt et al., 2011;
Peterson et al., 2011). While variables such as water availability and temperature
seasonality are recognized as key determinants for many tropical palms (Kissling et al.,
2012 the specific climatic thresholds that shape the distribution of babassu species remain
unresolved.

As a powerful tool in conservation biogeography, the emergence of Species
Distribution Modelling (SDM) has been instrumental in bridging knowledge gaps related
to the geographic distribution of species and identifying species—climate relationships
(Elith; Franklin, 2013; Guisan; Thuiller, 2005; Guisan; Zimmermann, 2000),
encompassing historical biogeography, diversity patterns, ecosystem conservation, and
the impacts of climate change (Brun et al., 2020; Franklin, 2023; Freer et al., 2018;
Maltby et al., 2020; Volis; Tojibaev, 2021). The employment of advanced SDM
techniques, involving bioclimatic variables and multiple algorithms, furnishes valuable
insights into species distributions and potential niche shifts under prevailing and future
climate scenarios (Alves et al., 2019; Brun et al., 2020; Katuwal et al., 2023; Valavi et
al., 2022). This is of particular importance for palms and its pivotal ecological roles in
tropical ecosystems and economical importance for local communities (Blach-Overgaard
et al., 2010; Costa et al., 2022; Mitja et al., 2019).

Previous SDM studies have assessed the climatic suitability of Attalea
species. Menezes et al. (2023) projected future distributions of A. pindobassu in the
Brazilian biome Caatinga under the scenarios SSP2-4.5 and SSP5-8.5, finding drastic
losses of suitable habitat, especially under pessimistic scenarios. Likewise, De Lima et
al. (2022) modelled 15 palm species in the Atlantic Forest, including 4. dubia (Mart.)
Burret and A. humilis Mart. Ex Spreng., revealing conservation gaps and spatial
mismatches between suitable habitats and protected areas. However, no comprehensive
multi-species SDM has been conducted for the Babassu Complex. These previous efforts
have either focused on single species or specific regions, limiting their relevance for
broader-scale conservation and land-use planning, what represents a critical gap. The lack
of spatially explicit, climate-based assessments at the group level hinders our ability to
anticipate range shifts, identify conservation priorities, and develop adaptation strategies
under climate change.

Given their ecological dominance, socioeconomic importance, and
biogeographic significance, the Babassu Complex is a high-priority group for climate

impact assessments. Thus, the objective of this study is to identify the key bioclimatic
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factors driving the distribution of the Babassu Complex and its species across the
Neotropical region, and project their range shifts under future climate scenarios (SSP3-
7.0 and SSP5-8.5) across two periods (2041-2070 and 2071-2100), thereby contributing
to a more nuanced understanding of their vulnerability and resilience in a changing

climate.

Material and Methods
Data Collection

This study focused on species distribution modelling (SDM) for the seven
species of the Attalea genus identified as part of the Babassu Complex and for the
combined dataset. The species selection was based on their taxonomic inclusion in the
Babassu Complex, supported by anatomical and morphological evidence (Cavallari;
Toledo, 2016; Mata et al., 2022b), the availability of sufficient georeferenced occurrence
data for ecological modelling, and their ecological and socioeconomic importance across
the region. Presence-only occurrence data were obtained from the Global Biodiversity
Information Facility (GBIF) database, totalling 19,204 records distributed among species
as follows: A. phalerata (n = 15,170), A. maripa (n = 3,580), A. eichleri (n = 142), A.
speciosa (n = 129), A. funifera (n = 84), A. barreirensis (n = 52), and A. vitrivir (n = 47)

(Figure 1).
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Figure 1. Distribution map of occurrence points obtained from the GBIF database for the

Babassu Complex species: 4. phalerata (n = 15,170), A. maripa (n = 3,580), A. eichleri
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(n = 142), A. speciosa (n = 129), A. funifera (n = 84), A. barreirensis (n = 52), and 4.

vitrivir (n =47).

To minimise spatial sampling bias, duplicate and spatially clustered,
occurrences were filtered from the dataset so that only one occurrence per 20 km grid cell
was retained. This filtering procedure was used to reduce the influence of highly sampled
cluster, often associated with accessible or well-surveyed areas, while preserving broader
landscape-level occurrence patterns (Lake; Briscoe Runquist; Moeller, 2020; Lee et al.,
2022). After filtering, the number of retained occurrence points per species was: 4.
barreirensis (n = 41), A. eichleri (n =79), A. funifera (n = 65), A. maripa (n = 570), A.
phalerata (n = 431), A. speciosa (n = 84), A. vitrivir (n = 27), and the combined dataset
(n=1,269).

Bioclimatic Variables

For both current and future scenarios, bioclimatic variables were sourced
from the Climatologies at High Resolution for the Earth’s Land Surface Areas (CHELSA)
database, version 2.1 (Table S1.2), which incorporates orographic corrections (e.g. wind
fields, valley exposure) to enhance the accuracy of temperature and precipitation
estimates in complex terrains (Brun et al., 2022; Karger et al., 2017, 2020, 2021). Each
variable was obtained as a georeferenced TIFF file (GeoTIFF) with an original resolution
of 30 arc-second (~1 km?), using a geographic coordinate system referenced to the WGS
84 horizontal datum.

The predictor variables employed to model the current climate scenario
covered the baseline period of 2011-2040. For future scenarios, the bioclimatic predictors
were obtained from the Scenario Model Intercomparison Project (SMI), part of the
Coupled Model Intercomparison Project Phase 6 (CMIP6), accessed via the CHELSA
V2.1 database. We considered two Shared Socioeconomic Pathways (SSPs) of high
greenhouse gas emission: SSP3 7.0 and SSP5 8.5, and two time periods: 2041-2070 and
2071-2100. These scenarios were chosen to represent upper-bound climate change
trajectories relevant for ecological risk assessments and stress-testing conservation
planning. While recent studies have questioned the global plausibility of SSP5-8.5 due to
evolving energy and policy trends (Hausfather; Peters, 2020; Scafetta, 2023), both SSP3-
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7.0 and SSP5-8.5 remain valuable for identifying potential biodiversity impacts in regions
where mitigation policies are less consistent or delayed, such as parts of the Neotropics.
SSP3-7.0 assumes a fragmented world with low international cooperation, while SSP5-
8.5 represents a fossil-fueled development trajectory with high energy demand (Riahi et
al., 2017). In this context, these scenarios were not used as predictions, but as boundary
conditions to explore the vulnerability and resilience of the Babassu Complex under
contrasting high-risk futures. The projections were based on all five Global Climate
Models (GCMs) available in the CHELSA database: National Oceanic and Atmospheric
Administration - Geophysical Fluid Dynamics Laboratory (GFDL-ESM4), Met Office
Hadley Centre (UKESM1-0-LL), Max Planck Institute for Meteorology (MPI-ESM1-2-
HR), Institut Pierre Simon Laplace (IPSL-CM6A-LR), and Meteorological Research
Institute (MRI-ESM2-0).

Pre-processing and modelling

The occurrence of palms has been primarily observed in tropical regions
(Eiserhardt et al., 2011); moreover, the distribution of babassu species appears to be
centred in the Neotropics (Teixeira 2008; Santos-Filho, Almeida Junior, Soares 2013;
Silva et al. 2014; Reis et al. 2018). Thus, all models were generated for the Neotropical
region, encompassing Central and South America and the Caribbean. The SDMs were
implemented using an integration of the sdm (Naimi; Araujo, 2016) and dismo (Hijman
et al., 2024) packages in R 4.3.2. The models were trained using 70% of the retained
occurrence points, with the remaining 30% being allocated for model testing.

Species distribution models based on presence-only data rely on recorded
occurrences and do not account for confirmed absences. To compensate, researchers have
employed various strategies to refine model predictions and improve ecological
inference, such as the use of background points (Renner et al., 2015). To minimise
sampling bias and acted as 'pseudo-absence' data in the models, ten thousand background
points were randomly generated across the Neotropical region, which corresponds to the
biogeographic extent of the Babassu Complex and reflects the broad ecological amplitude
of the Attalea genus. This number is frequently recommended in SDMs studies to ensure
sufficient environmental coverage while maintaining computational efficiency
(Radomski et al., 2022; Valavi et al., 2022; Whitford; Shipley; McGuire, 2024) . The
selection of background points in SDMs varies considerably (Steen et al., 2024; Whitford;
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Shipley; McGuire, 2024), and it is well known that using large background extents can
inflate environmental gradients and potentially compromise model realism, particularly
for species with narrow distributions and few occurrence records (Vasquez et al., 2021).
In our case, species such as A. vitrivir (n = 27) and 4. barreirensis (n = 41) are restricted
in space (see Figure 1), which could increase sensitivity to this issue. However, because
no detailed information exists on their climatic tolerances or dispersal constraints,
defining a more ecologically precise background would be speculative. As such, the
Neotropical background was retained for all species to maintain consistency and support
comparative and ensemble analyses. Moreover, benchmark studies show that presence-
background models can still achieve reliable performance for rare species, provided that
background points are well-distributed and model complexity is appropriately managed
(Valavi et al., 2022; Whitford; Shipley; McGuire, 2024). Our approach thus seeks to
balance ecological realism and methodological consistency, while acknowledging the

limitations of modelling poorly known and geographically restricted species.

Multicollinearity is a common issue in ecological modelling, as it complicates
the estimation of variable effects and reduces model extrapolation accuracy (Brun et al.,
2020; Graham, 2003). To address this, a multicollinearity analysis was conducted
(Dormann et al., 2013), for the seven species and Babassu Complex overall using all the
bioclimatic variables considered for constructing the bioclimatic models. Variance
inflation factors (VIF) were calculated using the vifstep function from the usdm package
(Naimi et al., 2014), utilising default specifications, with variables showing VIF > 10

considered highly collinear and excluded to prevent overfitting.

Given the unavailability of evapotranspiration and vapour pressure deficit
data for future climate scenarios in the CHELSA database, a correlation analysis was
conducted utilising Spearman’s coefficient (See Figure S1.1) on the complete set of
current bioclimatic variables. This analysis, performed with the rcorr function from the
Hmisc package (Hijman et al., 2024), identified the most strongly correlated variables to
substitute for missing predictors. To avoid redundancy, each missing predictor was
replaced only by its single most correlated variable, ensuring that a given predictor was
not associated with multiple replacements. All the remaining predictors used for current
and future scenarios can be found in Table S1.3. For the current scenario,
multicollinearity analysis resulted in 8 to 12 variables being kept in model formulations.

The most frequently retained predictors included mean diurnal temperature range
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(MDTR), mean monthly precipitation amount of the warmest quarter (MMPAWaQ),
mean daily mean air temperatures of the wettest quarter (MDTWeQ), and precipitation
amount of the wettest month (PAWM), which appeared in at least seven of the eight
models (Figure S1.2). Conversely, annual precipitation amount (APA) (4. speciosa
model), mean monthly potential evapotranspiration (PPMean) (A4. eichleri model), mean
monthly vapour pressure deficit (VPDMean) (4. funifera model), and mean daily mean
air temperatures of driest quarter (MDTDQ) (4. maripa and A. phalerata models) were

less frequently selected.

To generate the SDMs for all the datasets in current and future scenarios,
models were implemented using the sdm package, employing four algorithms with
complementary modelling approaches: Boosted Regression Trees (BRT) (Friedman,
2001), Generalised Linear Models (GLM) (McCullagh; Nelder, 1989), Maximum
Entropy (MaxEnt) (Phillips; Anderson; Schapire, 2006) and Random Forest (RF)
(Breiman, 2001). These algorithms were chosen because they represent a diverse
spectrum of statistical and machine learning methods, ranging from parametric (GLM),
semi-parametric (MaxEnt), to non-parametric (BRT, RF), and are widely benchmarked
in ecological niche modelling (Norberg et al., 2019; Qiao et al., 2019; Shabani; Kumar;
Ahmadi, 2016). This diversity helps capture varying species—environment relationships
while mitigating algorithm-specific biases in ensemble predictions (Valavi et al., 2022).
To evaluate the mean performance of the algorithms, the k-fold cross-validation
technique was implemented through the sdm function from the sdm R package. In this
process, the occurrence data were divided into five folds, and the cross-validation
procedure was repeated five times. This approach yielded 25 models (5 folds x 5
repetitions) per species—algorithm combination, thereby providing a robust assessment of
model performance, utilising multiple random partitions as opposed to a single one
(Phillips; Anderson; Schapire, 2006). The performance of the models was evaluated using
the receiver operating characteristic (ROC) curve (Phillips; Anderson; Schapire, 2006),
assessed based on area under the curve (AUC) values (Swets, 1988), True Skill Statistics
(TSS) (Allouche; Tsoar; Kadmon, 2006), and deviance measures. AUC or TSS values of
1 indicate perfect predictive performance, while values of < 0.5 suggest random
prediction (Allouche; Tsoar; Kadmon, 2006; Swets, 1988). According to these metrics,
all models showed good performance (AUC: 0.95-1.00; TSS: 0.85-0.99; Deviance:
0.08-0.37; Table S1.4a-c).
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To assess the contribution of individual variables to the presence-absence of
Babassu Complex species, we calculated relative variable importance (IR%), based on
the mean AUC metric as implemented in the R package sdm (Naimi; Aratjo, 2016).
These values were then visualised using the getVarImp function. Both model performance

metrics and IR% values are available in the metadata of the SDM objects.

Habitat suitability and presence-absence maps

Habitat suitability maps were generated for each of the four modelling
algorithms (MaxEnt, RF, GLM, and BRT), for each individual species and for the
Babassu Complex overall, using the predict function from the dismo package. For the
current scenario (2011-2040), an ensemble suitability map was created by integrating the
outputs from the four algorithms using a weighted average based on TSS performance
criteria (Boali et al., 2024; Marmion et al., 2009). This ensemble approach balance
interpretability and predictive power, following best practices for ecological forecasting,
and ensures that better-performing models contribute more heavily to the final prediction
(Valavi et al., 2022). For the future scenarios (2041-2070 and 2071-2100) under both
SSP3-7.0 and SSP5-8.5, the ensemble suitability maps for each species and the Babassu
Complex were generated by combining all individual model outputs (i.e. all four
algorithms across each of the five GCMs) into a single ensemble per scenario for period,
using TSS-weighted averages. All GCMs (GFDL-ESM4, UKESM1-0-LL, MPI-ESM1-
2-HR, IPSL-CM6A-LR, and MRI-ESM2-0) were given equal representation, but
individual model contributions were weighted by algorithmic performance (TSS). This
method reflects ensemble modelling practices recommended for ecological forecasting
under climate change, helps mitigate model-specific biases and offers a pragmatic balance
between robustness and interpretability (Brun et al., 2020).

The resulting ensemble habitat suitability map for all scenarios were then
transformed into binary presence-absence maps, delineating the potential distribution of
the seven individual species and the Babassu Complex. This was achieved using the
maximum thresholding method (maxSSS), which optimises the trade-off between
sensitivity (true positive rate) and specificity (false positive rate) and is not affected by

the use of pseudo absences (Liu; White; Newell, 2013).
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Finally, the ensemble maps for both current and future scenarios were
reprojected to a Universal Transverse Mercator (UTM) coordinate system and resampled
to a spatial resolution of 1 km to allow area calculations, and to assess the change in
suitable area between classes across scenarios. The suitability maps were classified into
four categories: unsuitable (suitability < 0.05), low suitability (0.05 < suitability < 0.33),
medium suitability (0.33 <suitability < 0.66), and high suitability (suitability > 0.66). The
cutoff for unsuitability corresponds to the lower 5th percentile of predicted suitability
values, excluding areas environmentally equivalent to background conditions
(Almpanidou et al., 2016; Liu; White; Newell, 2013). The thresholds for low and medium
suitability follow widely used ENM classifications and represent a gradient of
environmental favourability (Jiménez-Valverde, 2014). Low suitability includes marginal
habitats, often corresponding to the lower quantiles of predicted suitability (Liu; White;
Newell, 2013; Sillero, 2011), while medium suitability includes suboptimal but viable
environments for species persistence, consistent with transitional habitat categories in
SDM frameworks (Franklin, 2010). High suitability reflects optimal conditions, defined
here as the upper tercile (>0.66) of predictions based on robust threshold-selection
methods (Liu; Newell; White, 2016), and aligning with core climatic niches in
Neotropical species distributions (Costa et al., 2022). For the current scenario, area
calculations were conducted independently for each of the following algorithms: BRT,
GLM, MaxEnt, and RF, in addition to the ensemble map. For future scenarios, area
calculations were performed for each emission scenario (SSP3 7.0 and SSP5 8.5) across
distinct periods (2041-2070 and 2071-2100) for the ensembles only. A detailed
methodological workflow is provided in a flowchart (See Figure S1.3). All image

processing and map generation were conducted using QGIS Desktop 3.18.2 and R 4.3.2.

