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IMPACTO POTENCIAL DESTA PESQUISA

Este estudo contribui para a conservagcao de Araucaria angustifolia (Bertol.)
Kuntze, espécie ameacada de extingdo e sensivel as mudancgas climaticas. Avaliou-
se a diversidade genética de populagdes remanescentes em diferentes
fitofisionomias, visando nortear estratégias de manejo que mantenham sua

variabilidade genética, promovendo sua preservagao e uso sustentavel.

POTENTIAL IMPACT OF THIS RESEARCH

This study contributes to the conservation of Araucaria angustifolia (Bertol.)
Kuntze, critically endangered and climate change sensitive species It evaluated the
genetic diversity of remnant populations in different phytophysiognomies, aiming to
guide management strategies that preserve its genetic variability, ensuring its

conservation and sustainable use.
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RESUMO

Araucaria angustifolia (Bertol.) Kuntze, simbolo da Floresta Ombroéfila Mista (FOM),
apresenta distribuicao heterogénea, ocupando distintas fitofisionomias ao longo dessa
formacgao vegetal. A intensa exploragdo madeireira no século XIX e a fragmentagéo
do habitat colocaram a espécie em risco critico de extingdo. Assim, conservar 0s
remanescentes é essencial, visto que estudos apontam significativa diversidade
genética que deve ser explorada e preservada. Este estudo, realizado em parceria
entre a Embrapa Florestas e a empresa Engie S.A., teve como objetivo mensurar a
variabilidade genética e fenotipica de popula¢des naturais de Araucaria angustifolia
em diferentes fitofisionomias da FOM no estado do Parana. Foram amostradas
arvores para mensuragao de caracteres fenotipicos relacionados ao crescimento e a
qualidade da madeira, além da coleta de material genético para analises moleculares
com marcadores microssatélites e amostras de madeira para estudo dos anéis de
crescimento. Cada conjunto de dados foi analisado com softwares especificos para o
calculo dos parametros necessarios. A partir dos resultados, foram estimadas as
disténcias genéticas, fenotipicas e geograficas entre as populagdes, investigando
possiveis relagdes entre estas por meio do coeficiente de correlagdo de Pearson e do
teste de Mantel. Os caracteres fenotipicos apresentaram heterogeneidade intra e
interpopulacional, com a altura sendo o carater de maior divergéncia fenotipica (Psr).
O estudo de anéis revelou idades variando entre 54 e 158 anos, com incremento
médio anual semelhante entre populagdes (0,57 cm/ano). Os parametros genéticos
revelaram alta variabilidade e elevado fluxo génico elevado entre e dentro das
populagdes, sem diferencas significativas na estrutura genética entre as distintas
fisionomias. O agrupamento por cluster e a baixa distancia genética apontaram um
unico grupo de populacdes, indicando auséncia de diferenciacéo genética entre elas,
apesar da fragmentagéo. No entanto, a distancia fenotipica separou a populacéo de
Ipiranga, sugerindo possivel adaptacao local desta a condigcbes ambientais
especificas, refor¢cada pelo alto Pst em relagdo ao coeficiente de diferenciagao (Fsr).
Portanto, ha a presenca de \variabilidade fenotipica nas populagdes,
independentemente do tipo de fitofisionomia. E uma alta diversidade genética foi
encontrada em todas as populagdes, com destaque para a riqueza alélica. Isso
destaca a importancia de conservar a espécie, considerando tanto sua diversidade
quanto seu papel ecolégico. A combinagdo desses dados genéticos e fenotipicos
oferece uma base sélida para criar estratégias eficazes de conservagao,
melhoramento genético e uso sustentavel da espécie.

Palavras-chave: araucaria; caracteres fenotipicos; genética de populagdes;
microssatélites; variabilidade.



ABSTRACT

Araucaria angustifolia (Bertol.) Kuntze, symbol of the Mixed Ombrophilous Forest
(FOM), has a heterogeneous distribution, occupying different phytophysiognomies
within this vegetation formation. Intense logging in the 19th century and habitat
fragmentation placed the species at critical risk of extinction. Therefore, conserving the
remaining populations is essential, as studies indicate significant genetic diversity that
must be explored and preserved. This study, conducted in partnership between
Embrapa Florestas and the company Engie S.A., aimed to measure the genetic and
phenotypic variability of natural populations of Araucaria angustifolia in different
phytophysiognomies of the FOM in the state of Parana, Brazil. Trees were sampled to
measure phenotypic traits related to growth and wood quality, along with the collection
of genetic material for molecular analyses using microsatellite markers, and wood
samples for dendrochronological studies. Each dataset was analyzed using specific
software to calculate the necessary parameters. Based on the results, genetic,
phenotypic, and geographic distances between populations were calculated, and
potential relationships among them were investigated using Pearson's correlation
coefficient and the Mantel test. Phenotypic traits showed heterogeneity within and
between populations, with height presenting the highest and most significant
phenotypic divergence (Psr). The growth ring study revealed tree ages ranging from
54 to 158 years, with a similar mean annual increment among populations (0.57
cm/year). Genetic parameters indicated high variability and elevated gene flow within
and among populations, with no significant differences in genetic structure even across
distinct phytophysiognomies. Cluster analysis and low genetic distance values pointed
to a single population group, indicating an absence of genetic differentiation despite
fragmentation. However, phenotypic distance separated the Ipiranga population,
suggesting possible local adaptation to specific environmental conditions, reinforced
by its high PST relative to the genetic differentiation coefficient (FST). There is clear
phenotypic variability present in the populations, regardless of phytophysiognomy type.
Furthermore, high genetic diversity was found in all populations, with particular
emphasis on allelic richness. This highlights the crucial importance of conserving the
species, considering both its diversity and its ecological role. Combining these genetic
and phenotypic data provides a solid foundation for creating effective strategies for the
species' conservation, genetic improvement, and sustainable use.

Keywords: microsatellites marker; Parana pine; phenotypic traits; populations
genetics; variability.
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1 INTRODUGAO

Araucaria angustifolia (Bertol.) Kuntze, popularmente conhecida como pinheiro-do-
parana, € uma arvore essencial para o ecossistema da Floresta Ombrofila Mista
(FOM). Sua presencga favorece o desenvolvimento de diversas espécies da fauna e
flora associadas ao bioma Mata Atlantica. Além de seu papel ecoldgico, sua
distribuicao restrita a regido Sul e Sudeste do Brasil, leste do Paraguai e nordeste da
Argentina a torna um simbolo cultural importante para as comunidades locais.
Atualmente, além da extragdo madeireira regulamentada, o extrativismo do pinhéo,
sua semente, tem aumentado, evidenciando também seu valor econémico.

Considerada um féssil vivo, a conifera araucaria esta presente no planeta ha
milhdes de anos, mas teve seu territorio fragmentado em decorréncia da urbanizagao
e da expansao agricola (Zurek et al., 2024). A intensa exploragéo de sua madeira no
século XIX, devido a elevada qualidade, contribuiu significativamente para a drastica
reducao de suas populacgdes naturais, resultando a sua inclusao na lista de espécies
como criticamente ameagada de extingdo (Thomas, 2013; IUCN, 2018). Esses fatores
reforgam a urgéncia na conservagao dos remanescentes da espécie.

A reducdo do seu habitat, aliada a longevidade da espécie e a sua dependéncia
de um clima umido e frio para eficiéncia do ciclo reprodutivo, dificulta ainda mais sua
sobrevivéncia diante do cenario atual de mudangas climaticas (Simon et al., 2018). A
distribuicdo de araucaria abrange as diferentes fitofisionomias da Floresta Ombréfila
Mista (FOM), com ocorréncia registrada em ambientes heterogéneos com variagbes
de altitude, temperatura e precipitacdo (Roderjan et al., 2002; Wrege et al., 2017b).
Apesar da baixa quantidade de remanescentes naturais, ainda ha diversidade
genética entre as populagdes. Estudos indicam a existéncia de dois grandes grupos
genéticos da espécie ao longo da area de distribuicido da espécie, o Norte e o Sul,
além outras subdivisdes (Stefenon et al., 2019; Sousa et al., 2020; Vasconcellos et al.,
2024).

A caracterizagdo genética de espécies pode ser realizada com diferentes
conjuntos de dados relacionados a diversidade genética. Destacam-se a analise
molecular com uso de marcadores genéticos obtidos pela extracdo de DNA, e o uso
de caracteres fenotipicos mensurados por parametros silviculturais (Kageyama e
Jacob, 1980; Shimizu et al., 2000; Sousa, 2001; Auler et al., 2002; Sebben et al., 2004;
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Mantovani et al., 2006; Duarte et al., 2012;Ferreira et al., 2012; Montagna et al., 2012,
Inza et al., 2018; Montagna et al., 2019; Sousa et al., 2020; Resende et al., 2021,
Roque et al., 2023).

A preservacao do pool génico da araucaria é crucial para sua sobrevivéncia, sendo
a fragmentacao do habitat um dos fatores responsaveis por causar erosao genética
(Nunes et al., 2021). Essa perda pode comprometer sua capacidade adaptativa frente
as mudangas ambientais, ameagando sua ocorréncia a longo prazo (Nei et al., 1975;
Ellstrand e Ellan, 1993; Young et al., 1996).

A caracterizacao das populagdes naturais informa sobre a variabilidade genética
existente, fundamental para o manejo sustentavel e preservagdo da espécie
(Kageyama, 1987). Desde 1978, iniciativas vém sendo desenvolvidas por empresas
privadas em parceria com universidades e instituicbes de pesquisa, como a Embrapa
Florestas, com objetivo de mensurar a diversidade genética das populagbes
remanescentes e definir estratégias eficazes na conservacao da araucaria (Aguiar et
al., 2021). Os estudos envolvem a coleta de sementes, estabelecimento de cole¢des
ativas de germoplasma e caracterizagdo de material genético para a conservagao ex
situ e in situ.

Os dados obtidos a partir essas analises contribuem para o enriquecimento dos
bancos ativos de germoplasma (BAGs) e para o desenvolvimento programas de
conservagao e melhoramento genético da espécie. Essas informagdes sao essenciais
para a compreensao da distribuicdo genética da araucaria e planejamento dessas

estratégias de conservacgao e, consequentemente, sobrevivéncia da espécie.
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OBJETIVOS GERAIS

Estimar a variabilidade genética e fenotipica de populagbes naturais de

Araucaria angustifolia (Bertol.) Kuntze em diferentes fitofisionomias da Floresta

Ombrofila Mista no estado do Parana, visando, especialmente, ao fortalecimento de

programas de conservagao e melhoramento genético da espécie.

1.2

a)

b)

OBJETIVOS ESPECIFICOS

Estimar parametros genéticos de populagdes naturais com uso de marcadores
microssatélites e caracteres fenotipicos;

Contribuir para a compreensao da distribuicdo de Araucaria com base na
analise integrada de matrizes de distancias genéticas, fenotipicas e
geograficas;

Fornecer informagdes sobre a diversidade genética da Araucaria em diferentes
fitofisionomias, contribuindo para o entendimento de sua variagcao
intraespecifica e potencial adaptativo;

Subsidiar o uso de acesso de germoplasma das popula¢des de araucaria e
estratégias de coleta de material genético para programas de conservagao e

melhoramento genéticos de maneira efetiva.
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2 REVISAO DE LITERATURA

2.1 EVOLUGAO E TAXONOMIA

A primeira descrigao botanica documentada por Mattos (1994) para a araucaria
foi feita por Giuseppe Bertoloni, em 1820, com o nome Columbea angustifolia Bertol.
Em 1922, Carl Ernst Otto Kuntze a redescreveu como Araucaria angustifolia (Bertol.)
Kuntze (Ferri et al., 2017). O termo Araucaria deriva da palavra chilena Arauco, em
referéncia a resisténcia indigena contra os espanhdis, enquanto o epiteto especifico
angustifolia provém do latim e significa “folhas estreitas” (Reitz e Klein, 1966).

A familia Araucariaceae é considerada uma das mais antigas entre as
gimnospermas, com registros fosseis datados no Triassico Superior,
aproximadamente ha 237 milhdes de anos (Dutra e Stranz, 2009). Engloba cerca de
40 espécies, distribuidas em trés géneros: Araucaria, Agathis e Wollemia, confirmados
como monofiléticos por Barbieri e Stumpf (2008).

A distribuicdo do género Araucaria esta concentrada no hemisfério Sul com
cerca de 20 espécies que compartilham caracteristicas morfologicas similares (Enright
e Hill 1995; Farjo, 2010; Aguiar et al., 2021). Estudos moleculares realizados por
Setoguchi et al. (1998) e Stefenon et al. (2006) evidenciam que as duas espécies sul-
americanas do género Araucaria (A. angustifolia e A. araucana) se diferenciam das
demais a partir de um ancestral comum ha aproximadamente 149 milhdes de anos
(Liu et al., 2009).

2.2 CARACTERISTICAS DA ESPECIE

Araucaria possui uma morfologia unica que a distingue das demais arvores no
ambiente natural. Conforme seu crescimento, sua copa apresenta ramos abertos e
curvados para cima, o que confere formato caliciforme, com folhas aciculares e
dispostas em espiral ao longo dos galhos (Ferri et al., 2017). Os primeiros ramos sé&o
cilindricos e verticilados, enquanto os ramos secundarios, chamados grimpas, sao
alternados, caducos e se agrupam em feixes (Carmo et al., 2021).

A casca da arvore € rugosa e escamosa, tornando-se mais espessa com a
maturidade, atingindo de 50 cm a 120 cm de didametro a altura do peito (DAP). Em
relagao a altura, araucaria € uma arvore imponente, frequentemente a maior do dossel

da floresta, podendo alcancar de 10 m a 35 m (Reitz e Klein, 1966). Isso ocorre porque
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€ helidfila, que busca a luz do sol para seu desenvolvimento (Carmo et al., 2021). Nos
primeiros estagios de vida, a raiz primaria predomina, porém com o crescimento da
arvore, as raizes secundarias reduzem a dominancia da raiz principal, apresentando
uma distribuicdo expansiva similar a copa, o que contribui para sua estabilidade. A
espécie estabelece simbiose com fungos micorrizicos arbusculares (FMA), que
estimulam o crescimento das arvores ao promover maior absor¢cdo de agua e
nutrientes (Breuninger et al., 2000; Zandavalli et al., 2008).

Caracterizada como uma arvore longeva, sob condi¢des ideais, pode viver por
varios seculos. Estimativas de idade para arvores maduras dessa espécie variam,
mas podem facilmente ultrapassar os 500 anos (Carvalho, 2003, Souza et al., 2008).
Algumas adaptagdes contribuiram para sua sobrevivéncia, como a modificagdo do
grao de polen para dispersdo anemdfila. Também a robustez da sua semente, o
pinhdo, e a independéncia da agua no processo reprodutivo reprodu¢cdo garantiram
sucesso da espécie desde o final do Carbonifero até o Mesozoico (Barbieri e Stumpf,
2008).

2.3 FENOLOGIA REPRODUTIVA

A espécie é dioica e inicia sua idade reprodutiva entre 12 e 15 anos (Mattos,
1994). No entanto, estudos recentes identificaram gendtipos com maturidade
reprodutiva precoce, a partir de oito anos (Aguiar et al., 2021). O megaestrobilo,
estrutura feminina, localiza-se no apice dos ramos da arvore e € composto por
numerosas bracteas coriaceas que abrigam o 6vulo (escama ovulifera). Ja a estrutura
reprodutiva masculina, o microestrébilo, € formada por escamas coriaceas dispostas
em espiral, que se abrem para liberar o pdlen, transportado pelo vento até o
megaestrobilo para o cruzamento (Ferri et al., 2017).

Modificagdes evolutivas como a perda da gota polinizadora, o desenvolvimento
da micropila especializada para recepg¢ao do podlen, a auséncia de asas nos graos
polinicos e a germinacao pelo nucelo em qualquer regidao da escama ovulifera apos a
chegada do pdlen devido a umidade contribuiram positivamente para ao processo de
fecundagao (Figura 1) (Stewart, 1987).

O periodo de polinizagdo da araucaria varia conforme a regido geografica e é
influenciado pelos fatores climaticos, como umidade e intensidade de ventos, além de
aspectos genéticos (Reitz e Klein, 1966; Mantovani et al., 2004; Anselmi et al.,2006;
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Goten et al., 2020). Em Santa Catarina, a polinizagao ocorre predominantemente entre
0s meses de agosto e setembro, enquanto que no Parana é registrada no més de
outubro de acordo com a reviséo feita por Aguiar et al. (2021) para a maioria das
arvores dos pomares de sementes.

Nos estagios iniciais da embriogénese, ocorre a formagao de nucleos livres
anterior ao surgimento das paredes celulares (Barbieri e Stump, 2008; Goeten et al.,
2020). Apos a formagéo dessas, inicia-se a elongacao celular em grupos de células
superiores e inferiores. As células inferiores formam as células de capa (Cc), as
superiores formam as células do suspensor (Cs) e o grupo central origina as células
embriogénicas (Ce), compondo conjuntamente o proembridao (Figura 01).

Apds a polinizagdo, decorrem cerca de 13 meses até a formagédo dos
poliembrides (Goeten et al., 2020). Contudo, apenas um desses embrides se
desenvolve completamente na semente madura, em um processo que ocorre entre 0s
meses de dezembro e junho, passando pelas fases globular, pré-cotiledonar e
cotiledonar maduro (Figura 01) (Goeten et al., 2020; Kuhn et al., 2024). A maturagéo
dos pinhdes na pinha acontece entre 18 a 20 meses apos a polinizagdo. Embora haja
registros de populacées em que a maturacao foi observada com 24 meses e até 32
meses (Mantovani et al., 2004; Goeten et al., 2020; Kuhn et al., 2024).

Essa variacdo nos estagios de maturacdo pode ser atribuida ao fato de
araucaria ser uma espécie nativa ainda ndo domesticada, o que sugere a possivel
presenca de variedades botanicas coexistindo em uma mesma regido (Reitz e Klein,
1996; Medina-Macedo, 2015; Pires et al., 2024).
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Figura 1 — llustracéo do ciclo reprodutivo da Araucaria angustifolia (Bertol.) Kunzte

Fonte: Adaptado de Barbieri e Stumpf (2008).