Results
Relative importance of variables

Most variables demonstrated low importance across the majority of SDMs
and models (Table S1.5a-h). Results varied significantly among SDMs, resulting in high
standard deviations in the mean importance per predictor (n=100) and, consequently, high
coefficients of variation. The highest mean Im% values were observed for GLM, while

the lowest were found for RF.
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Among all predictors, temperature seasonality (TS) emerged most frequently
as the variable with the highest Im%, showing a notable association with the distribution
of A. barreirensis (53.0%), A. eichleri (43.6%), A. maripa (20.6%), and the Babassu
Complex overall (34.5%). Furthermore, A. eichleri exhibited robust responses to annual
range of monthly vapour pressure deficit (VPDrange) and mean monthly vapour pressure
deficit (VPDmean), A. speciosa to Isothermality (Iso), and A. vitrivir to minimum
monthly potential evapotranspiration (PPmin) and precipitation amount of the driest

month (PADM).

Predicted current habitat suitability and potential distribution of the Babassu Complex

The spatial distribution of habitat suitability areas was found to be consistent
across SDM predictions (Figure 2a-h), with variations primarily observed in suitability
levels (Table S1.6). The GLM algorithm identified the largest areas of high habitat
suitability across models (See Table S1.7), while BRT predicted the smallest high-
suitability areas but the most extensive low-suitability regions, with a maximum
suitability value of approximately 0.53. RF and BRT models had the most conservative
estimates of habitat suitability for the babassu species, while MaxEnt and GLM projected

broader areas in the medium and high suitability classes.
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Figure 2. Habitat suitability maps for the modelled distribution of species within the
Babassu Complex, based on Maximum Entropy (Maxent), Random Forest (RF), Boosted
Regression Trees (BRT), Generalized Linear Models (GLM), and the ensemble map of
all algorithms. The maps represent: a) A. barreirensis, b) A. eichleri, ¢) A. funifera, d) A.
maripa, €) A. phalerata, f) A. speciosa, g) A. vitrivir, and h) the Babassu Complex overall,
covering Neotropical region.

Among species, Attalea speciosa and A. maripa had the largest high-
suitability areas, covering 927,503 km? and 915,496 km?, respectively. Conversely, A.
vitrivir (14,502,398 km?) and A. funifera (14,020,351 km?) had the most extensive
unsuitable areas. For the Babassu Complex as a whole, the most extensive suitability class

was medium suitability, covering 7,891,228 km?.

Changes in habitat suitability in future climatic change emissions scenarios

The application of SDMs has revealed notable differences in the bioclimatic
suitability of species from the Babassu Complex under current climate conditions, which
has demonstrated significant adaptability across tropical regions of the Americas and the
Caribbean, particularly in the Amazon rainforest and Cerrado (Figure 2a-h). At the
species level, A. barreirensis and A. eichleri predominantly occupied savanna regions,
including the Brazilian Cerrado and the Venezuelan Llanos. A. funifera exhibited the most
restricted distribution, mainly within the tropical and subtropical moist broadleaf forests
of the Brazilian Atlantic Forest, coastal Bahia, and the Brazil-Paraguay border, as well as

parts of the tropical and subtropical dry broadleaf forests of the Caribbean and Central
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America. A. maripa showed an intrinsic relationship with the Amazon rainforest in
northern South America. A. phalerata was found in tropical and subtropical moist forests,
flooded grasslands of the Chaco and Pantanal, and savanna regions. Of all the species, 4.
speciosa demonstrated the largest potential distribution, encompassing transitional zones
between the Cerrado and Amazon, adjacent areas, and savanna regions across the
Americas (Cerrado, Llanos) and the Caribbean. Finally, 4. vitrivir exhibited one of the
smallest distribution areas, being confined to the Brazilian Cerrado and the transition
zones between the Cerrado, Caatinga, and Atlantic Forest.

The analysis revealed that the prediction maps generated by each of the
algorithms, and when averaged together, indicated the Babassu Complex as having
extensive potential to support its presence across South America. The areas of highest
environmental suitability were found to be predominantly concentrated in the
northwestern regions of the continent, significantly overlapping the Amazon rainforest.
However, a substantial portion of these suitable areas was also identified within the
Cerrado biome, indicating a potential intrinsic relationship with both ecosystems.

Comparison of habitat suitability areas between current and future scenarios
(see Table 1 and Figure S1.4) indicate a substantial increase in high-suitability areas for
most models and climate change scenarios, with the only reductions being observed in
the 2071-2100/SSP3 scenario for A. funifera (-8.55%) and A. vitrivir (-20.97%). The
scenario with the most significant increase in high-suitability areas for the majority of
models was 2041-2070/SSP3 (Figure 3). For the Babassu Complex, the largest increases
in high-suitability areas were recorded across all future scenarios, ranging from 680.78%

in 2041-2070/SSP3 to 871.80% in 2071-2100/SSPS5.
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Table 1. Projected changes in habitat suitability for 4. barreirensis, A. eichleri, A. funifera, A. maripa, A. phalerata, A. speciosa, A. vitrivir, and

the Babassu Complex overall, under SSP3-7.0 and SSP5-8.5 Scenarios (2041-2100 and 2071-2100).

Scenarios
2041-2070 2071-2100
Species Class
SSP3-7.0 SSP5 - 8.5 SSP3 -7.0 SSP5 - 8.5
Future Relative Difference Future Relative Difference Future Relative Difference Future Relative Difference
(km?) (%) (km?) (%) (km?) (%) (km?) (%)
Unsuitable 10389998 -12.78 11222328 -5.79 10599801 -11.02 9662624 -18.89
Low 7550859 16.80 7037553 8.86 8265168 27.85 8340284 29.01
A. barreirensis

Medium 2922591 -1.32 2547970 -13.97 2255124 -23.86 2898266 -2.14

High 710311 178.68 765908 200.49 453666 77.99 672586 163.88

Unsuitable 10203525 0.14 9851437 -3.31 10266276 0.76 9234843 -9.37

Low 6931939 -17.64 7564985 -10.11 7192470 -14.54 8121934 -3.50

A. eichleri

Medium 2990210 13.09 2956637 11.82 3092123 16.95 2954888 11.76

High 1448086 319.90 1200700 248.17 1022890 196.61 1262094 265.97

Unsuitable 4114133 -70.66 6004479 -57.17 6964763 -50.32 4544225 -67.59

Low 16657799 133.94 15181583 113.21 14352789 101.57 16447072 130.98

A. funifera

Medium 764255 81.03 351878 -16.65 227706 -46.06 535694 26.89

High 37572 20.56 35819 14.93 28501 -8.55 46769 50.06

A. maripa Unsuitable 9145010 -22.61 9146797 -22.60 8997537 -23.86 8997711 -23.86
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Low 5799128 25.04 5650332 21.83 5878972 26.76 5713825 23.20

Medium 4334464 2.63 4524891 7.14 4608890 9.13 4573014 8.28
High 2295158 150.70 2251740 145.96 2088360 128.11 2289209 150.05

Unsuitable 5762009 -25.74 6098864 -21.40 5855616 -24.53 6262523 -19.29
Low 7905634 -20.43 8162661 -17.84 8303156 -16.43 6851348 -31.04
A. phalerata

Medium 5847963 84.71 5519804 74.35 5729364 80.97 6509678 105.61
High 2058153 180.65 1792430 144.41 1685624 129.85 1950210 165.93

Unsuitable 6270546 -33.72 7329885 22.52 7834524 -17.19 7098530 -24.97

Low 7670282 16.46 7065532 7.28 7171222 8.89 7443843 13.03

A. speciosa

Medium 5073102 9.80 5042139 9.13 5321250 15.17 4859595 5.18
High 2559830 175.99 2136203 130.32 1246764 34.42 2171792 134.15

Unsuitable 12884926 -11.15 12859357 -11.33 13861406 -4.42 13051311 -10.01

Low 7484122 28.60 6857590 17.84 6962269 19.63 6860189 17.88

A. vitrivir

Medium 954730 -12.12 1562079 43.79 603198 -44.47 1435779 32.17

High 249982 34.50 294734 58.58 146886 -20.97 226480 21.86
Unsuitable 6188662 -17.12 6515732 -12.75 6032378 -19.22 6087909 -18.47
Low 4050732 -30.26 4004980 -31.05 4030283 -30.61 4009590 -30.97

Babassu

Complex Medium 7997410 1.35 7431489 -5.83 7547891 -4.35 7322919 -7.20
High 3336956 680.78 3621558 747.37 3963208 827.31 4153342 871.80
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Figure 3. Projected area (km?) of high environmental suitability for seven Attalea species
and the Babassu Complex under SSP3-7.0 and SSP5-8.5 scenarios for 2041-2070 and
2071-2100.

Discussion

The selection of specific predictors, as observed for annual precipitation
amount (APA) (4. speciosa), mean evapotranspiration (PPMean) (4. eichleri), mean
vapour pression deficit (VPDMean) (4. funifera), and mean daily temperature in the driest
quarter MDTDQ (4. maripa and A. phalerata), may indicate more species-specific
environmental preferences (Brun et al., 2020; Dormann et al., 2013; Graham, 2003).
However, it is important to note that the retention of these predictors does not necessarily
imply a direct ecological response (Graham, 2003), underscoring the need for
complementary field and physiological studies to validate these predictors’ ecological
significance.

The Relative Variable Importance (Im%) values demonstrated that humidity-
related variables were not the most influential in modelling Babassu Complex
distributions. Instead, temperature seasonality (TS), defined as the standard deviation of
mean monthly temperature, exhibited a high retention frequency across species after
multicollinearity removal and had the highest Im% values, identifying it as a key
predictor. These results corroborate Eiserhardt et al. (2011), who emphasized palm
species' sensitivity to cold and seasonal climates due to limited frost tolerance and

dormancy mechanisms These findings serve to reinforce the notion of the pronounced
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temperature sensitivity exhibited by palms and their marked preference for tropical
climates (Eiserhardt et al., 2011).

Concerning SDMs, Generalised Linear Models (GLMs) have been shown to
assign higher Im% values to individual bioclimatic variables in comparison to alternative
modelling methods. In the context of GLMs, the occurrence of species is assumed to be
associated with environmental variables according to a predefined relationship, thereby
placing greater emphasis on variables that exhibit strong statistical associations. This
sensitivity may result in an overemphasis on certain predictors, potentially reducing the
reliability of species distribution projections and highlighting the importance of ensemble
models (Hao et al., 2019; Marmion et al., 2009; McCullagh; Nelder, 1989). Conversely,
Random Forest (RF) assigned lower numerical importance to individual predictors. This
is because RF is a non-parametric algorithm based on an ensemble of decision trees,
which distributes variable importance across multiple trees (Antoniadis; Lambert-
Lacroix; Poggi, 2021; Breiman, 2001; Zhang et al., 2019). Consequently, RF tends to
yield more balanced variable importance values, which are often lower than those
observed in parametric models such as GLMs.

The broad suitability ranges exhibited by Attalea maripa, A. phalerata, and
A. speciosa suggested high levels of tolerance to present-day bioclimatic conditions,
which highlights the necessity for their management. In contrast, the more limited
suitability zones of A. funifera and A. vitrivir, particularly the latter, indicating higher
vulnerability to environmental fluctuations. This emphasises the necessity for the
formulation of targeted conservation strategies to ensure the continued viability of these
species in the context of climate change (Elliott et al., 2024; Lannuzel et al., 2021; Volis;
Tojibaev, 2021). The use of a uniform Neotropical background extent for all species,
including range-restricted taxa like A. funifera, A. barreirensis, and A. vitrivir, ensured
methodological consistency and allowed comparative ensemble modelling. However, this
approach may overestimate bioclimatic suitability for narrowly distributed species by
incorporating ecologically irrelevant areas. While justified by limited ecological
information on these species, future studies should explore species-specific extents based
on dispersal capacity and biogeographic context to refine predictions (Vasquez et al.,
2021; Whitford; Shipley; McGuire, 2024).

The variations observed among models in the current scenario are indicative
of the inherent characteristics of the algorithms used, thus reinforcing the necessity for

complementary approaches to enhance projection robustness and minimise
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methodological uncertainties. These differences arise from the way each algorithm
processes environmental information. RF and BRT likely emphasised strong
environmental signals and interactions within the training data, constraining their
projections to regions with highly suitable conditions while prioritising complexity and
precision (Antoniadis; Lambert-Lacroix; Poggi, 2021; Breiman, 2001; Friedman, 2001;
Zhang et al., 2019). Conversely, MaxEnt and GLM, with their broader statistical
assumptions, projected larger continuous areas of medium to high suitability, potentially
incorporating marginally suitable regions (Guisan; Zimmermann, 2000; McCullagh;
Nelder, 1989; Phillips; Anderson; Schapire, 2006).

Furthermore, the ensemble modelling framework combined parametric
(GLM), semi-parametric (MaxEnt), and non-parametric (BRT, RF) algorithms to
leverage complementary strengths: GLMs provided interpretable relationships between
predictors and responses but often produced inflated variable importance values due to
model assumptions, while machine-learning methods captured complex interactions and
generalized more conservatively (Norberg et al., 2019; Valavi et al., 2022). Ensemble
models mitigated individual algorithm biases, improving robustness, predictive
reliability, and generalization capacity, particularly when dealing with species that have
varied ecological traits and data availability (e.g., widespread generalists like 4. speciosa
vs. narrowly distributed taxa like 4. vitrivir) (Hao et al., 2019; Kaky et al., 2020; Marmion
et al., 2009; Valavi et al., 2022).

It is anticipated that climate change will favour species capable of tolerating
warmer and more variable climatic conditions, thereby enhancing their performance and
facilitating their spread into new areas (Blois et al., 2013). Projections indicate a potential
expansion of bioclimatic suitability for species of the Babassu Complex under future
climate scenarios. This expansion could significantly affect savanna ecosystems such as
the Brazilian Cerrado and the Venezuelan Llanos, as well as degraded areas of the
Amazon rainforest (Santos et al., 2022), potentially altering ecological dynamics and
species interactions (Rosenblatt; Schmitz, 2014). The presence of highly suitable habitats
in these regions may allow babassu species to disperse from adjacent ecosystems and
integrate into local communities (Blois et al., 2013; Gehring et al., 2020).

This ecological shift presents both opportunities and risks. On one hand,
babassu expansion may support biodiversity restoration and the livelihoods of traditional
communities that depend on palm products (Mitja et al., 2019; Porro et al., 2011). On the

other, unmanaged expansion could lead to ecological imbalances and potential
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invasiveness with the potential to reshape local vegetation structure, alter resource
availability for other plants and animals, and influence key ecological processes such as
fire regimes and competition for space and nutrients (Alves et al., 2019; De Kort et al.,
2021; Gehring et al., 2020). This dual nature calls for proactive management strategies
that mitigate ecological risks while maximizing socioeconomic and environmental gains
through sustainable extractivism, agroforestry integration, and community-led
conservation.

Despite potential ecological concerns related to mismanagement, Babassu
palms are deeply integrated into the cultural and economic fabric of traditional
communities, contributing with food, oil, fiber, and income (De Oliveira et al., 2022;
Mitja et al., 2019; Porro et al., 2011; Shiraishi Neto, 2017). The projected expansion of
climatically suitable areas for babassu species offers practical opportunities for both
conservation and sustainable use of its species. Regions such as the Cerrado-Amazon
transition zone and the Venezuelan Llanos, where species like A. speciosa, A. maripa,
and A. phalerata are projected to expand, should be prioritized for sustainable
extractivism and community-based agroforestry initiatives that align with traditional
livelihoods and promote biodiversity conservation (Almeida Campos et al., 2015; De
Oliveira et al., 2022; Mitja et al., 2019). In contrast, species with more restricted
distributions and higher vulnerability to climatic shifts, including A. vitrivir and A.
funifera, demand targeted in situ conservation actions in regions identified as future
climatic refugia (Lannuzel et al., 2021; Volis; Tojibaev, 2021). Integrating species
distribution models with local ecological knowledge and land-use planning offers a
pathway for designing resilient socioecological systems that support both biodiversity
and human well-being under climate change (Porro et al., 2011; Valavi et al., 2022).