24 ECOLOGIA E USO COMERCIAL

Assim como outras espécies florestais da Mata Atlantica, araucaria
desempenha um papel fundamental nas intera¢des ecoldgicas com a fauna e a flora,
contribuindo diretamente para a manutengao da biodiversidade no hotspot da Mata
Atlantica, especialmente na Floresta Ombrdfila Mista (FOM) (Lagos e Muller, 2007).
Estima-se que aproximadamente 70 espécies da fauna local utilizem o pinhdo como
fonte de alimento (Miranda et al., 2005; Dénes et al., 2018). Além disso, a presenga
da araucaria favorece o desenvolvimento do sub-bosque, criando condi¢des propicias
para o crescimento de espécies nativas como llex paraguariensis e Ocotea porosa
(Signor et al., 2015; Longhi et al., 2018). Em programas de reflorestamento, a espécie
€ classificada como espécie secundaria longeva, com potencial para formar novos
capdes (Carvalho, 2002; Aguiar et al., 2021).

Uma alternativa promissora para a conservagao da espécie tem sido a adogao
de sistemas agroflorestais, nos quais araucaria € integrada ao cultivo agricola ou a
pecuaria em pequenas propriedades rurais (Rosot et al., 2007). Em decorréncia do
valor cultural e social, a espécie também € uma escolha para projetos de paisagismo

e arborizagao urbana, destacando-se pela forma singular de sua copa e seu forte
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apelo identitario (Silveira e Fraga, 2015; Nodari et al., 2018). Esse simbolismo cultural
€ ainda evidenciado nas regides Sul e Sudeste brasileiras pela nomeagdo de
municipios, como Araucaria (PR) e Pinhdo (PR) em sua homenagem, conforme
registrado pelo IBGE (2021).

A madeira de araucaria possui alta qualidade, composta por 58,3 % de celulose
e 28,5 % de lignina, com fibras longas que conferem excelente rendimento na
producdo de papel (Carvalho, 1994). A partir da segunda metade do século XIX, a
exploragéo de araucaria dominou o mercado brasileiro de madeiras para movelaria e
construgéo civil. Em 1963, 92 % das exportagbes madeireiras correspondiam a
espécie, totalizando cerca de 100 milhdes de arvores nativas transformadas em toras
nas regides Sul e Sudeste de acordo com dados do Instituto Nacional do Pinho
(Wentz, 2004).

Apesar da relevancia econbmica, a intensa extragdo madeireira, aliada a
expansao agricola, provocou uma reducdo de mais de 90% da area original de
araucaria (Stefenon et al., 2006; Bittencourt, 2007; Zanette e Wendling, 2017; Aguiar
et al., 2021). Como consequéncia, foi instituida a Resolugdo Conama n° 28/2001, que
proibe o corte de arvores naturais e restringe a exploragdo aquelas oriundas de
plantios florestais, conforme legislacao vigente (Brasil, 2012).

Atualmente, a principal contribuicdo econbémica da araucaria provém
extrativismo e da comercializagdo do pinhdo, sua semente. O consumo tem origem
nas comunidades rurais e povos indigenas, sendo fortemente associado a tradigbes
culturais e memdrias afetivas, especialmente da infancia (Silveira e Fraga, 2015;
Carvalho et al., 2019; Godoy et al., 2021). Segundo dados do IBGE (2023), a producéao
de pinh&o no periodo de 2020 a 2023 somou aproximadamente 38 toneladas, gerando
um valor estimado em 160 mil reais para regido Sul e Sudeste (IBGE, 2023). Além do
consumo in natura e da crescente presenca na gastronomia, pesquisas vém sendo
conduzidas para o aproveitamento do pinhdo como matéria-prima da agroindustria
(Cornejo et al., 2014; Godoy et al., 2021).
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2.5 DISTRIBUICAO DA ARAUCARIA NA FLORESTA OMBROFILA MISTA

A Floresta Ombrdfila Mista (FOM), uma das formacdes vegetais do bioma
Mata Atlantica, teve sua distribuicdo impactada pela pressao antropica nas ultimas
décadas. Conhecida também como Mata das Araucarias, estima-se que atualmente
a FOM ocupa apenas 4,3% da sua area original, o que corresponde a
aproximadamente 1,2 milhdes de hectares (Zurek et al, 2024). Assim como
araucaria, essa vegetacado tem sua ocorréncia delimitada por um clima temperado,
mais frio em comparagao as demais vegetacdes, com indice pluviométrico elevado
e chuvas regulares ao longo do ano, além de frequentes geadas (Wrege et al.
2017a).

Durante o ultimo ciclo glacial, ha aproximadamente 115 mil anos, registros
paleobotanicos indicam que a distribuicdo de araucaria se estendia até o Nordeste
brasileiro, favorecido pelas condigdes climaticas frias (Behling, 2002; Behling e Pillar,
2007; Conceigao et al., 2016; Vasconcellos et al., 2024). Com o aumento gradual da
temperatura global no final do Pleistoceno e inicio do Holoceno, cerca de 20 mil anos,
a sobrevivéncia da espécie foi comprometida (Bertoldo et al., 2014; Rodriguéz-Zorro
et al., 2022). Como resultado, a araucaria passou a ser restrita a areas de baixas
latitudes e grandes altitudes, como a Serra da Mantiqueira e a Serra do Mar, além
de regides proximas a corpos d'agua (Carlucci et al., 2011; Kersten et al., 2015;
Stefenon et al., 2019).

Com o fim da ultima glaciagado (aproximadamente 11 mil anos atras), as
regides Sul e Sudeste do pais tornaram-se mais Umidas, favorecendo a
recolonizagdo de araucaria no Planalto Meridional Brasileiro (Nodari et al., 2018;
Rodriguez-Zorro et al., 2022). Além disso, a ocupagado humana por povos indigenas
também influenciou a dispersao da espécie, devido ao consumo do pinhdo e a
expansao territorial desses grupos (Pinaya et al., 2019; Nodari e Sa, 2023).

Nas ultimas décadas, a fragmentagédo da paisagem e o aumento progressivo
da temperatura global voltaram a restringir a distribuicdo da espécie (IPCC, 2023).
Ao contrario dos registros paleontolégicos que evidenciam sua antiga presenga no
Nordeste brasileiro (Conceigéao et al., 2016), a tendéncia atual é de retragédo continua,
0 que é considerado preocupante. Nesse contexto, os estudos de modelagem de

nicho ecoldgico e o mapeamento de cenarios futuros tornaram-se ferramentas
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essenciais para estratégias de preservagao da espécie (Wrege et al., 2016; Wrege
et al., 2017a; Fritzons et al., 2018 a, b, c).

Embora diversos estudos recentes tenham aprofundado o conhecimento
sobre a distribuigdo da espécie (Wrege et al., 2009; Wrege et al., 2017a), o trabalho
classico de Hueck (1953) ainda € amplamente citado, especialmente por sua
contribuicdo pioneira na ilustragdo da ocorréncia da araucaria ao longo da FOM
(Figura 2). Originalmente, a FOM estava presente em 40% da area do Parana, 31%
de Santa Catarina e 25% do Rio Grande do Sul. Ainda sdo observadas manchas
esparsas no sul de Sao Paulo (3%), avangando até o sul de Minas Gerais e o estado
do Rio de Janeiro, em regides de altitude superior a 500 m (1%) (Servigo Florestal
Brasileiro, 2019). Fora do Brasil, também ha pequenas ocorréncias na Argentina e
no Paraguai, localizadas entre as latitudes 19°15 'S e 31°30' S e entre as longitudes
41°30°'W e 54°30’'W (Figura 2).

Figura 2 — Distribuicdo original da Araucaria angustifolia (Bertol.) Kunzte ao longo

do Hemisfério Sul
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Fonte: Hueck (1953).
2.6 FITOFISIONOMIAS DA FLORESTA OMBROFILA MISTA

A FOM assim como as demais vegetacdoes da Mata Atlantica, esta dividida em
fitofisionomias, com base em levantamentos de cobertura vegetal realizados por meio

de sensoriamento remoto, conforme critérios de classificacdo estabelecidos
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internacionalmente, mas adaptados as condigdes brasileiras (UNESCO,1973; Veloso
e Goes-Filho, 1982; IBGE, 1992). Segundo Wrege et al. (2017b), dois fatores cruciais
para a expansao da FOM séo as baixas temperaturas e a ocorréncia de geadas para
sobrevivéncia dos seus componentes. Além disso, a expansao das fitofisionomias
Floresta Ombréfila Densa e Floresta Estacionaria Semidecidual tem sido favorecida
pelo clima quente e umido atual, em comparacéao ao clima mais frio do passado (Klein,
1960; 1984). De acordo com Wrege et al. (2011), em épocas passadas, com o clima
mais frio, a FOM era mais dispersa, ocorrendo em areas mais extensas e em altitudes
inferiores (Wrege et al., 2011).