Moreover, while SDMs predict broad future suitability, actual expansion is
contingent on factors like dispersal ability, landscape connectivity, and biogeographic
barriers. Thus, expansion is not guaranteed and must be interpreted with caution. These
results also corroborate Eiserhardt et al. (2011), who emphasized palm species' sensitivity
to cold and seasonal climates due to limited frost tolerance and dormancy mechanisms.
This physiological sensitivity helps explain the concentration of unsuitable habitats in
arid and colder regions, where thermal stress and low humidity act as constraints on
distribution.

Ongoing changes in land use and land cover have already had an impact on

the geographic distribution of many species, disrupting taxonomic flows and reducing
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biodiversity at both present and future scales (Adhikari et al., 2022; Bellard et al., 2012;
Trautmann, 2018). Given that some babassu species are associated with anthropized
landscapes (Gehring et al., 2020; Santos et al., 2022), incorporating anthropogenic
variables such as land use, biological interactions, topography, and edaphic conditions
into modelling efforts could improve the accuracy of distribution projections (Blach-
Overgaard et al., 2010; Frans et al., 2022; Nufiez-Penichet; Maita; Soberon, 2024; Silva
et al., 2023; Vedel-Serensen et al., 2013; Zuquim et al., 2023). The resilience of these
species to disturbed environments (Santos et al., 2022), coupled with the interaction of
ecological and anthropogenic factors, may be key determinants of their persistence and
potential expansion under future scenarios.

Moreover, it is imperative to interpret SDM predictions as testable hypotheses
rather than as direct substitutes for actual population parameters. To ensure reliability and
applicability in ecological planning, it is essential to validate these models when utilising

them to guide conservation decisions (Lee-Yaw et al., 2022).

Research limitations

While this study provides valuable insights into the climate-driven
distribution shifts of the Babassu Complex, several limitations should be acknowledged.
First, the use of a uniform Neotropical background extent for all species, including those
with restricted distributions (e.g., 4. funifera, A. vitrivir), may have overestimated
suitability for rare taxa by incorporating ecologically irrelevant areas. Future studies
could refine predictions by testing species-specific extents based on dispersal constraints
or biogeographic barriers (Vasquez et al., 2021; Whitford et al., 2024). Second,
anthropogenic factors such as land-use change, habitat fragmentation, and human-
mediated dispersal were not incorporated, potentially inflating projected suitability in
heavily modified landscapes (Blach-Overgaard et al., 2010; Nufiez-Penichet; Maita;
Soberon, 2024). Third, the models assume unlimited dispersal, ignoring geographic
barriers (e.g., deforestation, mountain ranges) that may limit range shifts (Adhikari et al.,
2022; Qiao et al., 2019). Finally, while ensemble modelling mitigated algorithmic biases,
field validation is needed to confirm predicted expansions, particularly for species with
low occurrence records (Franklin, 2023; Lee-Yaw et al., 2022). Addressing these
limitations through integrated socio-ecological frameworks will enhance the practical

utility of SDMs for conservation planning.
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Conclusions

The projected responses of Babassu species to climate change reveal distinct
ecological strategies and potential biogeographic shifts. Generalist species such as A.
speciosa, A. maripa, and A. phalerata show broad tolerance to warmer and more seasonal
climates, suggesting potential range expansions into transitional and anthropized
environments. In contrast, A. vitrivir and A. funifera show narrow climatic suitability,
indicating higher sensibility to climate changes. These patterns underscore the dual role
of climate as both a driver of expansion and a constraint on persistence, emphasizing the
need for species-specific conservation strategies. Beyond mapping distributions, these
findings contribute to a broader understanding of how tropical plant species may
reorganize in response to shifting climatic envelopes. Such reorganization has
implications not only for local ecosystems and community structure but also for long-
distance floristic connectivity, endemism patterns, and the future configuration of
Neotropical biotas.

By integrating the strengths of multiple algorithms and mitigating individual
model biases, species distribution modelling (SDM) techniques provide robust insights
into current and future biogeographic patterns. Within the Babassu Complex, these
approaches have helped fill critical knowledge gaps, highlighting how species with
different ecological traits and climatic tolerances may respond unevenly to environmental
change. While ensemble species distribution models remain powerful tools for
anticipating these changes, the key insight lies in their ecological interpretation:
predicting not just where species might go, but how they will interact with existing
communities and processes when they arrive.

A forward-looking conservation biogeography should therefore combine
modelling with field validation and ecological data to better anticipate species responses.
Thus, future research should focus on incorporating anthropogenic variables, validating
predictions with field data, and exploring species-specific ecological responses to climate
change. A multidisciplinary approach that combines species distribution modelling with
ecological and socioeconomic assessments will be essential for developing effective

conservation and management strategies in the face of ongoing environmental change.

Data Availability Statement
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All species occurrence records are available via GBIF, and bioclimatic
variables were sourced from the CHELSA database. The full set of modelling scripts and
processed data has been deposited on Zenodo
(https://doi.org/10.5281/zenodo.15265496),  ensuring  full  transparency  and

reproducibility of all analyses and results.
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Supporting Information

Table S1.1. ODMAP protocol documenting the modelling workflow for climate change

projections of seven Attalea species (Babassu Complex) in the Neotropics.

1. Overview

1.1 Objective

To identify the key bioclimatic drivers of the
Babassu Complex (Attalea spp.) in the Neotropics
and predict current and future habitat suitability
under climate change scenarios.

1.2 Study Taxa

Babassu Complex (Attalea spp.) — Seven species:
A. barreirensis, A. eichleri, A. funifera, A.
maripa, A. phalerata, A. speciosa, A. vitrivir, and
Babassu Complex overall.

1.3 Study Area

Neotropical Region

1.4 Study Period

Current (2011-2040); Future (2041-2070 and
2071-2100).

1.5 Hypotheses

Species distributions will shift due to climate
change, expanding for climate-tolerant species
and shrinking for climate-sensitive ones.

2. Occurrence

2.1 Source

GBIF.

2.2 Data Type

Presence-only records.

~19,204 raw records; A. barreirensis (n=41), A.

Data eichleri (n=179), A. funifera (n = 65), A. maripa
2.3 Sample Size (n=570), A. phalerata (n =431), A. speciosa (n
= 84), A. vitrivir (n =27), and the combined
dataset (n = 1,269), after spatial filtering.
2.4 Filtering Methods Spatial thinning to 20 km.
3.1 Variable Source CHELSA v2.1 bioclimatic variables; SMI-CMIP6
) GCMs for future scenarios.
. Full list of 23 CHELSA variables (biol-biol9,
3. 3.2 Variables Used PP, VPD derivatives); reduced post-VIF.
Environmental
Data 3.3 Resolution 30 arc-seconds (~1 km?).
GFDL-ESM4, UKESM1-0-LL, MPI-ESM1-2-
3.4 GCMs Used HR, IPSL-CM6A-LR, MRI-ESM2-0.
3.5 Scenarios SSP3-7.0 and SSP5-8.5.
4.1 Collinearity VIF threshold < 10; usdm:vifstep() used.
4. Pre- 4.2 Replacement of Missing Spearman correlation with current variables to
processing | Predictors substitute missing PP and VPD values.

4.3 Spatial Mask

Entire Neotropical realm.




5.1 Algorithms Used

Maximum Entropy (MaxEnt), Random Forest
(RF), Boosted Regression Trees (BRT),
Generalized Linear Models (GLM).
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5.2 Pseudo-absences

10,000 randomly selected background points per
model.

70% training / 30% testing; k-fold cross-

5. Modelling | 5-3 Model Calibration validation (5 folds x 5 repeats).

5.4 Model Evaluation AUC, TSS, Deviance.

5.5 Ensemble Modelling We}ght'ed mean using TSS for current and future
projections.
R 4.3.2 (packages: sdm, dismo, usdm, Hmisc,

5-6 Software etc.): QGIS 3.18.2.
Continuous (0-1) and classified maps: unsuitable

6.1 Suitability Maps (£0.05), low (0.05-0.33), medium (0.33-0.66),
high (> 0.66).

6.2 Thresholding maxSSS (maximizes sensitivity + specificity).

6.3 Presence-Absence Maps Ensemble presence-absence per species and
overall complex.

6. Output 6.4 Area Calculation Suitability maps reprojected to UTM, 1 km

resolution. Area computed for all classes.

6.5 Change Maps

Area change between current and future for each
class and species.

6.6 Variable Importance

Relative variable contribution (Im%) based on
mean AUC-weighted values across repetitions.

7. Uncertainty
& Validation

7.1 Sources of Uncertainty

Algorithmic, GCM, scenario-specific; addressed
via ensembling.

7.2 Model Robustness

High mean AUC (0.97-0.99), high TSS (0.90—
0.95).

7.3 Data Availability

Data and code archived at Zenodo:
https://doi.org/10.5281/zenodo.15243376

8.
Interpretation

8.1 Ecological Implications

Species with wider tolerance may expand,
altering community composition and ecosystem
function. Potential ecological disruption vs
restoration opportunities.

8.2 Conservation Relevance

Highlights climate-driven biogeographic shifts in
socio-economically important species. Supports
regional conservation planning in Amazon and
Cerrado biomes.

9. Funding

9.1 Funding

FAPEMA (IECT-05539/18), CAPES (PDSE -
Edital n° 44/2022).
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Table S1.2. List of bioclimatic variables considered for constructing the bioclimatic

models sourced from the Climatologies at High Resolution for the Earth’s Land Surface

Areas (CHELSA) database, version 2.1.

Acronym Code Description
APA biol2 Annual Precipitation Amount
ART bio7 Annual Range of Air Temperature
Iso bio3 Isothermality
MAAT biol Mean Annual Air Temperature
MDTCQ biol1 Mean Daily Mean Air Temperatures of the Coldest Quarter
MDTDQ bio9 Mean Daily Mean Air Temperatures of the Driest Quarter
MDTR bio2 Mean Diurnal Temperature Range
MDTWaQ biol0 Mean Daily Mean Air Temperatures of the Warmest Quarter
MDTWeQ bio8 Mean Daily Mean Air Temperatures of the Wettest Quarter
MMPACQ biol9 Mean Monthly Precipitation Amount of the Coldest Quarter
MMPADQ biol7 Mean Monthly Precipitation Amount of the Driest Quarter
MMPAWaQ biol8 Mean Monthly Precipitation Amount of the Warmest Quarter
MMPAWeQ biol6 Mean Monthly Precipitation Amount of the Wettest Quarter
PADM biol4 Precipitation Amount of the Driest Month
PAWM biol3 Precipitation Amount of the Wettest Month
PPMax Pet_penman_max Maximum monthly potential evapotranspiration
PPMean Pet penman_mean Mean monthly potential evapotranspiration
PPMin Pet_penman_min Minimum monthly potential evapotranspiration
PPRange Pet_penman_range Annual range of monthly potential evapotranspiration
PS biol5 Precipitation Seasonality
TMaxW bio5 Mean Daily Maximum Air Temperature of the Warmest Month
TMinC bio6 Mean Daily Minimum Air Temperature of the Coldest Month
TS bio4 Temperature Seasonality
VPDMax VPDMax Maximum monthly vapor pressure deficit
VPDMean VPDMean Mean monthly vapour pressure deficit
VPDMin VPDMin Minimum monthly vapour pressure deficit
VPDRange VPDRange Annual range of monthly vapour pressure deficit
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Table S1.3. Final predictors retained after multicollinearity testing for each babassu species and the overall Babassu Complex, used for the current

scenario and adjusted through correlation analysis for future scenarios.

SPECIES
A. barreirensis A. eichleri A. funifera A. maripa A. phalerata A. speciosa A. vitrivir Babassu Complex
Current Future Current Future Current Future Current Future Current Future Current Future Current Future Current Future
Iso Iso Iso Iso Iso Iso Iso Iso MDTDQ MDTDQ APA APA MDTR MDTR Iso Iso
MDTR MDTR MDTR MDTR MMPACQ MMPACQ MDTDQ MDTDQ MDTR MDTR Iso Iso MDTWeQ MDTWeQ MDTR MDTR
MDTWeQ MDTWeQ MDTWeQ MDTWeQ MMPAWaQ MMPAWaQ MDTR MDTR MDTWeQ MDTWeQ MDTR MDTR MMPACQ MMPACQ MDTWeQ MDTWeQ
MMPAWaQ MMPAWaQ MMPACQ MMPACQ PADM PADM MDTWeQ MDTWeQ MMPACQ MMPACQ MDTWeQ MDTWeQ MMPAWaQ MMPAWaQ MMPAWaQ MMPAWaQ
PAWM PAWM MMPAWaQ MMPAWaQ PAWM PAWM MMPACQ MMPACQ MMPAWaQ MMPAWaQ MMPACQ MMPACQ PADM PADM PADM PADM
PPMin PADM PAWM PAWM PPMax MAAT PADM PADM PADM PADM MMPAWaQ MMPAWaQ PAWM PAWM PAWM PAWM
PPRange MMPAWaQ PPMean MMPADQ PPRange MDTCQ PAWM PAWM PAWM PAWM PADM PADM PPMin MDTDQ PPMin MMPADQ
PS PS PPRange PADM VPDMean MAATF PPMin PADM PPMax ART PPMax MMPADQ PS PS PPRange TS
TS TS PS PS VPDRange ART PPRange MMPAWaQ PPMin MAAT PPMin MDTCQ PS PS
TS TS PS PS VPDMin TMaxW PS PS TS TS
VPDMin MDTWeQ TS TS VPDRange = MMPADQ VPDMin MDTWeQ VPDMin MMPADQ
VPDRange TMaxW VPDMin  MDTWaQ VPDRange TMaxW VPDRange TMaxW
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Table S1.4. Performance values based on a) mean area under the curve (AUC), b) True

Skill Statistics (TSS), and c) Deviances, for the potential species distribution modeling

using Maxent, Random Forest (RF), Boosted Regression Trees (BRT), and Generalized

Linear Models (GLM). Results are provided for each babassu species and the Babassu

Complex overall. Values in parentheses represent the standard deviation of the mean (n

=25).
a)
Algorithms (n=25)
Species
MaxEnt RF GLM BRT

A. barreirensis 0.99 (£0.01) 099 (£0.01) 0.95(£0.02) 0.99 (£0.01)
A. eichleri 0.99 (£0.01) 099 (£0.01) 0.96(=0.01) 0.99 (£0.01)
A. funifera 1.00 (£ 0.00) 1.00 (£0.00) 0.99 (=0.01) 0.99 (=0.01)
A. maripa 0.99 (£0.00) 0.99 (£0.00) 0.98 (£0.00) 0.99 (+0.00)
A. phalerata 0.99 (£0.00) 0.99 (+0.00) 097 (=0.01) 0.98 (+0.00)
A. speciosa 0.99 (£0.01) 0.99 (£0.00) 0.96(=0.01) 0.99 (x0.01)
A. vitrivir 0.99 (£0.01) 099 (£0.01) 0.96(£0.03) 0.97 (£0.03)
Babassu Complex 0.98 (£0.00) 0.99 (£0.00) 0.97 (£0.00) 0.97 (+0.00)
mean (n=200) 0.99 (£0.01) 0.99 (£0.01) 0.97 (£0.02) 0.98 (£0.01)

b)

Algorithms (n=25)
Species MaxEnt RF GLM BRT

A. barreirensis 0.96 (£0.04) 0.95(=0.04) 0.90(=0.05) 0.93(x=0.05)
A. eichleri 0.96 (£0.03) 0.95(£0.03) 0.89(£0.04) 0.94(£0.02)
A. funifera 0.99 (£0.02) 0.99 (£0.02) 0.96 (=0.04) 0.96 (= 0.05)
A. maripa 0.94 (£0.01) 094 (=0.01) 092 (£0.01) 0.92(=0.01)
A. phalerata 0.90 (£0.03) 0.94(+£0.02) 0.85(£0.02) 0.86(=0.02)
A. speciosa 0.94 (£0.04) 0.95(£0.03) 0.90(£0.03) 0.93(£0.03)
A. vitrivir 0.97 (£0.02) 0.95(0.06) 0.90(+0.05) 0.86 (+0.06)
Babassu Complex 091 (+£0.01) 092(=0.01) 0.87(£0.01) 0.86(£0.02)
mean (n=200) 0.94 (£0.04) 0.95(+0.04) 0.90 (£0.05) 0.91 (+0.05)
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¢)
Algorithms (n=25)
Species
MaxEnt RF GLM BRT
A. barreirensis 0.20 (£0.06) 0.15(£0.05) 0.35(x=0.12) 0.27 (£0.04)
A. eichleri 0.18 (£0.05) 0.16 (x0.04) 0.30(£0.05) 0.26 (+0.02)
A. funifera 0.10 (£0.02) 0.08(x0.02) 0.15(£0.09) 0.22 (+0.04)
A. maripa 0.16 (£0.01) 0.11 (£0.01) 0.19(£0.02) 0.26 (=0.01)
A. phalerata 0.19 (£0.02) 0.12(x0.01) 0.25(£0.02) 0.29 (+0.02)
A. speciosa 0.18(=0.03) 0.15(=0.02) 0.28(x=0.04) 0.25(£0.03)
A. vitrivir 0.21 (£0.04) 0.17(x0.05) 0.37(£0.17) 0.32(£0.07)
Babassu Complex 0.21 (£0.01) 0.14(=0.01) 0.26(=0.01) 0.32(x0.01)
mean (n=200) 0.18 (£0.05) 0.13 (¢0.04) 0.27 (£0.11)  0.28 (+0.05)