A FOM ¢é classificada em quatro fitofisionomias: Alto Montana (MI), Montana
(Mm), Submontana (Ms) e Aluvial (Ma) (Servico Florestal Brasileiro, 2019b). De modo
geral, a classificagao proposta por Veloso et al (1991) é baseada principalmente na
altitude, o que influencia diretamente as condicbes edafoclimaticas e a composigao
floristica da vegetagcao (Figura 3) (Hueck, 1972, Veloso et al., 1991; Leite, 1994;
Roderjan et al., 2002; Wrege et al., 2017b). Estudos fitossocioldgicos dessas
fitofisionomias sdo fundamentais para compreender a estrutura e a dindmica das
formacgdes vegetais, além de auxiliar na identificagcdo de estratégias de conservacgéao
dos fragmentos remanescentes (Mendeiros et al., 2005 Cappelatti; Schmitt, 2011;
Kersten et al., 2015).

A fitofisionomia da Alto Montana ocorre acima de 1.200 m de altitude,
especialmente nas regides do Planalto Curitiba e da Serra do Mar, onde predominam
climas mais amenos, com maior presenca de espécies arbustivas e herbaceas
(Roderjan et al., 2002). A fitofisionomias de Montana, considerada a mais
representativa da FOM, encontra-se entre 800 m e 1.200 m de altitude, abrangendo o
Planalto de Guarapuava e o centro-sul do Parana, sendo caracterizada por floresta
mais densa, com dominancia de araucaria e elevada ocorréncia de espécies epifitas
(Leite, 1994).

A fitofisionomia Submontana ocorre em regides de vales e em altitudes entre
500 m e 800 m, no centro-norte do Parana, representando uma area de transi¢ao entre
a Floresta Ombrofila Densa e a FOM. Essa regido apresenta solos profundos e férteis,
porém com menor densidade de florestal (Roderjan et al., 2002). Ja a fitofisionomia
Aluvial ocorre nas margens dos rios, sendo composta por espécies adaptadas a solos

umidos e sujeitos a encharcamento (Roderjan et al., 2002).
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Figura 3 — Perfil da Floresta Ombrofila Mista (Floresta com Araucaria) da
esquerda para a direita

Fonte: Adaptado de Veloso e Goes-Filho (1991).

2.7 ESTUDOS DE DIVERSIDADE GENETICA DA ARAUCARIA

Nas populagdes naturais de araucaria, € comum observar individuos com
variacdes em altura, diametro, formato de copa e nas caracteristicas das sementes,
como forma, tamanho, época de producao e coloragao. Essas diferencas despertam
o interesse de produtores e comunidades locais, que buscam compreender a origem
dessa diversidade. Essa variagcdo pode ser explicada pela presenca de diferentes
alelos nos genes das populagdes, ilustrando a diversidade genética existente (Bered
etal., 1997; De Lima et al., 2015).

Quantificar essa diversidade é fundamental para a conservagao, pois uma alta
variabilidade genética é crucial para a adaptagéo e sobrevivéncia da espécie frente as
mudang¢as ambientais e pressdes externas (Fajardo et al., 2016). Nos ultimos anos,
essa importancia se intensificou devido as mudancgas climaticas ocasionadas pelo
aquecimento global (IPCC, 2023).

Os primeiros estudos conduzidos por Reitz e Klein (1966) descreveram nove
variedades de araucaria com base, principalmente, na morfologia do pinh&o.
Posteriormente, Mattos (1972) identificou outras cinco variedades, somando a
descrigao diferengas morfolégicas dos individuos e a época de maturagao. Ao longo
dos anos, outros pesquisadores contribuiram para o avanco desses estudos,
revelando novas variedades (Reitz e Klein, 1978; Mattos, 1994; Zechini et al., 2012;
Adan, 2016). Atualmente, reconhecem-se 17 variedades de araucaria (Aguiar et al.,
2021).

A distribuicdo geografica da araucaria esta relacionada com as condigdes

climaticas e € compreendida por estudos de diversidade genética realizados por
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analises moleculares. Sousa et al. (2020) relatam que houve uma expansdo da
espécie em diregcao a regiao Sul a partir das populagdes estabelecidas em Sao Paulo
e Minas Gerais, evidenciada pela relagédo filogeografica entre os haplotipos das
populag¢des do Sul, originados de um haplétipo comum do Norte ha cerca de 20 mil
anos, quando as condi¢des climaticas eram favoraveis a sua expansdo. Com as
mudancgas ao longo do tempo, acredita-se na existéncia de refugios glaciais nas areas
de baixas latitudes do Brasil, devido a riqueza de haplétipos nessas regides (Wrege
et al., 2017a; Stefenon et al., 2019).

Essa distribuicao dentro territério brasileiro também se relaciona a formacao de
grupos genéticos (Stefenon et al., 2008; Stefon et al., 2019 Sousa et al., 2020;
Rodriguez-Zorro et al., 2022). H4 uma separagdo genética das populagbes de
araucaria em dois grupos principais, conforme a distribuicdo: um na regido Sudeste
(Sao Paulo e Minas Gerais) e outro no Sul (Parana, Santa Catarina, Rio Grande do
Sul e Argentina), além de pequenas subdivisbes decorrentes desses grupos
(Stefenon, 2007; Sousa et al., 2020).

Esse padrdo de distribuicdo genética também estd presente em plantios
comerciais (Stefenon et al. 2019). Mesmo com o processo de sele¢gao, que mantém
somente os individuos de interesse, o gendtipo das plantagbes é similar ao das
populagdes naturais das quais as matrizes foram coletadas, contribuindo para a
conservagao da diversidade genética.

A investigagdo da variabilidade genética de populagbes remanescentes de
araucaria, utilizando diferentes marcadores moleculares, revela valores diversos para
os parametros genéticos heterozigosidade esperada (He) (entre 0,08 - 0,74) e
heterozigosidade observada (Ho) (entre 0,08 - 0,91) (Kageyama; Jacob, 1980;
Shimizu et al., 2000; Sousa, 2001; Auler et al., 2002; Sebben et al., 2004; Mantovani
et al., 2006; Ferreira et al., 2012; Inza et al., 2018; Montagna et al., 2019; Sousa et al.
2020). Essa variabilidade representa uma importante fonte de material genético,
essencial para programas de conservagao e recuperagao da espécie.

Marcadores moleculares, amplamente utilizados, permitem analisar a frequéncia e
distribuicdo dos alelos e genotipos dentro de cada populagao, além de identificar
variagdes genéticas e determinar a estrutura genética da espécie (De lima et al., 2015;
Fajardo et al., 2016).

Trabalhos como os de Moraes et al. (2020), Silva et al. (2017), Antiqueira et al.

(2014) e Mori et al. (2011) exemplificam o uso de microssatélites (SSR - Simple
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Sequence Repeats) em estudos de diversidade genética em espécies florestais.
Esses marcadores moleculares sdo multialélicos e codominantes, fornecendo uma
grande quantidade de informagdes sobre os processos micro evolutivos, que
influenciam a variabilidade genética das populagdes (Turchetto-Zolet et al., 2017).

A estimacao de diversidade genética também pode ser realizada com base em
caracteres fenotipicos, que sédo de facil coleta e analise. O fenétipo de um individuo
resulta da expressado de multiplos genes influenciados pelo ambiente (Vencovsky,
1973). Os parametros genéticos obtidos por meio da analise fenotipica sdo valores
numéricos que permitem fazer inferéncias sobre a estrutura genética de uma
populacao. Esses parametros variam conforme a caracteristica, a populagao e a idade
dos individuos, devendo-se considerar o efeito ambiental (Leonardecz Neto et al.,
2003).

A analise de diversidade genética com caracteres fenotipicos € amplamente
empregada em programas de melhoramento genético, pois indica a variabilidade
fenotipica e o potencial de adaptagdao dos individuos, auxiliando a sele¢do dos
genodtipos superiores (Borém; Miranda, 2013). Também pode ser aplicada em
programas de conservagao, por representar uma forma eficaz e de menor custo para
a estimacao da diversidade genética (Recco et al., 2016).

O estudo combinado de caracteres fenotipicos € marcadores moleculares
proporciona uma visdo mais abrangente da variabilidade genética de uma populagao
(Shimizu et al., 2000). Além disso, pesquisas que exploraram a distribuicdo geografica
e a diversidade genética de araucaria fornecem dados relevantes sobre seu nicho
ecolégico (Sousa et al., 2020).

E importante considerar que o efeito do ambiente sobre populacdes naturais
pode dificultar a estimativa dos parametros genéticos (McKay; Latta., 2002). Por isso,
programas de conservacao e melhoramento genético sao fundamentais para apoiar
pesquisas de diversidade genética (Sousa et al., 2012), uma vez que, em testes de
procedéncias e progénies estabelecidos por meio de mudas seminais em condi¢oes
controladas, os parametros genéticos podem ser estimados com maior acuracia
(Duarte et al., 2012).