108

Table S1.5. Relative importance of predictor variables (Im%) per species vs. algorithm
combination (n = 25) in explaining the distribution of a) A. barreirensis, b) A. eichleri, c)
A. funifera, d) A. maripa, €) A. phalerata, ) A. speciosa, g) A. vitrivir, and h) the Babassu
Complex overall. The algorithms considered include Maxent, Random Forest (RF),
Boosted Regression Trees (BRT), and Generalized Linear Models (GLM). Mean and
Coefficient of Variation (CV) values are provided for each bioclimatic predictor (n =

100). Values in parentheses represent the standard deviation of the mean.

a)

Algorithms (n=25)

Predictors mean (n=100) Cv
MaxEnt RF GLM BRT
Iso 1.05 (£1.43) 1.84 (£2.49) 7.80 (£3.24) 2.07 (£1.81) 3.19 (£3.56) 1.11
MDTR 228 (+1.42) 0.48 (£0.35) 3.17 (+2.16) 0.12 (+0.15) 1.51 (£1.81) 1.19
MDTWeQ 1.33 (£1.01) 0.21 (£0.21) 6.65 (£3.57) 0.13 (£0.0.25)  2.08 (£3.26) 1.57
MMPAWaQ 0.29 (=0.37) 0.21 (£0.24) 0.60 (£0.59) 0.09 (£0.16) 0.30 (£0.42) 1.41
PAWM 0.75(£0.49) 0.36 (£0.31) 0.26 (+0.28) 0.05 (+0.13) 0.35 (£0.41) 1.17
PPMin 0.82 (£0.79) 0.40 (£0.60) 2.61 (£2.00) 0.39 (+£0.89) 1.10 (£1.50) 1.42
PPRange 2.67 (x1.72) 1.07 (£1.18) 4.90 (¥2.12) 0.75 (+0.55) 2.35(£2.23) 0.95
PS 8.69 (£1.96) 1.93 (+1.09) 4.40 (£2.98) 2.42(£1.13) 4.36 (+£3.30) 0.76
TS 88.69 (£6.45) 2.55 (£3.05) 96.03 (£2.97) 24.78 (£5.87) 53.01 (£40.69) 0.77
b)
Algorithms (n=25)
Predictors mean (n=100) Cv
MaxEnt RF GLM BRT
Iso 0.72 (£0.76) 0.77 (£1.16) 4.19 (£1.58) 0.07 (+0.09) 1.44 (£1.92) 1.34
MDTR 4.24 (+1.21) 0.94 (+0.54) 0.31 (+0.23) 1.37 (£0.43) 1.72 (£1.67) 0.97
MDTWeQ 0.02 (+0.04) 0.09 (+0.07) 3.31 (£1.89) 0.10(£0.11) 0.89 (£1.69) 1.92
MMPACQ 0.55(+0.34) 0.18 (+0.15) 0.35(£0.37) 0.09 (£0.13) 0.29 (+0.32) 1.08
MMPAWaQ  0.74 (£0.76) 0.16 (£0.23) 1.14 (£0.92) 0.04 (+0.08) 0.52 (£0.75) 1.44
PAWM 1.41 (£0.98) 0.20 (=0.16) 0.29 (=0.43) 0.09 (£0.10) 0.5 (£0.76) 1.53
PPMean 0.17 (£0.20) 0.26 (£0.22) 5.53 (£1.93) 0.06 (£0.08) 1.51 (£2.53) 1.68
PPRange 0.59 (£0.35) 0.33 (£0.36) 8.68 (£2.21) 0.16 (£0.17) 2.44 (£3.79) 1.55
PS 6.71 (£2.09) 0.96 (+0.42) 0.28 (£0.32) 2.64 (£1.07) 2.65 (£2.78) 1.05
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TS 56.87 (£14.34) 3.18 (£2.06) 96.74 (£2.07) 17.66 (£6.90) 43.61 (£33.47) 0.86
VPDMin 3.28 (£1.42) 1.34(£0.94) 14.31 (£3.30) 2.92 (+2.04) 5.46 (£5.59) 1.02
VPDRange 0.03 (£0.05) 0.41 (£0.25) 6.69 (£2.71) 0.59 (£0.45) 1.93 (£3.08) 1.60
c)
Algorithms (n=25)
Predictors mean (n=100) CvV
MaxEnt RF GLM BRT
Iso 1.44 (£1.01) 0,70 (£0.99) 0.15 (+0.13) 0.89 (£1.18) 0.80 (£1.02) 1.28
MMPACQ 0.90 (£1.00) 0.74 (£0.90) 5.45 (£2.43) 6.23 (£5.08) 3.33 (£3.82) 1.15
MMPAWaQ 0.05 (£0.09) 0.05 (£0.08) 1.90 (+1.32) 0.01 (£0.20) 0.50 (£1.04) 2.06
PADM 2.97 (£2.64) 1.63 (£1.38) 0.32 (£0.40) 3.18 (2.31) 2.02 (£2.20) 1.08
PAWM 0.43 (£2.64) 0.17 (£0.25) 3.02 (£2.31) 0.05 (+0.10) 0.92 (+1.69) 1.84
PPMax 0.00 (£0.01) 0.67 (£0.64) 2.78 (£2.28) 2.46 (£1.12) 1.48 (£1.75) 1.18
PPRange 2.43 (¥1.39) 0.36 (£0.43) 13.33 (3.79) 0.48 (+0.52) 4.15 (£5.75) 1.39
VPDMean 13.14 (+4.34) 0.28 (£0.37) 63.54 (£6.28) 0.55 (£0.42) 19.38 (£26.42) 1.36
VPDRange 42.08 (£7.96) 0.58 (£0.48) 92.92 (+£3.23) 1.13 (£0.63) 34.18 (£38.3) 1.12
d)
Algorithms (n=25)
Predictors mean (n=100) Cv
MaxEnt RF GLM BRT
Iso 30.89 (£6.17) 1.43 (£0.32) 0.26 (+0.24) 1.23 (+0.39)  8.45 (+13.38) 1.58
MDTDQ 0.41 (+£0.42) 0.29 (£0.16) 38.63 (4.70) 0.30 (£0.36)  9.91 (+16.83) 1.70
MDTR 2.65 (£0.50) 0.46 (£0.25) 0.13 (0.13) 0.34 (£0.11) 0.9 (1.07) 1.19
MDTWeQ 0.28 (£0.23) 0.20 (+£0.13) 0.14 (£0.15) 0.12 (£0.06) 0.18 (£0.17) 0.90
MMPACQ 1.78 (£0.41) 0.61 (£0.21) 0.03 (£0.06) 0.59 (£0.48) 0.75 (+0.72) 0.96
PADM 1.40 (£0.44) 0.79 (£0.17) 0.89 (£0.24) 0.75 (£0.25) 0.96 (£0.39) 0.41
PAWM 3.85(+0.66) 0.62 (£0.14) 0.67 (£0.22) 0.46 (£0.14) 1.40 (£1.47) 1.05
PPMin 0.70 (£0.44) 0.30 (+0.23) 9.00 (+0.79) 0.10 (+0.08) 2.53 (£3.79) 1.50
PPRange 0.99 (£0.29) 0.31 (£0.16) 3.60 (+0.50) 0.38 (£0.16) 1.32 (+1.38) 1.05
PS 1.18 (£0.27) 0.14 (£0.10) 3.61 (£0.68) 0.01 (£0.05) 1.24 (+1.49) 1.21
TS 0.24 (£0.17) 1.58 (£0.51) 73.90 (£3.47) 6.73 (£3.59) 20.61 (£31.11) 1.51
VPDMin 1.70 (£0.55) 0.13 (£0.09) 0.96 (+0.36) 0.05 (£0.06) 0.71 (0.75) 1.05
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e)
Algorithms (n=25)
Predictors mean (n=100) CvV
MaxEnt RF GLM BRT

MDTDQ  0.38 (£0.28) 038 (£0.20) 50.99 (£4.06) 0.26 (:0.19) 13.00 (:22.14)  1.70
MDTR 6.78 (£1.20) 0.39 (+0.15) 0.75 (£0.22) 0.16 (£0.07)  2.02 (£2.84) 140
MDTWeQ 072 (£0.21) 1.23 (:036) 17.75 (:2.68) 1.29 (£026) 525 (£7.38) 1.4l
MMPACQ  5.14 (£0.71) 0.94 (:028) 0.23 (£0.13) 0.61 (£023) 173 (£2.03) 118
MMPAWaQ 033 (£0.47) 1.36 (:033) 0.31 (:0.19) 149 (:047) 087 (£0.67)  0.77
PADM 0.44 (£0.17) 0.40 (0.11) 0.41 (20.23) 0.03 (£0.05) 032 (£0.23)  0.72
PAWM (gég) 0.90 (£0.30) 0.47 (:023) 7.93 (£1.36) 542 (£521) 096
PPMax 223 (£0.82) 0.39 (£0.12) 9.42 (+126) 0.18 (:0.09)  3.05 (+3.85) 126
PPMin 2.5 (:0.73) 1.03 (£0.19) 10.17 (£1.03) 1.10 (£0.27)  3.71 (+3.85)  1.04
VPDMin (1‘3‘:‘;) 1.80 (£0.61) 23.30 (:4.76) 2.54 (£0.71) 18.02 (+17.87)  0.99
VPDRange  0.63 (£0.37) 0.97 (:0.24) 11.24 (£2.04) 0.83 (:021) 342 (+4.66) 136

f)

Algorithms (n=25)
Predictors mean (n=100) CvV
MaxEnt RF GLM BRT

APA 0.79 (£0.55) 0.36 (£0.24) 4.05 (£2.67) 0.04 (£0.07) 131 (22.10) 1.60
Iso 9.53 (£3.30) 2.94 (£1.22) (f123'9500) 33.74 (£5.77  27.05(£24.48)  0.90
MDTR 430 (£1.12) 2.60 (£0.79) 14.14 (+5.31) 5.74 (£1.50)  6.70 (£5.27) 0.79
MDTWeQ 050 (£0.73) 036 (£0.24) (f171'%300) 045 (£034) 7.8 (£12.99) 181
MMPACQ 346 (£1.18) 0.46 (£0.27) 0.19 (:030) 0.05(£0.13)  1.04 (=1.54) 1.48
MMPAWaQ 042 (:038) 023 (£0.14) 1.68 (:0.93) 0.13 (20.11)  0.61 (20.80) 131
PADM 1.9 (£0.90) 0.17 (£0.13) 9.47 (£3.63) 0.15(£0.17)  2.92 (+4.29) 1.47
PPMax  0.15(£0.18) 1.00 (£0.46) 1.80 (20.79) 1.92(+0.71)  1.21 (+0.92) 0.76
PPMin  0.59 (£0.28) 0.27 (:0.22) 8.02 (£1.44) 0.04 (:0.06)  2.23 (+3.44) 1.54
PS 158 (£1.04) 1.48 (£0.71) 0.57 (£0.60) 1.91 (£0.86)  1.39 (£0.95) 0.69
VPDMin 892 (£3.26) 1.22 (£0.63) 1.91 (£1.84) 0.53 (£0.52)  3.15 (+3.88) 1.23
VPDRange  2.73 (£0.93) 0.18 (0.14) 1.89 (£1.95) 0.05(x0.07) 121 (+1.56) 1.29
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g)
Algorithms (n=25)
Predictors mean (n=100) Cv
MaxEnt RF GLM BRT
MDTR 5.10 (£2.56) 1.27 (¢1.43) 0.52 (20.48) 2.37 (£1.97) 2.31 (£2.47) 1.07
MDTWeQ 0.79 (£1.37) 0.34 (+0.37) 0.82 (+0.86) 0.17 (£0.26) 0.53 (+£0.88) 1.65
MMPACQ 0.98 (£1.05) 0.91 (+0.82) 0.69 (£0.47) 3.03 (£2.61) 1.40 (£1.74) 1.24
MMPAWaQ 4.19 (£2.17) 0.61 (x1.11) 12.06 (£6.41) 0.74 (£0.86) 4.40 (+£5.78) 1.31
PADM ( 3102'.1;3) 121 (£1.57) 76.53 (:9.05) 1.00 (£1.06) 2721 (:31.95)  1.17
PAWM 0.30 (£0.38) 0.48 (+0.47) 0.82 (£0.76) 0.37 (£0.50) 0.49 (£0.57) 1.16
PPMin 22.61 (£8.58) 3.37 (£4.75) 26.33 (£9.12) 25.47 (£7.88) 19.45 (£12.14) 0.62
PS 2.25(£2.07) 1.10 (£1.01) 11.92 (£3.74) 2.42 (£1.52) 4.42 (£4.94) 1.12
h)
Algorithms (n=25)
Predictors mean (n=100) Cv
MaxEnt RF GLM BRT
Iso 7.79 (£1.24) 1.72 (£0.24) 0.72 (£0.22) 1.45 (£0.55) 2.92 (£2.93) 1.00
MDTR 7.10 (£0.69) 0.78 (£0.15) 0.08 (£0.09) 1.12 (£0.16) 2.27 (£2.85) 1.26
MDTWeQ 0.66 (£0.15) 0.89 (£0.22) 4.62 (+0.59) 1.40 (£0.20) 1.89 (+£1.64) 0.87
MMPAWaQ  0.31(£0.11) 0.42 (£0.13) 0.12 (+0.10) 0.07 (+£0.09) 0.23 (+0.18) 0.78
PADM 0.32 (£0.08) 0.69 (=0.17) 0.86 (+0.30) 0.20 (£0.08) 0.52 (£0.32) 0.63
PAWM 5.83 (x0.53) 1.08 (£0.19) 0.01 (£0.03) 0.37 (£0.14) 1.82 (£2.37) 1.30
PPMin 1.24 (£0.23) 0.64 (£0.18) 10.90 (+0.60) 0.80 (£0.18) 3.40 (+4.37) 1.29
PPRange 1.54 (£0.23) 0.83 (£0.18) 4.89 (+0.35) 1.66 (£0.26) 2.23 (+1.60) 0.72
PS 3.51 (£0.42) 0.49 (£0.12) 4.42 (+0.57) 0.20 (+£0.09) 2.15 (+1.88) 0.87
TS 1.02 (£0.34) 4.52 (£0.64) 99.89 (£0.14) 32.70 (£1.19) 34.53 (+£39.89) 1.16
VPDMin 9.86 (£2.13) 0.89 (£0.19) 7.09 (+0.57) 0.07 (£0.07) 4.48 (+4.29) 0.96
VPDRange 0.59 (£0.18) 0.24 (£0.09) 2.56 (+0.31) 0.00 (£0.00) 0.85 (£1.03) 1.21
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Table S1.6. Calculated areas of the classes of suitability for the various algorithms (BRT,
GLM, MaxEnt and RF) and for 4. barreirensis, A. eichleri, A. funifera, A. maripa, A.

phalerata, A. speciosa, A. vitrivir, and the Babassu Complex overall in the current

scenario.
Algorithms (km?)
Species Class Ensel:l(blf map
BRT GLM  MaxEnt RF (km)
Unsuitable 13634187 12969299 10905077 14058727 11912656
Low 6213786 3856431 6055359 5309672 6464969
A. barreirensis
Medium 1713127 2580292 3623780 1703246 2961686
High 1363 2156442 978248 490818 254882
Unsuitable 12429280 10206745 11682964 13369467 10189062
Low 7518369 6255746 5409039 5697229 8416218
A. eichleri
Medium 1593143 3680293 3523524 1696250 2644049
High 21671 1419680 946936 799517 344864
Unsuitable 11330256 17256849 14280289 14379435 14020352
Low 10076050 2807763 6433105 6317610 7120495
A. funifera
Medium 145691 773799 771506 802808 422180
High 10467 724053 77564 62611 31166
Unsuitable 11967586 12243827 12177871 12459396 11817501
Low 5954938 3499207 3760769 5199122 4637818
A. maripa
Medium 3639939 2235268 4048532 2897280 4223378
High 0 3584161 1575292 1006666 915496
Unsuitable 7539385 9470269 8345042 9922433 7759199
Low 11696008 6690289 7223609 8226021 9935641
A. phalerata
Medium 2327070 4056093 4044635 2160187 3165997
High 0 1345813 1949178 1253823 733356
Unsuitable 11886372 9869652 9311258 10663904 9460532
Low 5258244 5449361 5269999 6203454 6585918
A. speciosa
Medium 4414489 4157888 5026396 3049355 4620239
High 3359 2085563 1954811 1645751 927503
Unsuitable 9945873 17772173 14418881 15714232 14502398
A. vitrivir Low 11281382 2331444 5012342 4676827 5819594
Medium 335209 970969 1715391 907519 1086344
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High 0 487877 415851 263885 185856
Unsuitable 7518791 7668912 7853995 8309833 7467461
Low 8231298 5219682 3573677 7340167 5808119

Babassu
Complex Medium 5812375 6284256 6498762 4849699 7891228
High 0 2389614 3636030 1062765 427386
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Table S1.7. The total sum of the areas of the whole species for each of the classes of

suitability for the various algorithms (BRT, GLM, MaxEnt and RF) in the current

scenario.
Algorithms (km?)
Class
BRT GLM MaxEnt RF

Unsuitable 86251730.71 97457726.66 88975378.68 98877426.89
Low 66230075.32 36109923.49 42737898.39 48970102.14
Medium 19981044.06 24738857.10 29252525.03 18066344.11
High 36859.92 14193202.77 11533907.91 6585836.88
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Figure S1.1. Spearman’s correlation test for the set of bioclimatic variables for a) A.
barreirensis (n = 41), b) A. eichleri (n=179), ¢) A. funifera (n = 65), d) A. maripa (n = 570), e)
A. phalerata (n = 431), f) A. speciosa (n = 84), g) A. vitrivir (n = 27), and h) the Babassu

Complex overall (n = 1,269). Marked cells represent non-significant correlations at p < 0.05.