De modo geral, os resultados dessas pesquisas sao positivos e importantes para
identificar areas prioritarias para a preservacao, determinar o status de conservacao
das populacgdes e desenvolver planos de manejo que promovam a manutengao ou

aumento da diversidade genética.
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2.8 ESTRATEGIAS DE CONSERVACAO DA ARAUCARIA

A fragmentacdo do habitat natural da araucaria, provocada pela expansao
agricola e urbana, aliada ao desmatamento decorrente da exploragao madeireira no
século XIX resultou na sua classificacdo como espécie criticamente ameacada de
extingdo (Thomas, 2013; IUCN, 2018). Aspectos biolégicos, como ciclo reprodutivo
longo e dependéncia do clima umido, agravam ainda mais essa situagao,
especialmente diante do atual cenario de mudancgas climaticas.

Zurek et al. (2024) mapearam o historico de desmatamento da araucaria e
identificaram cerca de 1,2 milhdes de hectares remanescentes da FOM, que
representa apenas 4,3 % da area original. Além disso, a vegetagdo remanescente
encontra-se altamente fragmentada, com 99% dos fragmentos do tamanho de 50
hectares. Esse quadro é resultado da auséncia de fiscalizagao eficaz por parte 6rgaos
ambientais no setor madeireiro e também no desenvolvimento de estratégias para a
conservagao da espécie durante a fragmentacao territorial.

A crescente preocupagao com a vulnerabilidade da espécie impulsionou a
criacdo de iniciativas por instituicdes de pesquisa, como a Embrapa Florestas, em
parceria com empresas e 0rgaos governamentais (Aguiar et al., 2021). Os estudos de
inventario florestal tiveram inicio por volta da década de 1940, na Floresta Nacional
(FLONA), quando diversas colegdes ativas de germoplasma, provenientes de
diferentes origens, foram estabelecidas nas dependéncias dessas instituicées. Essas
colecdes vém sendo mantida até os dias atuais.

Os primeiros passos para a protecao legal da araucaria foram dados por meio
da criagdo de politicas de manejo florestal, quando o remanescente de FOM ja se
encontravam abaixo de 20% da cobertura original (Zurek et al., 2024). Nas décadas
de 1970 e 1980, a Embrapa intensificou os esforcos no plantio de novas colecbes e
na caracterizagao das ja existentes, dando inicio oficial ao programa de conservagao
da espécie.

O movimento ambientalista da década de 1990 proporcionou o0 aumento dos
estudos voltados a importéncia ecologica de araucaria e a urgéncia de sua
preservacdao. Em 1992, a espécie foi oficialmente incluida na lista das espécies
"ameacadas de extingdo" no Brasil, tornando-se prioridade para acbes de

conservacao (Bittercourt, 2007, Danner et al., 2012).
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Uma importante estratégia de conservacao foi o estabelecimento dos Bancos
Ativos de Germoplasma (BAGs), com objetivo de preservar a variabilidade genética
da espécie. Para enriquecer esses bancos, sao consideradas variagcdes fenotipicas
associadas ao crescimento e a produgéo de pinhdo, bem como dados genéticos por
meio de marcadores moleculares, como isoenzimas, microssatélites e SNPs.

Os programas de conservacao também envolvem estratégias de conservagao in
situ e on farm, com o apoio de instituigdes publicas e privadas, além da participacao
de pequenos produtores (Aguiar et al, 2021). Essas iniciativas se tornam
especialmente relevantes diante do crescente interesse pela extragao de pinhdo como
alternativa de uso sustentavel da espécie.

Em 2020, a Embrapa Florestas, em parceria com a Gralha Azul Transmissao de
Energia S.A. (subsidiaria da Engie Brasil Energia), universidades nacionais e
internacionais, produtores rurais, associagdes cooperativas e 6rgaos governamentais,
como o IAPAR, IAP, EMATER, CODEPAR, ICMBIO e CPRA, iniciou um projeto de
compensagao ambiental. O objetivo da iniciativa é definir areas prioritarias para o
enriquecimento dos bancos ativos de germoplasma de araucaria por meio da coleta
de sementes, polen e material propagativo em diferentes fitofisionomias da FOM no
estado do Parana. Esse esforgo visa a preservacdo da espécie, promovendo sua

conservacgao genética e garantindo a sustentabilidade dos ecossistemas associados.
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3 CARACTERIZAGAO GENETICA E FENOTIPICA DE POPULAGOES
NATURAIS DE Araucaria angustifolia (BERTOL.) KUNTZE EM DIFERENTES
FITOFISIONOMIAS DA FLORESTA OMBROFILA MISTA'

Genetic Characterization of Araucaria angustifolia (Bertol.) Kuntze Populations
Across Phytophysiognomies in the Mixed Ombrophilous Forest
Lima, Fernanda Neves'; Sousa, Valderés Aparecida de 2; Souza, Bruno Marchetti de;
Santos, Andreia Taborda; Silva, Sérgio Ricardo; Mayrinck, Rafaella Carvalho; Mattos,

Patricia Povoa; Aguiar, Ananda Virginia de

Abstract: Araucaria angustifolia (Bertol.) Kuntze, an iconic and critically endangered species
of the Mixed Ombrophilous Forest (FOM), has a heterogeneous distribution across distinct
phytophysiognomies. Habitat fragmentation and intensive logging during the 19th century
placed the species at high risk of extinction, making the conservation of remnant populations
essential due to their significant genetic diversity. This study, conducted through a partnership
between Embrapa Florestas and Engie S.A., aimed to evaluate the genetic and phenotypic
variability of natural Parana pine populations across different FOM phytophysiognomies in the
state of Parand, Brazil. Trees were sampled for genetic characterization through the assessment
of growth traits, wood quality attributes, collection of genomic material for microsatellite (SSR)
marker analysis, and extraction of wood cores for dendrochronological studies. Based on the
evaluated parameters, genetic, phenotypic, and geographic distances among populations were
calculated, and their correlations assessed using Pearson's correlation coefficient and the Mantel
test. Phenotypic heterogeneity was observed both within and between populations, with tree
height showing the greatest phenotypic divergence (Psr). Tree ages ranged from 54 to 158
years, with a similar mean annual increment across sites (0.57 cm/year). Molecular data
revealed high genetic variability, particularly high allelic richness in all three populations (Rs
= 9.35). Gene flow was detected among populations, with no significant genetic differentiation
between phytophysiognomies, indicating a single genetic group. However, the Ipiranga
population showed divergence in phenotypic (Euclidean) distance and Psr values, suggesting
potential local adaptation driven by natural selection. In conclusion, the high phenotypic and
genotypic variability found across all three phytophysiognomies highlights the resilience of

Araucaria angustifolia. These findings emphasize the importance of considering the dynamic

! Pretende-se submeter o presente artigo para a revista “Annals of Forest Research” (Conceito Qualis A3), cujo
as normas para os autores estdo descritas: https://www.afrjournal.org/index.php/aft/authorguidlines
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interplay of genetic, environmental, and historical factors in the conservation and sustainable

management of this species.

Keywords: microsatellite marker (SSR), Parana Pine, phenotypic traits, population genetics,

variability.

Resumo: Araucaria angustifolia (Bertol.) Kuntze, espécie simbolo e atualmente criticamente
ameacada da Floresta Ombrofila Mista (FOM), apresenta distribuicao heterogénea entre
distintas fitofisionomias. A fragmentagao do habitat e a exploragdo madeireira intensa no século
XIX colocaram a espécie em elevado risco de extingdo, tornando essencial a conservagao das
populagdes remanescentes devido a sua significativa diversidade genética. Este estudo,
realizado em parceria entre a Embrapa Florestas e a Engie S.A., teve como objetivo avaliar a
variabilidade genética e fenotipica de populagdes naturais de araucaria em diferentes
fitofisionomias da FOM no estado do Parana. Foram amostradas arvores para caracterizagao
genética por meio da avaliacdo de caracteristicas de crescimento, atributos da qualidade da
madeira, coleta de material gendmico para analise com marcadores microssatélites (SSR) e
extragdo de testemunhos de madeira para estudos dendrocronolégicos. Com base nos
parametros avaliados, calcularam-se as distancias genética, fenotipica e geografica entre as
populagdes, e suas correlagdes foram analisadas por meio do coeficiente de correlacdo de
Pearson e do teste de Mantel. Observou-se heterogeneidade fenotipica tanto intra quanto entre
populacdes, sendo a altura da arvore o carater com maior divergéncia fenotipica (Psr). As idades
das arvores variaram de 54 a 158 anos, com incremento médio anual semelhante entre os sitios
(0,57 cm/ano). Os dados moleculares revelaram alta variabilidade genética, com destaque para
a elevada riqueza alélica nas trés populacdes (Rs = 9,35). Houve fluxo génico entre as
populagdes, sem diferenciacdo genética significativa entre as fitofisionomias, indicando a
formagdo de um tUnico grupo genético. No entanto, a populagdo de Ipiranga apresentou
divergéncia quanto a distancia fenotipica (Euclidiana) e aos valores de Psr, sugerindo possivel
adaptagdo local resultante da selecdo natural. Conclui-se que a alta variabilidade fenotipica e
genotipica observada nas trés fitofisionomias destaca a resiliéncia da Araucaria angustifolia.
Esses resultados reforcam a importancia de considerar a interagdo dindmica entre fatores
genéticos, ambientais e historicos nas estratégias de conservagado e uso sustentavel da espécie.
Palavras-chave: araucdria, caracteres fenotipicos, genética de populagdes, microssatélites,

variabilidade.
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3.1 INTRODUGAO

Introduction
Araucaria angustifolia (Bertol.) Kuntze has been classified as a “critically endangered”

species by the International Union for Conservation of Nature (IUCN) since 2018, underscoring
the urgent need for conservation efforts. In the recent years, several initiatives have been
implemented to protect the species, including a Brazilian law enacted in 2012 that strictly
prohibits the logging of its natural populations (Brazil, 2012).

Commonly known as Parana pine, A. angustifolia, is an essential component of the Atlantic
Forest, particularly within the Mixed Ombrophilous Forest (MOF). Historically, the species
was widely distributed across southern and southeastern Brazil, as well as in regions of
Argentina and small population in Paraguay, especially in the Meridional plateau region
(Brazilian Forest Service, 2019). Within the MOF, A. angustifolia occurs across diverse
phytophysiognomies, including high montane, montane, submontane, and alluvial,
characterized by varying edaphoclimatic conditions, particularly altitude and precipitation
(Roderjan et al., 2002; Wrege et al., 2017b).

The species thrives at altitudes above 500 meters in regions with a Cfb climate (K&ppen
classification), marked by high rainfall and frequent frost. Moisture availability is a critical
requirement for its survival (Wrege et al., 2017). As a dioecious and allogamous species, 4.
angustifolia has a long reproductive cycle, lasting between 18 and 32 months after pollination,
influenced by both environmental and genetic factors (Goeten et al., 2020; Aguiar et al., 2021;
Kuhn et al., 2024). Ecologically, the Parana pine plays a crucial role in the MOF ecosystem,
fostering interaction with a ride of flora and fauna diversity within the Atlantic Forest, a
recognized global biodiversity hotspot (Miranda ef al., 2005; Lagos & Muller, 2007; Signor et
al., 2015; Dénes et al., 2018; Longhi et al., 2018).

Climate change further threatens the species, as its reproductive success depends on
specific wet and cold conditions that are becoming increasingly unpredictable (Wrege et al.,
2016). Additionally, anthropogenic pressures such as extensive logging in the 19th century and
ongoing habitat fragmentation from agriculture and urban development have drastically
reduced its range. Today, only 4.5% of the original MOF remains well conserved (Zurek et al.,
2024).

Habitat heterogeneity influences the species’ distribution, and some studies have
suggested the existence of ecotypes as a result of local adaptation (Friztons et al., 2018 a, b, ¢).
Among the remaining natural populations, morphological differences have been observed, and

recent studies have identified several potential varieties of Parana pine (Reitz & Klein, 1978;
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Mattos, 1994; Zechini et al., 2012; Adan, 2016). Seventeen varieties have been described to
date, differing in seed production timing, seed shape and color, canopy architecture, and
reproductive cycle duration as Aguiar et al. (2021) reviewed.

The existence of varieties and ecotypes highlights the genetic diversity of the species,
despite the severe decline reduction in the natural population. Several studies have aimed done
to characterize this genetic variability, like Shimizu et al. (2000), Sousa (2001), Auler et al.
(2002), Sebbenn et al. (2004), Mantovani et al. (2006), Ferreira et al. (2012), Inza et al. (2018),
Montagna et al. (2019), and Sousa et al. (2020) have published important works contributing
to the genetic characterization of the species.

Genetic variability can be assessed using both molecular markers and phenotypic traits,
each with its strengths and limitations in terms of cost, precision and sensitivity. Combining
both approaches enhances results reliability and supports the development of an effective
conservation strategies (Aguiar et al., 2011; Sanson et al., 2024). Conservation initiatives by
research institutions and private companies aim to preserve allelic diversity through
reforestation programs, sustainable practices, and utilization-based conservation (Aguiar et al.,
2021).

This study is part of a collaborative project involving Embrapa Forest, partners, and
Engie (Gralha Azul) Energy S.A. Its objectives are to estimate the genetic variability of natural
populations of Parana pine across different phytophysiognomies in the state of Parand, Brazil,
using both genotypic and phenotypic data, and to provide recommendations for sustainable and

effective conservation and management strategies for the species.

3.2 MATERIAL E METODOS

Material and Methods
3.2.1 Amostragem das populacdes naturais

Natural Populations Sampling

After a previous study to identify and understand the distribution of phytophysiognomies
at MOF, three natural populations of A. angustifolia were randomly sampled to preserve the
genetic representation of the species according to their environmental conditions. A total of 105
trees were sample, located in natural fragments in three regions in Parana State: Castro, General
Carneiro, and Ipiranga (Figure 1). Each region represents a distinct phytophysiognomy of the

Mixed Ombrophilous Forest (Table 1).
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The Ipiranga region, representing the Montane phytophysiognomy, is a well-conserved

natural population enhanced by human intervention. The property owners collected seeds from

the region and cultivated seedlings, which were then replanted in the same area. As a result,

this region is considered both natural and planted.

Tabela 1. Regibes de amostragem das populacdes naturais de Araucaria angustifolia

(Bertol.) Kuntze no estado do Parana e suas caracteristicas edafoclimaticas.

Table 1. Information about the regions where the Araucaria angustifolia (Bertol.) Kuntze

natural populations sampled.

Region Castro General Carneiro Ipiranga
Number of sampled trees 39 28 38
MOF phytophysiognomies Aluvial High montane Montane
Altitude (m) 1,033 1,230 870

Geographic coordinate

Average Annual

Precipitation (mm)

24°47'32" S 50°0'42" W

1,600

26°25'40" S 51° 18' 57"W

1,800

25°01'26" S 50° 35' 02"W

1,500

Source:

Authors, 2025.
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Figura 4. Mapa de localizacao e distancia (km) entre das populagdes naturais de
Araucaria angustifolia (Bertol.) Kuntze amostradas.

Figure 1. Sampling locations and geographical distance (km) of natural populations of
Araucaria angustifolia (Bertol.) Kuntze.
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3.2.2 Coleta de dados fenotipicos

Phenotipic data collection and analysis

Phenotypic data were collected from the three different regions to assess the variation
among the trees for growth and wood quality traits. Tree height (m) was measured using a
Vertex IV hypsometer, while stem circumference (cm) was measures using a measuring tape at
diameter at breast height (1.30 m above the ground). The crown projection area (cm) was
determined using a 50 m tape measure, extending it across the crown with the plant’s center as
the reference point. The stem circumference data (CAP) were subsequently used to calculate
the diameter at breast height (DBH) using the following equation:

DBH=CAP/m

For wood quality assessment, an acoustic equipment based on ultrasonic wave was used
to efficiently determine the dynamic modulus of elasticity (MOEd) by measuring ultrasonic
wave speed and wood density (Lindstrom, Harris, and Nakada, 2002). In this study, the

Treesonic equipment was employed, featuring two transducers: one positioned at the stem near
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the ground and the other one meter above, both aligned in the same direction. The wave speed
propagation was calculated using the average of three measurements:
=1,000 x 1,000v+1,4

The V' = propagation speed (m.s-'); v = average speed (three measurements); 1,4 =
correction factor. The first “1,000” is from the equation and the second accounts for the one-
meter distance between the transducers, which is converted to millimeters. The MOEd was
calculated following this equation:

MOEd =(V*) x p x (107%)

Where V and p represent, respectively the propagation speed (m.s™) and the apparent
density (kg. m™). The second one is typically calculated from the cores sampled. However, in
this study, the cores were specifically used for ring data analysis. For the MOEd calculation, a
literature-based value of 550 kg.m'3 was adopted (Maineri & Chimelo., 1989; Mattos et al.,
2006; Misio et al., 2017; Curto et al., 2021).

The obtained data were normalized and analyzed using the agricolae R package for
descriptive statistics (Mendiburu & Mendiburu, 2020). Also, graphs were generated using the
ggplot2 package. in R software (Wickham, 2016) to better illustrate the results.

3.2.3 Estudos dos anéis de crescimento

Growth ring data studies

An increment core was extracted from each tree at diameter at breast height using a
Pressler auger. The samples were air-dried, correctly placed on wooden supports, and sanded
with sandpaper. Only the highest-quality cores, based on the visibility of growth rings, were
selected for analysis, totaling 74 trees.

Growth rings were delimited, counted, and measured using a stereoscopic microscope
and a measuring table (LINTAB 6.0 — Frank Rinn Distributors, Germany) connected to a
computer. Ring widths were measured with a precision of 0.01 mm. Descriptive analyses were
performed on the most reliable data to calculate the average annual increment between

populations, as well as across different diameter at breast height (DBH) classes.

3.2.4 Extragao de DNA
Genotyping procedure

Cambium tissue samples were collected from 105 trees, corresponding to the number of

individuals sampled in each population (Table 1). The samples were dried at room temperature
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in tubes containing silica gel. The samples were then disrupted using a Mixer Mill MM 300
(Qiagen). Genomic DNA was extracted using DNasy 96 Plant Kit (Qiagen). Genotypes of all
samples were scored at eight species-specific loci (Adang01, Aang03 Aangl4, Aangl5, Aang?27,
Aang28, Aang37, Aang43) (Schimdt et al., 2007).