120

60 0 0 0 0 0 0 O

iy g,

/170?)? 0%4@ 4,,{}% %;@ 404%,,{”& “rp, D:’o,,:’bo{@ PAYAQ)?Z)Q? % f'po Aj@ﬂ@, %A@%@ A%O I,
o Predictors
Figure S1.2. Frequency (f) of the remaining bioclimatic variables used for fitting current
scenario models after multicollinearity analysis, considering all individual species and

the Babassu Complex overall.
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Data Callection

GBIF Source: 19,204 records

Species: A. phalerata, A.
maripa, A. eichleri, A.
speciosa, A. funifera, A
barreirensis, and A. vitrivir,
and Babassu Complex

overall
Bioclimatic Variables
CHELSA v2.1 Database
GeoTIFF Format: 1 arc-
seconds
v
Data Filtering & ‘
Preprocessing Future Scenarios

Time Periods: 2041-2070,
2071-2100

I

Remove Duplicates within
20 km SSP3 7.0 & SSP5 8.5
Gobal Climate Model
Current Scenario

GFDL-ESM4&, UKESM1-0-LL,
MPI-ESM1-2-HR, IPSL-CMGA-
LR and MRI-ESM2-0

v
Retained Ocurrence Points

Spearman's Coe!

Filtered Dataset: A.
barreirensis (n = 41), A. Multicollinearity Analysis
eichleri (n = 79), A. funifera
(n = 65), A. maripa (n =
570), A. phalerata (n = 431),

Calculate VIF: Exclude VIF
>10

A. speciosa (n = B4), A.
vitrivir (n = 27), and the
combined dataset (n =
1,269)

v
Modelling Process

Validation

Dcurrence points - 70%
training / 30% testing

Tools: sdm & dismo Naotrop el Rasen Algorithms: BRT, GLM, Background Points (pseudo-
packages, R 4.3.2 i 8 MaxEnt, RF ahsences): 10,000
repeated 5 times (25

5-fold cross-validation
models per

species/algorithm)

—

Performance Evaluation: Relative Variable
ALC, TSS, Deviance Importance (IR%)

Habitat Suitability &
Prediction Maps

Tools: QGIS 3.18.2

‘ Suitability classification

Individual & Camposite Binary Maps: maxS55
Species Maps Method

Reprojection to UTM and
resampled to 1 km

Ensemble Maps: TSS
Weighted Average

v —

Future Scenarios Ensemble Current Scenario Ensemble

Projections across all four All four algorithms
algorithms and five GCMs

Figure S1.3. Methodological workflow for the species distribution modelling of the

Babassu Complex and its species.



a) A.

barreirensis

2041-2070
SSP3 7.0 SSPS 8.5
12000" 10590 -90°0'  -75°0' 609D’ -45%0"  -30°° 120°0°  105°0°  80°0'  75°0'  60°0'  -45°0* 300
T T T i) T T T T T T T T T T
Bl ] Jg 2L
] * 2R
B 5] -
B 1<ar o 128
T .
- . = = ) cor T =
g Z - ’x}’g& z
. 2 & 2
E w(_ﬂ i =
k L g E
£ = JEE T E
& B e e o B
g Pueilic Ovean & 2% Pacilic Quean B /
L s
: L g TLh
gl 2 et 4
@ S/ al i
{ ,;
= io
G- =9 &I
T 25
0 250 500 750 ki & 0 250 500 750 km
2 i
o RERS
el L L L 1 1 ] 2L Il 1 1 L L
1207 -105°0°  90°0°  75°0'  -60°D'  45°0°  -30°0° 120°0° -105°0°  -90°07  75°0°  60°0'  -45°0'  -30°0

2070-2100
SSP3 7.0 SSP5 8.5
-120°0"  -105°0" _ -80°0" -75°0° -60°0" -45°0" -30°0" -120°0"  -105°0° _ -80°0" -75°0" -60°0" 5% -30°0"
=T T T 4 T T T T T T il T T T
gk — {2 8L
ARy A TE A
o
ot =T R b
& anwsnn | FEE -4 &
5 i -~
sl 2 e sl L
z ] 35 2
2
z =
B = o =
by o . - -9 & . <
T Paeilic Oecan 25 Pacilie Ocein
£ o
[ e Bl
) (; e
or J4% 8k
¥ 29
@ 250 500 750 km = 0 250 500 750 km
2 82
s R
P 1 1 1 1 1 1 QY 1 1 1
-1209°  -105°0°7  -90°0'  75°0F 600" -45°0"  -30°0° -120°0°  -105°0°  -90°0"

AOeSt- 0e0E- 0aST- a0 A0oST 10008

008~

D06~ 0051~ 00 0651 L0608

st~

009~

122

Cenrral and South America, and
Canbbean boundaries

Habitat Suitability

_am

0.00 1.00

|- Unchanged unsuilability areas
I Docrease in habitat suitability
I increase in habitat suitability

Central and South America. and
Canbbeaw boundaries

Hubital Suilabilily

0.00 100
Unchanged unswitability areas
B Docrcase i habitat suitability

I 1ncrease in habitat suitability



b) A.

-45°0" -30°0" -15°0" 0°0° 1570 30°0°

-60°0"

-45°0" -30°0" -15°0" 0°0' 15°0" 30°0°

-60°0°

eichleri

2041-2070

SSP3 7.0

in

-120°0°  -105°0"  -90°0° 7590 -60°0"  -45°%0°  -30°0"
T T T T T T

A

"S5 RA

Anwrn | BRB

% e o)
i

Allantic Ocean

Pueilic Oceun

0 250 500 750 kin o

[ =

oSt~ 10e0E- 40aST- 00 08T 100€
-30°0" 0°0" 30°0°

-45°0"

0009
-60°0"

15°0°

-15°0"

Pacilic Ocean

0 250 500 750 km
[

F O e e
;3\:\\\?\ e

-120°0°  -105°0°  -90°0° -75°0° -60°0" -45°0° -30°0"
T T T T T T T

1 1 1 1
-120°0"  -105°0"  -90°0° -75°0" -60°0" -45°0"

2070-21

SSP3 7.0

-120°0"  -105°0"  -80°0" -75°0" -60°0" -45°0" -30°0"
il T T T T T

in

-45°0°
T

_3000"
T

T

Ay &
g A

Atlantic Ocean

Pacilic Ocean

0 250 500 750 km ooy
[ —) =

DSt Do0E- 10aST- 060 05T W060€
0°0" 30°0°

-45°0"

0009
-60°0"

15°0°

-30°0"

-15°0"
T

Pacific Ocean

0 250 500 750 km
[ ——)

i
S

GaR

one
i

-120°0  -105°0°  -90°0° -75%0" -60°0°
T T T T

oSt 0:0E- 05T~ 100 DeST 10008

Aa09-

oS- olE- L0651~ a0 10051 10e0€

a9~

L 1 | 1 1 1 1
-120°0"  -105°0"  -80°0' -75°0° -60°0" -45°0" -30°0"

| 1 L
-120°0 -105°0" -90°0"

I
75°0"

|
260°0"

1
4507

1
30°0°
=

[ e ey oy, | e e

123

:l Central and South America, and
Caribbean bonndaries

Habitat Suitabilits:

_am

0.00 1.00

-] Unchanged unsuability areas
B Docrease in habitar suitability
I increase in habitat suitability

:l Central and South America. and

Canbhean houndaries
Tabitat Suitabiliy

.

0.00 1.00
Unchanged unsuttability areas
I Doorcase in habitat suitability

I 1ncresse in habitat suitability




c) A. funifera
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d) A. maripa
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e) A. phalerata
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f) A. speciosa
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g) A.

Vitrivir
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h) Babassu Complex overall
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Figure S1.4. Ensemble of future projections habitat suitability and changes under SSP3
7.0 and SSP5 8.5 Scenarios (2041-2070 and 2070-2100) for a) A. barreirensis, b) A.
eichleri, ¢) A. funifera, d) A. maripa, e) A. phalerata, t) A. speciosa, g) A. vitrivir, and h)

the Babassu Complex overall, in Neotropical region.
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DISCUSSAO INTEGRADORA

O principal eixo integrador desta tese € a nogdo de incerteza no contexto da
biogeografia da conservacao. Diferentemente de abordagens que tomam ecossistemas ou
espécies como objetos isolados, os capitulos aqui integrados exploram como incertezas
informacionais, espaciais ¢ ecoldgicas moldam a interpretacdo da distribuicdo das
palmeiras do Complexo Babacgu (Attalea spp.) e, por consequéncia, a compreensao dos

sistemas ecologicos aos quais essas espécies estdo associadas.

Do ponto de vista conceitual, esta tese contribui ao demonstrar que a incerteza
deve ser incorporada como componente analitico central da biogeografia, e nao tratada
como ruido a ser eliminado em estudos da biogeografia da conservacao e planejamento
sob incerteza (FERRIER, 2002; MARMION et al., 2009). A articulagdo entre sintese
cartografica e a modelagem de distribuicdo de espécies deste trabalho mostra que
diferentes escalas de estudo podem revelar diferentes expressdoes de um mesmo processo

biogeografico.

Ao articular padrdes em nivel de ecossistema (Mata dos Cocais) € em nivel de
espécie (Complexo Babagu), este trabalho demonstra que diferentes escalas analiticas s3o
complementares. As delimitagdes espaciais ganham maior legitimidade ecoldgica quando
sustentadas por padrdes biogeograficos das espécies (KENT et al., 2006; MARTINS et
al., 2022), enquanto as projec¢des de distribuicdo tornam-se mais interpretaveis quando

inseridas em um contexto paisagistico e historico mais amplo (FOSTER, 2000).

Nesse contexto, a Mata dos Cocais representa um recorte empirico privilegiado
para discutir a biogeografia do babagu em sistemas de transi¢do, funcionando como
interface entre padrdes ecologicos, histdricos e socioespaciais. Dessa forma, os capitulos
compartilham um problema comum: como interpretar padrdes biogeograficos quando os
objetos de analise sdo marcados por fronteiras difusas, respostas ecoldgicas heterogéneas
e lacunas de informacdo? Problema este que impacta de varias formas a criagdo e

aplicacdo de politicas publicas (FERRIER, 2002; ZIZKA et al., 2020).

No Capitulo 1, esse problema se expressa, especificamente, na multiplicidade
de delimitagdes da Mata dos Cocais, no qual evidencia que a representagdo espacial de
sistemas transicionais € seu uso técnico-cientifico dependem fortemente dos critérios
adotados em seus processos de constru¢do e da disponibilidade de informacdes que

garantam sua reprodutibilidade (BRUNSDON; COMBER, 2021; GONCALVES, 2021).
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A sintese cartografica apresentada transforma a incerteza em um elemento analitico, o
que fornece uma base para o planejamento territorial e a conservagao (FERRIER, 2002;
ZIZKA et al., 2020). Abordagem esta que dialoga com perspectivas da biogeografia que
reconhecem fronteiras ecologicas como zonas gradativas e probabilisticas, especialmente
em ecossistemas de transicdo (KENT et al, 1997, LOMOLINO; RIDDLE;
WHITTAKER, 2016).

No Capitulo 2, a incerteza emerge, principalmente, na forma de respostas
contrastantes entre as espécies do Complexo Babagu, em relagdo a variaveis climaticas
do cenario presente e considerando diferentes modelos globais de previsao de mudangas
climatica em cenarios futuros, ¢ dos multiplos algoritmos utilizados e erros estatisticos
associados a modelagem As projecdes apresentadas evidenciam, que a biogeografia do
babagu ¢ altamente dindmica no tempo, em consonancia com abordagens que reconhecem
a natureza nao estacionaria das distribuigdes de espécies sob mudangas climéaticas
(MARMION et al., 2009; VALAVI et al., 2022). Espécies como Attalea speciosa, A.
maripa ¢ A. phalerata apresentaram nichos climaticos mais amplos e projecdes de
expansdo das areas de alta adequabilidade ambiental, enquanto A. funifera e A. vitrivir

exibiram distribui¢cdes mais restritas e possiveis reducdes sob cenarios futuros.

A biogeografia dessas espécies reflete padrdoes comuns a palmeiras tropicais,
como ampla distribui¢cdo, elevada plasticidade ecologica e respostas diferenciadas a
gradientes climaticos (BLACH-OVERGAARD et al., 2010; EISERHARDT et al., 2011),
tornando-as particularmente informativas para a andlise de paisagens de transi¢cdo
marcadas por elevada incerteza. Esses resultados indicam que, apesar das semelhancas
morfoldgicas e funcionais, o Complexo Babagu ndo deve ser tratado como uma unidade
ecologica homogénea. Dessa forma, a heterogeneidade interespecifica observada pode
ajudar a explicar por que as diferentes espécies do Complexo ocorrem em diferentes

contextos paisagisticos.

Adicionalmente, as projecdes em ensemble sugerem que as mudangas climéaticas
podem ampliar a adequabilidade ambiental do Complexo Babagu em porg¢des da interface
Amazonia—Cerrado, ao mesmo tempo em que intensificam assimetrias espaciais de
vulnerabilidade. Tal configuracio tem implicagdes diretas para estratégias de
conservagao € manejo, uma vez que os efeitos das mudancas climdticas ndo se
manifestardo de forma uniforme sobre as espécies nem sobre o territorio. Nesse contexto,

a Mata dos Cocais emerge como um sistema de elevada relevincia adaptativa. Sua
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natureza ecotonal pode conferir maior resiliéncia frente as mudancas climaticas,
especialmente para espécies com elevada tolerancia ambiental, como visto para parte do
Complexo Babacu, o que refor¢a a necessidade de estudos biogeograficos na regido
(MALANSON; RESLER; TOMBACK, 2017; REHM et al., 2015; SCHNEIDER et al.,
2016).

A integracdo entre a sintese cartografica e a modelagem de distribuicdo de
espécies representa, ainda, um avanco metodologico relevante para estudos em
ecossistemas mal delimitados. A partir da integragdo dos resultados dos capitulos, ¢
possivel observar que as dimensdes da incerteza nao sao paralelas, mas interdependentes,
interpretagdo que da maior profundidade ecologica aos achados deste trabalho. Quando
esses resultados sdo confrontados, torna-se evidente que a Mata dos Cocais nao pode ser

entendida como uma unidade socioecologica independente da biogeografia do babagu.

Nesse cendrio, a regido mostra-se ser potencialmente uma expressao espacial da
biogeografia do babacu em uma zona de transi¢do, moldada tanto por gradientes
ambientais quanto por processos historicos de uso da terra. A congruéncia espacial
observada entre areas de alta adequabilidade ambiental e os mapas para a regido, destaca
o papel das palmeiras de babagu enquanto elementos estruturantes e indicadores
biogeograficos da identidade ecoldgica regionais (BAKER; COUVREUR, 2013;
DRANSFIELD et al., 2008; EISERHARDT et al., 2011).

A dimensdo sociologica ¢ indissociavel da biogeografia do babacu. Seus
recursos constituem elemento central de subsisténcia, identidade cultural e organizagao
territorial, sustenta modos de vida, identidades culturais e a seguran¢a alimentar de
comunidades tradicionais, especialmente as quebradeiras de coco (PORRO, 2019;
PORRO; PORRO, 2015). A incerteza, assim, ndo ¢ apenas ecoldgica ou cartografica,
mas também social, refletindo disputas de uso da terra e diferentes formas de apropriacdo
da paisagem, com implicagdes diretas sobre sistemas produtivos tradicionais e estratégias
de manejo sustentdvel para o extrativismo do babacu. Diante disso, estratégias de
conservacdo que desconsiderem essa dimensdo correm o risco de aprofundar

desigualdades socioambientais.

A redistribuicdo espacial da adequabilidade ambiental projetada no Capitulo 2,
especificamente, destaca potenciais impactos sociais que podem decorrer da alteragdao do

acesso aos recursos € da dindmica territorial dessas populagdes (PORRO, 2019;
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RESSIORE; LIMA; TURNHOUT, 2024). A provavel sobreposicao entre areas futuras
de alta adequabilidade ambiental e regides sob intensa expansdo agropecudria pode
evidenciar um cenario de conflito potencial. Sem planejamento integrado, areas que
poderiam atuar como refugios climaticos podem ser simultaneamente submetidas a

pressdes antropicas crescentes, comprometendo sua fung¢do ecologica e social

(BELLARD et al., 2012; BRODIE et al., 2022).

Em conjunto, os resultados desta tese indicam que a Mata dos Cocais e o
Complexo Babagu s6 podem ser plenamente compreendidos a partir de uma abordagem
integrada, que considere simultaneamente incertezas espaciais, respostas ecologicas
especificas e a dimensao humana da paisagem. O Complexo Babagu emerge como o
verdadeiro eixo integrador entre os capitulos, conectando padrdes de distribuicdo,
respostas climaticas e dimensdes socioecologicas. O uso de multiplos algoritmos e de
projecdes em ensemble, reduziu a dependéncia de interpretagdes baseadas em um unico
modelo e permitiu identificar areas de maior convergéncia e incerteza, abordagem
especialmente valiosa em regides com lacunas de dados (MARMION et al., 2009;

VALAVI et al., 2022).

Ao posicionar a incerteza como elemento estruturante da analise, € nao apenas
uma limitacdo metodoldgica, este estudo oferece uma contribuigdo original para a
biogeografia da conservagado de palmeiras tropicais e para uma compreensao mais realista
e aplicada dos ecossistemas de transi¢ao tropicais. Além disso, reforga a necessidade de
abordagens flexiveis, processuais e integradas para interpretar € manejar sistemas
ecologicos complexos, orientar politicas publicas e promover a resiliéncia ecoldgica e

social em cenarios de mudangas globais.
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CONCLUSOES GERAIS

Este trabalho buscou compreender, de forma integrada, os desafios
conceituais e espaciais relacionados a Mata dos Cocais e os potenciais efeitos das
mudangas climaticas sobre o Complexo Babagu (Atfalea spp.). Embora os dois capitulos
apresentem enfoques e métodos distintos, ambos convergem epistemologicamente sobre

a mesma problematica: a biogeografia da conservagdo em face da incerteza.

O trabalho dedicado a Mata dos Cocais documenta a variabilidade das
delimitagdes existentes e demonstra que essa variabilidade tem implicagdes praticas e
normativas. A identificagdo de uma area de consenso, uma zona nucleo recorrente entre
diferentes mapas, nao elimina a incerteza, mas oferece um ponto de partida operacional
para intervengdes territoriais. Ao explicitar os critérios divergentes entre fontes e ao
hierarquizar evidéncias cartograficas, o capitulo fornece uma base mais solida para
decisdes espaciais que, até entdo, apoiavam-se em nogdes conflitantes sobre o que

constitui a propria extensao dessa regido.

O conjunto de analises bioclimaticas para as espécies do Complexo Babagu,
por sua vez, mostra que previsoes sobre adequabilidade ambiental sdo sensiveis tanto as
escolhas metodologicas quanto as lacunas de dados bioldgicos. Existe uma grande lacuna
de conhecimento a ser explorada acerca dos estudos ecoldgicos sobre as espécies de
babacu, suas areas de distribui¢do e os nichos que ocupam. As projecdes sinalizam
tendéncias de deslocamento e de alteracdo na adequabilidade climética de espécies
distintas, mas também evidenciam variagdes entre algoritmos e entre cenarios climaticos.
Assim, ainda que os modelos oferecam cenarios plausiveis, eles devem ser interpretados
como ferramentas probabilisticas condicionadas as incertezas inerentes de amostragem,

de resolugdo ambiental e de projecdes climaticas, € ndo como previsoes deterministicas.

Ao tratar separadamente a incerteza cartografica e a incerteza preditiva, esta
tese demonstra que essas dimensdes se reforcam mutuamente: delimitagdes espaciais
pouco consensuais dificultam a validagdo empirica e a contextualizagao das projegdes de
adequabilidade; inversamente, projecdes climéticas com grande variabilidade aumentam
a complexidade de definir areas prioritarias quando a propria extensdo do ecotono ¢
incerta. Reconhecer essa reciprocidade ¢, a meu ver, a contribui¢cdo conceitual mais

relevante do trabalho, a de que a incerteza € tanto objeto de estudo quanto condicionante
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da a¢do no ambito da biogeografia da conservacdo. Em conjunto, as evidéncias
produzidas mostram que a auséncia, a dispersao e a qualidade heterogénea de informagdes
espaciais e ecoldgicas ndo sdo meras dificuldades técnicas, constituem fatores
estruturantes que moldam interpretagdes, decisdes de manejo e prioridades

conservacionistas.

Durante o desenvolvimento do trabalho foram observadas algumas limitagdes
do estudo, explicitadas ao longo do texto. Dentre estas, destacam-se: vieses e lacunas nos
dados de ocorréncia das espécies do Complexo Babagu e na cartografia disponivel sobre
a Mata dos Cocais; a dependéncia de variaveis ambientais de resolu¢ao continua que nem
sempre capturam micro-habitat ou heterogeneidade local, os modelos pressupdem
dispersdo ilimitada, ignorando barreiras geograficas (por exemplo, desmatamento,
cadeias de montanhas) que podem limitar as mudangas de amplitude de adequabilidade;
e as incertezas inerentes as projecdes climaticas regionais. Essas limitacdes nao
comprometem o valor dos resultados, mas condicionam sua aplicacdo, sobretudo em

contextos de tomada de decisdo onde custos sociais e ecoldgicos sdo elevados.

Além das implicagdes espaciais e metodologicas, esta tese evidencia também
os aspectos ecoldgicos fundamentais das palmeiras de babagu, cuja ampla plasticidade
ecoldgica pode explicar em grande parte sua persisténcia em ecossistemas de transi¢ao.
A andlise das respostas diferenciadas das espécies do Complexo Babagu aos gradientes
ambientais sugere que variagdes em tragos funcionais, como tolerancia hidrica, fenologia
reprodutiva e dispersdo de sementes, possivelmente exercem papel decisivo na
configuracdo atual e futura das distribuigdes potenciais de suas espécies. Dessa forma, os
resultados reforcam que compreender a ecologia das palmeiras de babagu ¢ condigao
essencial para interpretar sua biogeografia e projetar estratégias de conservacao que
considerem tanto as dimensdes climaticas quanto os mecanismos ecoldgicos subjacentes

a ocupagao dessas paisagens.

A integragdo de elementos ecologicos, geograficos e climaticos sob a
perspectiva da biogeografia, se mostrou promissora, principalmente considerando sua
aplicabilidade para a conservacdo ambiental, a restauragdo/recuperacdo de ambientes
antropizados e a previsdo dos impactos das mudangas climaticas sobre as espécies em

cenarios de incertezas ambientais e informacionais. Os mapas e modelos aqui produzidos
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sdo instrumentos valiosos, mas seu papel efetivo depende do seu uso enquanto ferramenta

dinamica de didlogo entre ciéncia, gestdo e sociedade.

Assim, a partir dos resultados e das limitagdes identificadas, proponho quatro
linhas prioritarias de desenvolvimento aplicavel e cientifico. Primeiro, buscar o
aprimoramento da base cartografica da Mata dos Cocais por meio de integracdo
multiescalar, envolvendo, por exemplo, sensoriamento remoto de alta resolugdo,
validacdo de campo e o uso de conhecimentos locais e tradicionais para reduzir
ambiguidades formais. Segundo, o fortalecimento da base ecologica das modelagens com
a insercao de dados de fenologia, demografia, fisiologia hidrica e genética das espécies
de babacu, de modo a aumentar a plausibilidade ecolédgica das projecdes. Terceiro, a
incorporacdo de variaveis antropogénicas (uso do solo, infraestrutura, regimes de fogo,
dindmicas socioecondmicas) em modelos integrados que combinem cendrios climaticos
e de uso da terra. Quarto, a promogao de estratégias de manejo adaptativo e de gestdo
participativa com comunidades locais, de modo que agdes de conservacdo € o uso

sustentavel sejam informados por evidéncias e aceitdveis socialmente.

A preservagdo da Mata dos Cocais e a sustentabilidade dos babaguais,
portanto, dependerdo ndo apenas de avangos metodoldgicos, mas sobretudo da
capacidade de traduzir incerteza em estratégias de agdo e decisdes adaptativas,
cientificamente embasadas e socialmente legitimadas. Ao revelar como incertezas
cartograficas e preditivas podem limitar o planejamento territorial e a conservacao de
espécies e, de forma mais ampla, ecossistemas de transi¢do, este trabalho reforca a
importancia da biogeografia da conservagdo como campo estratégico para compreender,
projetar e intervir em paisagens socioecologicas complexas, especialmente em regides

tropicais sujeitas a multiplas pressoes ambientais.



137

REFERENCIAS BIBLIOGRAFICAS

ACEVEDQO, Pelayo et al. New Developments in the Study of Species Distribution. In:
MATEQ, Rafael; ARROYO, Beatriz; GARCIA, Jesus T. (Orgs.). Current Trends in
Wildlife Research. Wildlife Research Monographs. Cham: Springer International
Publishing, 2016. v. 1 p. 151-175.

ACOSTA-VELAZQUEZ, Joanna et al. Changes in mangrove coverage classification
criteria could impact the conservation of mangroves in Mexico. Land Use Policy, v. 129,
p. 106651, jun. 2023.

ADHIKARI, Pradeep et al. Climate change induced habitat expansion of nutria
(Myocastor coypus) in South Korea. Scientific Reports, v. 12, n. 1, p. 3300, 28 fev. 2022.

ALLOUCHE, Omri; TSOAR, Asaf;, KADMON, Ronen. Assessing the accuracy of
species distribution models: prevalence, kappa and the true skill statistic (TSS). Journal
of Applied Ecology, v. 43, n. 6, p. 1223-1232, dez. 2006.

ALMEIDA CAMPOS, Juliana Loureiro ef al. Knowledge, Use, and Management of the
Babassu Palm (Attalea speciosa Mart. ex Spreng) in the Araripe Region (Northeastern
Brazil). Economic Botany, v. 69, n. 3, p. 240-250, set. 2015.

ALVES, Cristiana et al. Co-occurrences and species distribution models show the
structuring role of dominant species in the Vez watershed, in Portugal. Ecological
Indicators, v. 151, p. 110306, jul. 2023.

ARAUIJO, Fébio Ribeiro et al. Ethnobotany of babassu palm (A4ttalea speciosa Mart.) in
the Tucurui Lake Protected Areas Mosaic - eastern Amazon. Acta Botanica Brasilica, v.
30, n. 2, p. 193-204, 1 abr. 2016.

ARGIBAY, Daihana S.; SPARACINO, Javier; ESPINDOLA, Giovana M. A long-term
assessment of fire regimes in a Brazilian ecotone between seasonally dry tropical forests
and savannah. Ecological Indicators, v. 113, p. 106151, jun. 2020.

AUSTIN, Michael Phillip. Spatial prediction of species distribution: an interface between
ecological theory and statistical modelling. Ecological Modelling, v. 157, n. 2-3, p. 101-
118, nov. 2002.

AVOLIO, Meghan L. et al. Demystifying dominant species. New Phytologist, v. 223, n.
3, p. 1106-1126, ago. 2019.

BAKER, William J.; COUVREUR, Thomas L. P. Global biogeography and
diversification of palms sheds light on the evolution of tropical lineages. I. Historical
biogeography. Journal of Biogeography, v. 40, n. 2, p. 274-285, fev. 2013.

BARBET-MASSIN, Morgane et al. Can species distribution models really predict the
expansion of invasive species? PLOS ONE, v. 13, n. 3, p. €0193085, 6 mar. 2018.

BARRETO, Helen Nébias; PARISE, Claudia Klose; DE ALMEIDA, Eduardo Bezerra.
The Cocais Forest Landscape. In: SALGADO, A. A. R.; SANTOS, L. J. C.; PAISANI, J.



138

C. (Eds.). The Physical Geography of Brazil: Environment, Vegetation and
Landscape. Geography of the Physical Environment. Cham: Springer International
Publishing, 2019. p. 151-167.

BARROWS, Cameron W. et al. Validating climate-change refugia: empirical bottom-up
approaches to support management actions. Frontiers in Ecology and the Environment,
v. 18, n. 5, p. 298-306, jun. 2020.

BAUMGARTNER, John B.; ESPERON-RODRIGUEZ, Manuel; BEAUMONT, Linda J.
Identifying in situ climate refugia for plant species. Ecography, v. 41, n. 11, p. 1850—
1863, nov. 2018.

BEALE, Colin M.; LENNON, Jack J. Incorporating uncertainty in predictive species
distribution modelling. Philosophical Transactions of the Royal Society B: Biological
Sciences, v. 367, n. 1586, p. 247-258, 19 jan. 2012.

BELLARD, Céline et al. Impacts of climate change on the future of biodiversity. Ecology
Letters, v. 15, n. 4, p. 365-377, abr. 2012.

BLACH-OVERGAARD, Anne ef al. Determinants of palm species distributions across
Africa: the relative roles of climate, non-climatic environmental factors, and spatial
constraints. Ecography, v. 33, n. 2, p. 380-391, abr. 2010.

BLAIR, Mary E.; LE, Minh D.; XU, Ming. Species distribution modeling to inform
transboundary species conservation and management under climate change: promise and
pitfalls. Frontiers of Biogeography, v. 14, n. 1, 1 mar. 2022.

BLOIS, Jessica L. et al. Climate Change and the Past, Present, and Future of Biotic
Interactions. Science, v. 341, n. 6145, p. 499-504, 2 ago. 2013.

BOULINIER, Thierry ef al. Estimating species richness: the importance of heterogeneity
in species detectability. Ecology, v. 78, n. 3, p. 1018-1028, 1988.

BRODIE, Stephanie et al. Recommendations for quantifying and reducing uncertainty in
climate projections of species distributions. Global Change Biology, v. 28, n. 22, p.
6586—6601, nov. 2022.

BRUN, Philipp et al. Model complexity affects species distribution projections under
climate change. Journal of Biogeography, v. 47, n. 1, p. 130-142, jan. 2020.

BRUNSDON, Chris; COMBER, Alexis. Opening practice: supporting reproducibility
and critical spatial data science. Journal of Geographical Systems, v. 23, n. 4, p. 477—
496, out. 2021.

CARDOSO VIEIRA, Matheus et al. Babassu Mesocarp Flour: A Nutritive Brazilian By-
product for Gluten-free Muftins. Journal of Culinary Science & Technology, v. 21, n.
4, p. 517-532, 4 jul. 2023.

CAVALLARI, Marcelo Mattos; TOLEDO, Marcos Miranda. What is the name of the
babassu? A note on the confusing use of scientific names for this important palm tree.
Rodriguésia, v. 67, n. 2, p. 533-538, jun. 2016.



139

CHHETRI, Bijoy; BADOLA, Hemant Kumar; BARAT, Sudip. Modelling climate change
impacts on distribution of Himalayan pheasants. Ecological Indicators, v. 123, p.
107368, abr. 2021.