The PCR reaction mix consisted of 10 ng template DNA, 1X GoTaq® Flexi Buffer, 1.5
mM MgCl2, 0.2 mM dNTPs, 2.5 U GoTaq® Flexi DNA Polymerase (Promega), 2.0 pmol
reverse primer, 0.4 pmol 5’ tailed forward primer, and 2.0 pmol of labeled M13 primer (CAC
GACGTT GTA AAA CGA C), in 10 pL total volume. The thermal cycling regime was carried
out in Peltier Thermal Cycler PTC 200 and consisted of a denaturing step at 94 °C, 3 min;
followed by 10 touchdown cycles of 94 °C for 30 s; 65—1 °C/cycle for 30 s; 72 °C for 45 s with
subsequent amplification of 30 cycles at 94 °C for 30 s; 55 °C for 30 s; 72 °C for 45 s, and final
extension of 72 °C for 7 min. The PCR products were multiplexed and diluted for analysis in
Hi-Di Formamide. The internal molecular weight standard for the ABI3130x] was Genescan

600-LIZ. Fragment sizes were evaluated and scored using GeneMapper Version 4.0 Software.

3.2.5 Estudos de diversidade genética

Phenotypic and Genetic diversity studies

The phenotypic data collected was used to assess the degree of phenotypic divergence
between populations (Psr) for each trait evaluated (Leinonen et al., 2008; Pujol et al.,2008;
Novaes et al., 2018; Mota et al., 2020). Psr was calculated based on variance components
obtained from linear mixed models, assuming an outcrossing mating system. The formula

used was:

2.:7{}1-

2
G—ﬂ + 1+Fig

where 0”5 represents the variance among populations (between-group genetic variance),
o’w corresponds to the residual variance (within-population variation), and Fs is the
inbreeding coefficient, which was calculated with the molecular data. These analyzes were
made building a script using the Ime4 and Ime4Test packages at R software (Battes et al.,
2015; Kuznestova et al., 2017).

Genetic variability was estimated using FSTAT software with the Fisher test and
molecular markers differentiation (Goudet, 2006). The Hardy-Weinberg equilibrium tests
were performed as linkage disequilibrium test for individual locus and for pairs of loci (3,200

permutations). Genetic diversity parameters were obtained, including the mean number of
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alleles per locus (4), allelic richness per locus and sample (Ry), expected heterozygosity or
Nei diversity (H.), and observed heterozygosity (H,). The parameters of genetic structure as
F statistic parameters (Wright, 1943): Fst, Fis (inbreeding estimator f), and Fif were measured

based on H, and H. frequencies.

3.2.6 Analises de estrutura genética populacional

Population Genetic Structure Analysis

Bayesian assignment analysis, performed using the software STRUCTURE 2.2.3
(Pritchard er al., 2000), was employed to identify distinct genetic clusters and estimate
admixture in multilocus genotypes without prior population origin information. Population
structure was analyzed using the admixture and correlated allele frequency models with 10,000
burn-in interactions and 100,000 Markov chain Monte Carlo (MCMC) replications. The
number of K was tested from 1 to 10, with 10 replicates running for each K.

The most probable number of clusters (K) was determined by the membership
coefficient (Q), which indicates the cluster to which each individual is most likely to belong.
To confirm the results, the average logarithm of the likelihood for each K (LnP(K)) was used,
with the smallest value indicating the most probable K.

3.2.7 Matrizes de distancia entre as populagoes

Distance matrices among populations

Three distinct distance matrices were constructed using the obtained data. Euclidean
distance was calculated from phenotypic data and the annual increment average, Nei distance
from the molecular data, and a geographic distance matrix was generated using the GPS
coordinates of each tree. Dendrograms were created to illustrate the relationships among
populations for the Euclidean distance (Ward D.2 method) and Nei distance (UPGMA cluster).
Cluster support was assessed through Bootstrap Probability (BP) and the more reliable
Approximately Unbiased (AU) p-value, calculated using multiscale bootstrap resampling.
Pearson correlation coefficients () were calculated between the matrices. The significance of
these correlations was evaluated using the Partial Mantel test with 9.999 permutations. All
analyses were conducted in R software, utilizing the distances, ade4, adegenet, phanrgon,
pv.clust, vegan, and ggplot2 packages (Dray & Dufour, 2007; Suziki & Shimodaira, 2006;
Jombart, 2008; Schliep, 2011; Wickham, 2016; Oksanen, F.J; Miller et al., 2019).
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3.3 RESULTADOS
Results

The results show variation across all analyzed phenotypic traits (Table 2), which is typical in
studies of natural populations. This variability arises from population overlapping and the
diverse age range within these populations (Table 3). This illustrate that phenotypic data reflect

the influence of both environmental and genetic factors.

Tabela 2. Analise descritiva, componentes de variancias e divergéncias fenotipicas
entre populagdes (Psr) dos caracteres fenotipicos de individuos
Araucaria angustifolia (Bertol.) Kuntze amostradas.

Table 2. Descriptive statistics, variance components, and phenotypic divergence
between populations (Psr) of Phenotypic traits of Araucaria angustifolia (Bertol.)
Kuntze trees.

Traits H (m) CPA(m) DBH (cm) V (m.s™) MOEd (MPa)
Mean 19.48 12.50 55.63 2390.4 3241.53
Variance 11.81 15.10 145.90 121.39 179.50
Standard deviation 3.44 3.89 12.08 425.71 1107.08
CV (%) 17.64 31.10 21.71 17.80 34.15
Maximum 27.00 23.00 91.67 3296.00 597491
Minimum 13.00 6.00 30.24 1389.40 1061.74
o’ 1192.00 2.85 2.62 24.31 13.29
a’w 121.35 9.93 13.18 10.55 136.38
p-value 0.00* 0.00* 0.00* 0.08 0.09
Pst 0.83 0.12 0.09 0.10 0.04

H- height; CPA; canopy projection area;, DBH- diameter at breast height; V- propagation speed; MOEd-
dynamic modulus of elasticity; CV- coefficient of variation; o5 - variance among populations; ¢ w - variance
within populations (residual); Pst- phenotypic divergence between populations; p <0.05.

Source: Authors, 2025.

The wide range in height (H), canopy projection area (CPA) and diameter at breast
height (DBH) indicates differences in the trees’ growth rate. A comparison of populations for
selected traits in Figure 2 shows Ipiranga (Montane) as the population with the highest average
height (21.29 m), while General Carneiro (High Montane) exhibits the highest average for DBH
(60 cm) and CPA (14.23 m). These observed variations could be attributed to a combination of
genetic factors and environmental conditions, both of which influence the growth and

development of the trees in varying ways.
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Figura 5. Boxplot dos valores dos caracteres fenotipicos das trés populagdes
amostradas de Araucaria angustifolia (Bertol.) Kuntze. A Altura (m). B. Didmetro a
altura do peito-DBH (cm) C. Didmetro de copa (m).

Figure 2. Boxplot of the phenotypic traits values in the three sampled populations of Araucaria
angustifolia B. Diameter at breast height (cm) C. Crown projection area (m).
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The phenotypic trait height (H) showed the highest among-population variance (o°5=

1,192) and Psr (0.83), indicating strong phenotypic divergence between populations. In
contrast, the traits MOEd (Psr= 0.04) and V (Psr= 0.10) exhibited low phenotypic divergence
between populations, with the most variation occurring within populations. Significant Psr was
detected only for H, canopy projection area (CPA), and diameter at breast height (DBH) (p <
0.05).
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Correlation analysis showed how genetics, wood quality and growth traits influence
each another. Such insights can be used to predict outcomes and identify key factors affecting
growth or health. The correlation matrix among phenotypic traits, including the annual
increment average was subjected to a t-test in R software (p < 0.05). The results showed
significant positive and negative correlations between all the traits, except for H (Figure 3).
DBH and CPA exhibit a strong and positive association, as do MOEd and V, which is expected
because V is required to calculate MOEd. Mean annual increment average had positive and
low-moderate correlation with the growth traits and negative correlation with the wood quality

traits.

Figura 6. Matriz de correlagédo entre caracteres fenotipicos e média do incremento
anual submetidas ao teste-t (p <0.05) nas populagbes de Araucaria angustifolia (Bertol.)
Kuntze amostradas.

Figure 3. Correlation matrix between phenotypic traits and annual increment average

submitted to t-test (p< 0.05).
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H- height; CPA; canopy projection area; DBH- diameter at breast height; MOEd- dynamic modulus of
elasticity; V- propagation speed; AIA- annual increment average.

Source: Authors, 2025.

For the growth rings, the different phytophysiognomies of MOF slighty affected the
growth pattern of the trees (Table 3). Among the studied populations, General Carneiro (High
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Montane) exhibited the highest average annual increment (0.58 cm/year) compared to the
others, both at 0.56 cm/year. All sampled populations are fragments of MOF surrounded by
agricultural landscapes. The presence of both young and old trees suggests that the forest
maintains a natural structure, and the age distributions indicate that these populations were

established over 54 years ago.

Tabela 3. Resultados obtidos nos estudos de anéis de crescimento nas trés
populagdes de Araucaria angustifolia (Bertol.) Kuntze.

Table 3. Results obtained from growth ring studies in the three populations of Araucaria
angustifolia (Bertol.) Kuntze.