COBB, Gemma; NALAU, Johanna; CHAUVENET, Alienor L. M. Global trends in
geospatial conservation planning: a review of priorities and missing dimensions.
Frontiers in Ecology and Evolution, v. 11, 12 jan. 2024.

COELHO, Marco Tulio P. et al. The geography of climate and the global patterns of
species diversity. Nature, v. 622, n. 7983, p. 537-544, 19 out. 2023.

CORREA, Bruno Arafijo et al. Changes in Land Use and Occupation and Their
Implications for the Production Chain of Non-forest Timber Products from Babassu
(Attalea speciosa) in the Cocais Region, Maranhao State, Brazil. In: DE SOUZA, Elias
Costa; MUTHU, Subramanian Senthilkannan (Orgs.). Forest Science. Environmental

Footprints and Eco-design of Products and Processes. Singapore: Springer Nature
Singapore, 2023. p. 167-182.

CORREA-LIMA, Ana Paula Araujo et al. Spatio-temporal effects of climate change on
the geographical distribution and flowering phenology of hummingbird-pollinated plants.
Annals of Botany, v. 124, n. 3, p. 389-398, 18 out. 2019.

COSTA, Marcones Ferreira et al. Climate change impacts on the Copernicia alba and
Copernicia prunifera (Arecaceae) distribution in South America. Brazilian Journal of
Botany, v. 45, n. 2, p. 807-818, 17 mar. 2022.

CRESSIE, Noel ef al. Accounting for uncertainty in ecological analysis: the strengths and
limitations of hierarchical statistical modeling. Ecological Applications, v. 19, n. 3, p.
553-570, abr. 2009.

DE KORT, H. et al. Life history, climate and biogeography interactively affect worldwide
genetic diversity of plant and animal populations. Nature Communications, v. 12, n. 1,
p.- 516, 22 jan. 2021.

DE LIMA, Thales Moreira et al. Species distribution modeling allied with land-use reveal
priority sites and species for palm (Arecaceae) conservation in Rio de Janeiro, Brazil.
Frontiers in Forests and Global Change, v. 5, p. 928446, 25 jul. 2022.

DE MARCO, Paulo; NOBREGA, Caroline Corréa. Evaluating collinearity effects on
species distribution models: An approach based on virtual species simulation. PLOS
ONE, v. 13, n. 9, p. 0202403, 11 set. 2018.

DELAROCHE, Martin; LE TOURNEAU, Francois-Michel;, DAUGEARD, Marion.
How vegetation classification and mapping may influence conservation: The example of
Brazil’s Native Vegetation Protection Law. Land Use Policy, v. 122, p. 106380, nov.
2022.

DORMANN, Carsten F. et al. Biotic interactions in species distribution modelling: 10
questions to guide interpretation and avoid false conclusions. Global Ecology and
Biogeography, v. 27, n. 9, p. 1004-1016, set. 2018.



140

DRANSFIELD, John et al. Genera Palmarum: the evolution and classification of
palms. Richmond: Kew Publ, 2008.

EISERHARDT, Wolf L. et al. Geographical ecology of the palms (Arecaceae):
determinants of diversity and distributions across spatial scales. Annals of Botany, v.
108, n. 8, p. 1391-1416, dez. 2011.

ELITH, Jane; FRANKLIN, Janet. Species Distribution Modeling. /n: Encyclopedia of
Biodiversity. /S././: Elsevier, 2013. p. 692-705.

ELITH, Jane; LEATHWICK, John R. Species Distribution Models: Ecological
Explanation and Prediction Across Space and Time. Annual Review of Ecology,
Evolution, and Systematics, v. 40, n. 1, p. 677-697, 1 dez. 2009.

ELLIOTT, Carole P. et al. Species distribution and habitat attributes guide translocation
planning of a threatened short-range endemic plant. Global Ecology and Conservation,
v. 51, p. 02915, jun. 2024.

FEITOSA, A. C.; TROVAO, J. R. Atlas Escolar do Maranhio: espaco geo-histérico e
cultural. Jodo Pessoa: Grafset, 2006.

FERRAZ, Katia Maria Paschoaletto Micchi De Barros et al. Bridging the gap between
researchers, conservation planners, and decision makers to improve species conservation
decision-making. Conservation Science and Practice, v. 3, n. 2, fev. 2021.

FERRIER, Simon. Mapping Spatial Pattern in Biodiversity for Regional Conservation
Planning: Where to from Here? Systematic Biology, v. 51, n. 2, p. 331-363, 1 mar. 2002.

FLETCHER, Robert; FORTIN, Marie-Josée. Spatial Ecology and Conservation
Modeling: Applications with R. Cham: Springer International Publishing, 2018.

FLEURY, Aharon G. et al. Spatial and life history variation in a trait-based species
vulnerability and impact model. PLOS ONE, v. 19, n. 6, p. €0305950, 21 jun. 2024.

FOIS, Mauro et al. The reliability of conservation status assessments at regional level:
Past, present and future perspectives on Gentiana lutea L. ssp. lutea in Sardinia. Journal
for Nature Conservation, v. 33, p. 1-9, set. 2016.

FOSTER, David R. From bobolinks to bears: interjecting geographical history into
ecological studies, environmental interpretation, and conservation planning. Journal of
Biogeography, v. 27, n. 1, p. 27-30, jan. 2000.

FOURCADE, Yoan; BESNARD, Aur¢lien G.; SECONDI, Jean. Paintings predict the
distribution of species, or the challenge of selecting environmental predictors and
evaluation statistics. Global Ecology and Biogeography, v. 27, n. 2, p. 245-256, 2017.

FRANKLIN, Janet. Species distribution modelling supports the study of past, present and
future biogeographies. Journal of Biogeography, v. 50, n. 9, p. 1533-1545, set. 2023.

FRANS, Veronica F. ef al. Integrated SDM database: Enhancing the relevance and utility

of species distribution models in conservation management. Methods in Ecology and
Evolution, v. 13, n. 1, p. 243-261, jan. 2022.



141

FRANS, Veronica F.; LIU, Jianguo. Gaps and opportunities in modelling human influence
on species distributions in the Anthropocene. Nature Ecology & Evolution, v. 8, n. 7, p.
1365-1377, 12 jun. 2024.

FREITAS, Cintia et al. Phylogenetic analysis of Atfalea (Arecaceae): insights into the
historical biogeography of a recently diversified Neotropical plant group. Botanical
Journal of the Linnean Society, v. 182, n. 2, p. 287-302, out. 2016.

FURLEY, Peter A.; RATTER, James A. Soil Resources and Plant Communities of the
Central Brazilian Cerrado and Their Development. Journal of Biogeography, v. 15, n.
1, p. 97, jan. 1988.

GARCIA, Noelia Guaita; MARTINEZ FERNANDEZ, Julia; FITZ, Carl. Environmental
Scenario Analysis on Natural and Social-Ecological Systems: A Review of Methods,
Approaches and Applications. Sustainability, v. 12, n. 18, p. 7542, 13 set. 2020.

GEHRING, Christoph et al. Babassu palm (Attalea speciosa Mart.) super-dominance
shapes its surroundings via multiple biotic, soil chemical, and physical interactions and
accumulates soil carbon: a case study in eastern Amazonia. Plant Soil, v. 454, p. 447—
460, 2020.

GOLDEL, Bastian; KISSLING, W. Daniel; SVENNING, Jens-Christian. Geographical
variation and environmental correlates of functional trait distributions in palms
(Arecaceae) across the New World: Functional traits in New World palms. Botanical
Journal of the Linnean Society, v. 179, n. 4, p. 602-617, dez. 2015.

GONCALVES, Alexandre B. Spatial Analysis and Geographic Information Systems as
Tools for Sustainability Research. Sustainability, v. 13, n. 2, p. 612, 11 jan. 2021.

HAO, Tianxiao et al. A review of evidence about use and performance of species
distribution modelling ensembles like BIOMOD. Diversity and Distributions, v. 25, n.
5, p- 839-852, maio 2019.

HARPER, Kandice L. et al. A 29-year time series of annual 300 m resolution plant-
functional-type maps for climate models. Earth System Science Data, v. 15, n. 3, p.
1465-1499, 31 mar. 2023.

HENDERSON, Andrew. A revision of Attalea (Arecaceae, Arecoideae, Cocoseae,
Attaleinae). Phytotaxa, v. 444, n. 1, 25 maio 2020.

HOBAN, Sean et al. Inference of biogeographic history by formally integrating distinct
lines of evidence: genetic, environmental niche and fossil. Ecography, v. 42, n. 12, p.
19912011, dez. 2019.

HOLYOAK, Marcel; HEATH, Sacha K. The integration of climate change, spatial
dynamics, and habitat fragmentation: A conceptual overview. Integrative Zoology, v. 11,
n. 1, p. 40-59, jan. 2016.

HUNTER-AYAD, James et al. Reintroduction modelling: A guide to choosing and
combining models for species reintroductions. Journal of Applied Ecology, v. 57, n. 7,
p. 1233-1243, jul. 2020.



142

HUTCHINSON, G. Evelyn. Population studies: Animal ecology and demography.
Bulletin of Mathematical Biology, v. 53, p. 193-213, mar. 1991.

IANNELLA, Mattia et al. A step towards SDMs: A “couple-and-weigh” framework based
on accessible data for biodiversity conservation and landscape planning. Diversity and
Distributions, v. 27, n. 12, p. 2412-2427, dez. 2021.

IMESC (BRASIL). Diagnostico Situacional Regionalizado do Estado do Maranho.
Sao Luis: /S.n.]. Disponivel em: <http://imesc.ma.gov.br/src/upload/docs/COMPLETA-
PPA.pdf>. Acesso em: 11 nov. 2021.

IRVING, Katie; JAHNIG, Sonja C.; KUEMMERLEN, Mathias. Identifying and applying
an optimum set of environmental variables in species distribution models. Inland
Waters, v. 10, n. 1, p. 11-28, 2 jan. 2020.

JHA, Ashish; J, Praveen; NAMEER, P. O. Contrasting occupancy models with presence-
only models: Does accounting for detection lead to better predictions? Ecological
Modelling, v. 472, p. 110105, out. 2022.

JUNG, Martin; ROWHANI, Pedram; SCHARLEMANN, Jorn P. W. Impacts of past
abrupt land change on local biodiversity globally. Nature Communications, v. 10, n. 1,
p. 5474, 2 dez. 2019.

KAKY, Emad et al. A comparison between Ensemble and MaxEnt species distribution
modelling approaches for conservation: A case study with Egyptian medicinal plants.
Ecological Informatics, v. 60, p. 101150, nov. 2020.

KARGER, Dirk Nikolaus et al. Interannual climate variability improves niche estimates
for ectothermic but not endothermic species. Scientific Reports, v. 13, n. 1, p. 12538, 2
ago. 2023.

KATUWAL, Hem Bahadur et al. The effects of climate and land use change on the
potential distribution and nesting habitat of the Lesser Adjutant in Nepal. Avian
Research, v. 14, p. 100105, 2023.

KENT, Martin et al. Landscape and plant community boundaries in biogeography.
Progress in Physical Geography: Earth and Environment, v. 21, n. 3, p. 315-353, set.
1997.

KENT, Martin et al. Geostatistics, spatial rate of change analysis and boundary detection
in plant ecology and biogeography. Progress in Physical Geography: Earth and
Environment, v. 30, n. 2, p. 201-231, abr. 2006.

KUJALA, Heini; MOILANEN, Atte; GORDON, Ascelin. Spatial characteristics of
species distributions as drivers in conservation prioritization. Methods in Ecology and
Evolution, v. 9, n. 4, p. 1121-1132, abr. 2018.

LAKE, Thomas A.; BRISCOE RUNQUIST, Ryan D.; MOELLER, David A. Predicting
range expansion of invasive species: Pitfalls and best practices for obtaining biologically
realistic projections. Diversity and Distributions, v. 26, n. 12, p. 17671779, dez. 2020.



143

LANNUZEL, Guillaume et al. High-resolution topographic variables accurately predict
the distribution of rare plant species for conservation area selection in a narrow-endemism
hotspot in New Caledonia. Biodiversity and Conservation, v. 30, n. 4, p. 963-990, mar.
2021.

LAPIG (BRASIL). Ecorregioes do Cerrado. Universidade Federal do
GoiasDeforestation Polygon Assessment Tool (Cerrado DPAT), , 2019. Disponivel em:
<https://lapig.iesa.ufg.br/p/38938-cerrado-dpat>. Acesso em: 10 nov. 2021

LEE, Wang-Hee et al. Spatial Evaluation of Machine Learning-Based Species
Distribution Models for Prediction of Invasive Ant Species Distribution. Applied
Sciences, v. 12, n. 20, p. 10260, 12 out. 2022.

LIAN, Zhenghua et al. Mismatch between species distribution and climatic niche optima
in relation to functional traits. Forest Ecosystems, v. 9, p. 100077, 2022.

LIMA, Edson S. et al. Diversidade, estrutura e distribui¢cdo espacial de palmeiras em um
cerrado sensu stricto no Brasil Central - DF. Revista Brasileira de Botéanica, v. 26, n. 3,
p. 361-370, set. 2003.

LOMOLINO, Mark V.; RIDDLE, Brett R.; WHITTAKER, Robert J. Biogeography:
Biological Diversity across Space and Time. 5. ed. /S./.J: Oxford University Press,
2016.

LUINTEL, Harisharan, SCHELLER, Robert M.; BLUFFSTONE, Randall A.
Assessments of Biodiversity, Carbon, and Their Relationships in Nepalese Forest
Commons: Implications for Global Climate Initiatives. Forest Science, v. 64, n. 4, p.
418-428, 26 jul. 2018.

MAGDALENA, Ulises Rodrigo; DE SOUZA, Gabriel Barros Gongalves; AMORIM,
Raul Reis. Spatial analysis guiding decision making in environmental conservation:
Systematic conservation planning and ecosystem services. Progress in Physical
Geography: Earth and Environment, v. 47, n. 1, p. 123-139, fev. 2023.

MALANSON, George P.; RESLER, Lynn M.; TOMBACK, Diana F. Ecotone response
to climatic variability depends on stress gradient interactions. Climate Change
Responses, v. 4, n. 1, p. 1, dez. 2017.

MARMION, Mathieu et al. Evaluation of consensus methods in predictive species
distribution modelling. Diversity and Distributions, v. 15, n. 1, p. 5969, jan. 2009.

MARQUES, Eduardo Q. ef al. Redefining the Cerrado—Amazonia transition: implications
for conservation. Biodiversity and Conservation, v. 29, n. 5, p. 1501-1517, 2019.

MARTINS, Lucas P. et al. Global and regional ecological boundaries explain abrupt
spatial discontinuities in avian frugivory interactions. Nature Communications, v. 13, n.
1, p. 6943, 14 nov. 2022.

MATA, Lorena R. et al. Leaf anatomy as an aid to the taxonomy of the ‘babassu’ complex
(Attalea species). Flora, v. 293, p. 152092, ago. 2022.



144

MENEZES, Isiara Silva et al. Conservation challenges to the useful neotropical palm
Babacgu (Attalea pindobassu Bondar) in the face of climate change. Flora, v. 302, p.
152262, maio 2023.

MEYER, Carsten; WEIGELT, Patrick; KREFT, Holger. Multidimensional biases, gaps
and uncertainties in global plant occurrence information. Ecology Letters, v. 19, n. 8, p.
992-1006, ago. 2016.

MITIJA, D. et al. Satellite Images Combined with Field Data Reveal Negative Changes
in the Distribution of Babassu Palms after Clearing off Amazonian Forests.
Environmental Management, v. 61, n. 2, p. 321-336, fev. 2018.

MITIJA, Danielle et al. Viability of the Babassu Palm Eco-socio-system in Brazil: The
Challenges of Coviability. /n: BARRIERE, Olivier et al. (Orgs.). Coviability of Social
and Ecological Systems: Reconnecting Mankind to the Biosphere in an Era of Global
Change. Cham: Springer International Publishing, 2019. p. 257-284.

MORAES, Lorran André; MACHADO, Roselis Ribeiro Barbosa; ARAUJO, Maria De
Fatima Veras. O BABACU NA ZONA URBANA DE TERESINA — PI: DISTRIBUICAO
E VIABILIDADE PAISAGISTICA. REVISTA EQUADOR, v. 4, n. 4, p. 112-132, 16
dez. 2015.

MORELLI, Toni Lyn et al. Climate-change refugia: biodiversity in the slow lane.
Frontiers in Ecology and the Environment, v. 18, n. 5, p. 228-234, jun. 2020.

MURPHY, Stephen J.; SMITH, Adam B. What can community ecologists learn from
species distribution models? Ecosphere, v. 12, n. 12, dez. 2021.

NAIMI, Babak; ARAUJO, Miguel B. sdm: a reproducible and extensible R platform for
species distribution modelling. Ecography, v. 39, n. 4, p. 368-375, abr. 2016.

NASCIMENTO, P. S.; LIMA, L. A. P. Cartogratia dos Babaguais: a palmeira dos mapas.
Revista de Politicas Publicas, v. 20, n. Especial, p. 189-192, 2016.

NETO, Jodo Ferreira Da Silva ef al. Aceite de coco babast (Orbignya speciosa Mart.)
extraido industrialmente y manualmente como materia prima para la produccion de
biodiésel. Revista ION, v. 34, n. 2, 27 jul. 2021.

NEWBOLD, Tim et al. Global effects of land use on local terrestrial biodiversity. Nature,
v. 520, n. 7545, p. 45-50, 2 abr. 2015.

NORBERG, Anna et al. A comprehensive evaluation of predictive performance of 33
species distribution models at species and community levels. Ecological Monographs,
v. 89, n. 3, p. e01370, ago. 2019.

NUNEZ-PENICHET, Claudia; MAITA, Juan; SOBERON, Jorge. Land-cover change in
Cuba and implications for the area of distribution of a specialist’s host-plant. PeerJ, v.
12, p. e17563, 25 jun. 2024.

OLSON, David M. et al. Terrestrial Ecoregions of the World: A New Map of Life on
Earth. BioScience, v. 51, n. 11, p. 933, 2001.



145

OSHIMA, Julia Emi De Faria et al. Setting priority conservation management regions to
reverse rapid range decline of a key neotropical forest ungulate. Global Ecology and
Conservation, v. 31, p. €01796, nov. 2021.

PAGEL, Jorn et al. Mismatches between demographic niches and geographic
distributions are strongest in poorly dispersed and highly persistent plant species.
Proceedings of the National Academy of Sciences, v. 117, n. 7, p. 3663-3669, 18 fev.
2020.

PALACIO, Ruben Dario et al. A data-driven geospatial workflow to map species
distributions for conservation assessments. Diversity and Distributions, v. 27, n. 12, p.
2559-2570, dez. 2021.

PANTHI, Saroj et al. An assessment of human impacts on endangered red pandas (A4ilurus
fulgens) living in the Himalaya. Ecology and Evolution, v. 9, n. 23, p. 13413-13425,
dez. 2019.

PASSOS, Isabel et al. Uncertainties in Plant Species Niche Modeling under Climate
Change Scenarios. Ecologies, v. 5, n. 3, p. 402-419, 27 ago. 2024.

PEARCE-HIGGINS, James W. et al. Geographical variation in species’ population
responses to changes in temperature and precipitation. Proceedings of the Royal Society
B: Biological Sciences, v. 282, n. 1818, p. 20151561, 7 nov. 2015.

PECCHI, Matteo et al. Species distribution modelling to support forest management. A
literature review. Ecological Modelling, v. 411, p. 108817, nov. 2019.

PEREZ-NAVARRO, Maria Angeles et al. Temporal variability is key to modelling the
climatic niche. Diversity and Distributions, v. 27, n. 3, p. 473-484, mar. 2021.

PETERSON, A. Townsend et al. Ecological Niches and Geographic Distributions.
[S.1.]: Princeton University Press, 2011.

PHILLIPS, Steven J.; DUDIK, Miroslav. Modeling of species distributions with Maxent:
new extensions and a comprehensive evaluation. Ecography, v. 31, n. 2, p. 161-175, abr.
2008.

PIIRAINEN, Sirke et al. Species distributions models may predict accurately future
distributions but poorly how distributions change: A critical perspective on model
validation. Diversity and Distributions, v. 29, n. 5, p. 654-665, maio 2023.

PINTAUD, Jean-Christophe. An overview of the taxonomy of Attalea (Arecaceae).
Revista Peruana de Biologia, v. 15, n. 3, p. 055-063, 28 nov. 2008.

PORRO, Noemi; VEIGA, Iran; MOTA, Dalva. Traditional communities in the Brazilian
Amazon and the emergence of new political identities: the struggle of the quebradeiras

de coco babagu —babassu breaker women. Journal of Cultural Geography, v. 28, n. 1,
p. 123-146, fev. 2011.

PORRO, Roberto. A economia invisivel do babagu e sua importancia para meios de vida
em comunidades agroextrativistas. Bol. Mus. Para. Emilio Goeldi, v. 14, n. 1, p. 169—
188, 2019.



146

PORRO, Roberto; PORRO, Noemi Sakiara Miyasaka. Social identity, local knowledge
and adaptive management by traditional communities of the babassu region in Maranhao.
Ambiente & Sociedade, v. 18, n. 1, p. 1-18, mar. 2015.

PORTELA, Ygor Nascimento et al. By-Products of the Babassu Agribusiness for
Ruminant Diets. Scientifica, v. 2024, n. 1, p. 5363940, jan. 2024.

PUNYASENA, Surangi W.; ESHEL, Gidon; MCELWAIN, Jennifer C. The influence of
climate on the spatial patterning of Neotropical plant families. 2007.

RECHCINSKI, Marcin; TUSZNIO, Joanna; GRODZINSKA-JURCZAK, Malgorzata.
Protected area conflicts: a state-of-the-art review and a proposed integrated conceptual
framework for reclaiming the role of geography. Biodiversity and Conservation, v. 28,
n. 10, p. 2463-2498, ago. 2019.

RECORD, Sydne et al. Does scale matter? A systematic review of incorporating
biological realism when predicting changes in species distributions. PLOS ONE, v. 13,
n. 4, p. e0194650, 13 abr. 2018.

REHM, Evan M. ef al. Losing your edge: climate change and the conservation value of
range-edge populations. Ecology and Evolution, v. 5, n. 19, p. 43154326, out. 2015.

REIS, Victor Roberto Ribeiro et al. Soil Chemical Attributes under Crop-Livestock-
Forest Integration System and in Different Land Uses in Mata dos Cocais Region.
Journal of Agricultural Science, v. 10, n. 4, p. 370, 5 mar. 2018.

REQUENA-MULLOR, Juan M. et al. Integrating anthropogenic factors into regional-
scale species distribution models—A novel application in the imperiled sagebrush biome.
Global Change Biology, v. 25, n. 11, p. 38443858, nov. 2019.

RESSIORE, Adriana C.; LIMA, Carmen Lucia Silva, TURNHOUT, Esther. Care
narratives: Babassu breakers and mother palm trees. Geoforum, v. 156, p. 104109, nov.
2024.

ROCCHINI, Duccio et al. Accounting for uncertainty when mapping species
distributions: The need for maps of ignorance. Progress in Physical Geography: Earth
and Environment, v. 35, n. 2, p. 211-226, abr. 2011.

ROCHA, G. C. et al. Geografia do Nordeste. 2. ed. Natal, Brasil: EDUFRN, 2011.

ROSS, Rebecca E.; WORT, Edward J. G.; HOWELL, Kerry L. Combining Distribution
and Dispersal Models to Identify a Particularly Vulnerable Marine Ecosystem. Frontiers
in Marine Science, v. 6, 18 set. 2019.

SANTOS, Alessio Moreira Dos et al. What is the influence of anthropogenic impact on
the population structure of Attalea speciosa Mart. ex Spreng. in the Brazilian Amazonian
region? Acta Botanica Brasilica, v. 36, p. €2020abb0543, 2022.

SANTOS-FILHO, Francisco Soares; ALMEIDA JUNIOR, Eduardo Bezerra; SOARES,
Caio Jefiter Reis Santos. COCAIS: ZONA ECOTONAL NATURAL OU ARTIFICIAL?
REVISTA EQUADOR, v. 2, n. 1, p. 02—13, 6 jun. 2013.



147

SARAIVA, Raysa Valéria C. et al. Cerrado physiognomies in Chapada das Mesas
National Park (Maranhdo, Brazil) revealed by patterns of floristic similarity and
relationships in a transition zone. Anais da Academia Brasileira de Ciéncias, v. 92, n.
2,2020.

SCHNEIDER, Richard R. et al. Moving beyond bioclimatic envelope models: integrating
upland forest and peatland processes to predict ecosystem transitions under climate
change in the western Canadian boreal plain. Ecohydrology, v. 9, n. 6, p. 899-908, set.
2016.

SILVA, M. C. D. et al. Low temperature properties of winterized methyl babassu
biodiesel. Journal of Thermal Analysis and Calorimetry, v. 115, n. 1, p. 635-640, jan.
2014.

SOUSA-BAENA, Mariane Silveira; GARCIA, Leticia Couto; PETERSON, Andrew
Townsend. Completeness of digital accessible knowledge of the plants of Brazil and
priorities for survey and inventory. Diversity and Distributions, v. 20, n. 4, p. 369381,
abr. 2014.

SRIVASTAVA, V.; LAFOND, V.; GRIESS, V. C. Species distribution models (SDM):
applications, benefits and challenges in invasive species management. CABI Reviews, p.
1-13, 24 abr. 2019.

STIELS, Darius; SCHIDELKO, Kathrin. Modeling Avian Distributions and Niches:
Insights into Invasions and Speciation in Birds. /n: TIETZE, Dieter Thomas (Org.). Bird
Species: How they arise, modify and Vanish. Fascinating Life Sciences. Cham:
Springer International Publishing, 2018.

SWETS, John A. Measuring the Accuracy of Diagnostic Systems. Science, v. 240, p.
1285-1293, 3 jun. 1988.

TEEL, Tara L. et al. Publishing social science research in Conservation Biology to move
beyond biology. Conservation Biology, v. 32, n. 1, p. 6-8, fev. 2018.

TEIXEIRA, Marcos Alexandre. Babassu—A new approach for an ancient Brazilian
biomass. Biomass and Bioenergy, v. 32, n. 9, p. 857-864, set. 2008.

THOMAS, Shyam M. et al. Improving species distribution forecasts by measuring and
communicating uncertainty: An invasive species case study. Ecology, v. 105, n. 5, maio
2024.

TRAUTMANN, Sven. Climate Change Impacts on Birds Species. Bird Species: How
They Arise, Modify and Vanish. Cham: Springer International Publishing, 2018.

VALAVI, Roozbeh et al. Predictive performance of presence-only species distribution
models: a benchmark study with reproducible code. Ecological Monographs, v. 92, n. 1,
p. e01486, fev. 2022.

VELAZCO, Santiago José Elias et al. A dark scenario for Cerrado plant species: Effects
of future climate, land use and protected areas ineffectiveness. Diversity and
Distributions, v. 25, n. 4, p. 660—673, abr. 2019.



148

VENNE, Simon; CURRIE, David J. Can habitat suitability estimated from MaxEnt
predict colonizations and extinctions? Diversity and Distributions, v. 27, n. 5, p. 873—
886, maio 2021.

VIEIRA, Adriana P. et al. Epicarp and mesocarp of babassu (Orbignya speciosa):
characterization and application in copper phtalocyanine dye removal. Journal of the
Brazilian Chemical Society, v. 22, n. 1, p. 21-29, jan. 2011.

VOLIS, Sergei; TOJIBAEV, Komiljon. Defining critical habitat for plant species with
poor occurrence knowledge and identification of critical habitat networks. Biodiversity
and Conservation, v. 30, n. 12, p. 3603-3611, out. 2021.

WEN, Jun; NIE, Ze-Long; ICKERT-BOND, Stefanie M. Advances in biogeography in
the age of a new modern synthesis. Journal of Systematics and Evolution, v. 57, n. 6,
p. 543-546, nov. 2019.

WHITTAKER, Robert J. et al. Conservation Biogeography: assessment and prospect.
Diversity and Distributions, v. 11, n. 1, p. 3-23, jan. 2005.

ZAAR, M. H. Resilience in the face of socio-ecological and economic risks: concepts
and proposals. Geousp, v. 27, p. e-19417, 2023.

ZHANG, Lei et al. Classification and regression with random forests as a standard
method for presence-only data SDMs: A future conservation example using China tree
species. Ecological Informatics, v. 52, p. 46-56, jul. 2019.

ZIZKA, Alexander et al. Biogeography and conservation status of the pineapple family
(Bromeliaceae). Diversity and Distributions, v. 26, n. 2, p. 183-195, fev. 2020.

ZUQUIM, Gabriela et al. The legacy of human use in Amazonian palm communities
along environmental and accessibility gradients. Global Ecology and Biogeography, v.
32,n. 6, p. 881-892, jun. 2023.



149

ANEXOS



150

ANEXO A — COMPROVANTE DE ACEITE DO ARTIGO “THE PROBLEM OF
CONSERVING AN ECOSYSTEM THAT HAS NOT BEEN COMPLETELY
DELINEATED AND MAPPED: the case of the cocais palm forest”, SUBMETIDO E
PUBLICADO NA REVISTA ENVIRONMENTAL, MONITORING AND
ASSESSMENT.

a Outlook

Environmental Monitoring and Assessment: Decision on “THE PROBLEM OF CONSERVING AN
ECOSYSTEM THAT HAS NOT BEEN COMPLETELY DELINEATED AND MAPPED: THE CASE OF THE
COCAIS PALM FOREST"

De Environmental Monitoring and Assessment <do-not-reply@springernature.com>
Data Qua, 03/05/2023 11:46

Para diegopsantos@live.com <diegopsantos@live.com>

Dear Dr Santos,

Re: "THE PROBLEM OF CONSERVING AN ECOSYSTEM THAT HAS NOT BEEN COMPLETELY
DELINEATED AND MAPPED: THE CASE OF THE COCAIS PALM FOREST"

We are delighted to let you know that the above submission, which you co-authored, has been
accepted for publication in Environmental Monitoring and Assessment.

Please contact the corresponding author if you would like further details on this decision, including
any reviewer feedback.

Thank you for choosing Environmental Monitoring and Assessment and we look forward to
publishing your article.

Kind regards,

Editorial Assistant
Environmental Monitoring and Assessment



151

ANEXO B - COMPROVANTE DE ACEITE DO ARTIGO “CLIMATE CHANGE
MAY INCREASE ENVIRONMENTAL SUITABILITY OF THE BABASSU
COMPLEX (Attalea spp., ARECACEAE)”, SUBMETIDO E PUBLICADO NA
REVISTA JOURNAL OF BIOGEOGRAPHY.

.ﬁ Outlook

Your article has been accepted! Here's what comes next

De cs-author@wiley.com <cs-author@wiley.comz
Data Qua, 23/07/2025 09:23

Para diegopsantos@live.com <diegopsantos@live.com>

Dear Mr Diego Pereira Santos ,

Article ID: JBIT0027

Article Title: CLIMATE CHANGE MAY INCREASE ENVIRONMEMNTAL SUITABILITY OF THE BABASSU
COMPLEX (Attalea spp., ARECACEAE)

Journal Title: Journal of Biogeography

Congratulations your article has been accepted in Journal of Biogeography! To register with Author
Services, simply click here or paste this link inte your browser.

https://authorservices.wiley.com/index.html#register-invite/1fZyPAio-
6BHiZo)Vs5fc2SAEIbKstvd6SzR48nI9g %30

With Wiley Author Services you can:

Track your article's progress to publication
Access your published article

If you need any assistance, please click here to view our Help section.
Sincerely,
Wiley Author Services

The contents of this email and any attachments are confidential and intended only for the person
or entity to whom it is addressed. If you are not the intended recipient, any use, review,
distribution, reproduction or any action taken in reliance upon this message is strictly prohibited. If
you received this message in error, please immediately notify the sender and permanently delete
all copies of the email and any attachments.



: UNIVERSIDADE ESTADUAL DO MABANHAO ~
SISTEMA INTEGRADO DE PATRIMONIO, ADMINISTRACAO E
CONTRATOS

FOLHA DE ASSINATURAS

Emitido em 26/03/2026

DOCUMENTOS COMPROBATORIOS N° 318/2026 - DPARQ (11.14.68.07.05)

(N° do Protocolo: NAO PROTOCOLADO)

(Assinado digitalmente em 26/03/2026 16:51)
RONALD SILVA DIAS
CHEFE DIVISAO
839738

Para verificar a autenticidade deste documento entre em https:[/sis.sig.uema.br/documentos/ informando seu nimero:
318, ano: 2026, tipo: DOCUMENTOS COMPROBATORIOS, data de emissao: 26/03/2026 e o cédigo de
verificagdo: 28610e636f