Castro General Carneiro Ipiranga
0.56 0.58 0.56
Mean Annual increment(cm/year)
Age (Years) 62 - 158 54- 148 71- 143
Diameter at breast height (cm) 45— 62 39-1717 37-73

Source: Authors, 2025.

Our Hardy-Weinberg test results indicate no significant deviation from equilibrium for
individual loci. This finding is further reinforced by the genetic variability analysis (Table 4),
where the expected (H.) and observed (H,) heterozygosity values were equal for two
populations and only slightly higher for the third, all indicating strong genetic diversity.

The Castro (Alluvial) population, despite having the lowest number of sampled trees
(28), exhibited the highest Nei diversity index (He). This index represents the probability that
two randomly selected alleles from a population will differ (Nei, 1973). Even the lowest H.
value, observed in the General Carneiro population (0.73), is a strong indicator of genetic
diversity for the species. In contrast, the Ipiranga (Montane) population showed a higher H,
than H., which could suggest outbreeding.

Further assessing genetic variability within populations, we analyzed the allelic
composition across the eight loci. The results revealed a total of 106 alleles (A4), with an average
of 9.91 alleles per locus across all populations. The Ipiranga (Montane) population displayed
the highest average number of alleles per locus (4 = 10.11) (Table 4). The number of alleles
per locus ranged from three (4ang37) to 25 (Aang15) among the loci. This high allelic diversity
in the Ipiranga population is consistent with its known history of enrichment and better

conservation compared to the other populations. Furthermore, the allelic richness (Rs),
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calculated using a standardized sample size of 28 individuals (the minimum population sample

size), remained consistently high across all populations.

Tabela 4. Parametros de diversidade genética analisados nas trés populagoes de
Araucaria angustifolia (Bertol.) Kuntze, utilizando oito loci de microssatélites.

Table 4. Estimate of genetic diversity parameters in three populations of Araucaria angustifolia
(Bertol.) Kuntze using 8 microsatellite loci.

N A Rs H. H, f(FIS)
General Carneiro 39 9 8.78 0.73 0.73 0.00
(High Montane)
Castro 28 9.44 9.80 0.78 0.78 0.00
(Aluvial)
Ipiranga 38 10.11  9.46 0.76 0.77 -0.01
(Montane)
Mean 9.31 9.35 0.75 0.76 0

N - number of samples; A- mean number of alleles per locus; Rs- allelic richness, H.. expected heterozygosity;
H,. observed heterozygosity, f - inbreeding coefficient
Source: Authors, 2025.

To further explore the how genetically structured the populations are and the mating
patterns within the populations, the inbreeding coefficient (f) was calculated. The results
showed that the inbreeding coefficient was zero for General Carneiro (High Montane) and
Castro (Alluvial) indicating random mating, and negative for Ipiranga (Montane) (-0.01),
reflecting a slightly excess of heterozygosity (Table 4). The F-statistics, which assesses the
genetic structure of the populations and their differentiation, revealed zero values across loci
(Table 5). One locus (4ang03) had significant value, which can be related to a selection
pressure. These findings conclude that the three populations are not genetically structured, that
high gene flow occurs among within and among them, and that inbreeding is absent or low for

the loci analyzed (Table 5).

Tabela 5. Estatistica F de Wright para Araucaria angustifolia (Bertol.) Kuntze com
base em oito loci microssatélites analisados.
Table 5. Estimate of Wrigth’s F-statistics for Araucaria angustifolia (Bertol.) Kuntze
based on 8 microsatellite loci.
Aangl4 Aang27  Aang43 Aang01 Aangl5 Aang28 Aang37  Aang03

Fis 0.02 -0.06 -0.03 0.00 -0.01 0.05 0.10 -0.16*
Fir 0.06 -0.05 -0.03 0.01 -0.01 0.07 0.08 -0.14*
Fsr 0.04 0.00 0.01 0.01 0 0.02 -0.01 0.01

Fs. Inbreeding coefficient within individuals relative to their population; Fir Inbreeding coefficient within
individuals relative to all populations, Fsr.Genetic differentiation among subpopulations.
Source: Autors, 2025.

Bayesian analyses, which identify population clusters, indicated that despite sampling

from three distinct regions, all trees belonged to a single genetic cluster, with no evidence of a
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genetic structure between them (Figure 4). This result is supported by the higher values of mean
logarithm of likelihood for a single cluster and the symmetric on the membership coefficient
(Q). Thus, although these three populations differed in phytophysiognomies and were

geographically distant, gene flow was observed between them.

Figura 7. Analises de estrutura populacional baseadas no método bayesiano
utilizando o software Structure. A. Média do logaritmo da verossimilhanga em relagéo aos
valores de K. B. Gréfico de barras com o coeficiente de membership (Q) simétrico.
Figure 4. Population structure analyses based on the Bayesian method using the software

Structure A. Mean logarithm of likelihood values for different K values.
B. Bar plot showing the symmetric membership coefficient (Q).

Mean LnP(K) + Stdev B

Source: Authors, 2025.

Euclidean distance, calculated from phenotypic data—including the annual increment
average—resulted in a dendrogram (Figure 5) that clustered General Carneiro and Castro
together, with Ipiranga positioned on a more distant branch. This is different from the

geographical location between the three populations (Figure 1).
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Figura 8. Dendrograma e valores de boostrap da matriz de distancia Euclidiana obtida nas
trés populacdes amostradas de Araucaria angustifolia (Bertol.) Kuntze.
Figure 5. Dendrograms and boostrap values of the Euclidian distance matrix obtained from

the three sampled populations of Araucaria angustifolia (Bertol.) Kuntze.
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The Nei’s distance values were very low between the populations Although the dendrogram
grouped Castro and Ipiranga separately from General Carneiro (Figure 6A), the consensus tree
with bootstrap support grouped all three populations together, reinforcing the absence of genetic

structure among the analyzed populations.



60

Figura 9. A. Dendrograma da matriz de distancia de Nei obtidas nas trés populagbes
amostradas de Araucaria angustifolia (Bertol.) Kuntze. B. Arvore consenso e valor de
boostrap da matriz de distancia de Nei obtidas nas trés populacbes amostradas de
Araucaria angustifolia (Bertol.) Kuntze.

Figure 6. A. Dendrogram of the Nei distance matrix obtained from the three sampled
populations of Araucaria angustifolia (Bertol.) Kuntze. B. Consensus tree and boostrap value of the

Nei distance matrix obtained from the three sampled populations of Araucaria angustifolia (Bertol.)

Kuntze.
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Correlation analysis among genetic, geographical, and phenotypic distance matrices is
essential for understanding their relationships. As shown in Table 6, there was a high but non-
significant positive correlation between Nei's genetic and geographical distances (»=0.91). The
correlations between Nei's genetic and Euclidean distances (» = 0.36), and between
geographical and Euclidean distances (r = 0.25), were both positive, low and non-significant.
These results are likely due to the low dimensionality of the matrices, which reduces the

statistical power of the Partial Mantel test (Diniz-Filho et al., 2013).
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Tabela 6. Correlacdes entre as matrizes de distancias submetidas ao teste de Mantel
(9.999 permutacgdes).

Table 6. Correlation among distances matrices submitted to the Mantel test (9,999
permutations).

Nei distance  Geographical distance Euclidian distance

Nei distance -
Geographical distance 0.91 -

Euclidian distance 0.36™ 0.25m -

Source: Authors, 2025.

3.4 DISCUSSAO

Discussion

A resilient and healthy forest consists of trees of varying sizes, reflecting overlapping
generations and a complex forest structure (Sandeville, 2009; Faria et al., 2018). In this study,
significant variation was observed among sampled trees in key growth traits such as height (H),
canopy projection area (CPA), and diameter at breast height (DBH). Differences in wood
quality, particularly regarding wood density and stiffness, were also detected, which are likely
influenced by a combination of genetic and environmental factors (Longhi et al., 2018) (Table
1).

These findings underscore the heterogeneity present in growth patterns, wood quality,
and canopy size within the Parana pine populations, with important implications for forest
management and conservation strategies. The observed growth rate differences among trees of
the same species may result from genetic diversity (Miranda ef al., 2018), climatic conditions
(Wrege et al., 2017), or forest dynamics (Canetti et al,, 2014). Similar variability has been
reported in other studies involving A. angustifolia under distinct phytophysiognomies and
edaphoclimatic contexts (Ricken et al., 2022).

The Montane phytophysiognomy at Ipiranga is characterized by higher species
biodiversity and higher tree density (Roderjan et al., 2002), which align with the population's
highest recorded values for H, but comparatively lower CPA and values (Figure 2). This pattern
can be explained by the helophytic nature of Parana pine, which tends to prioritize vertical
growth to compete for sunlight (Reitz and Klein, 1966). This growth strategy has also been
documented by Ricken ef al. (2022) for populations located in montane phytophysiognomy.

In contrast, the General Carneiro population, located at an altitude of 1,230 meters
within the High Montane phytophysiognomy, is characterized by lower tree density and

reduced biodiversity (Roderjan et al., 2002). Under these conditions, trees tend to allocate more
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resources toward radial growth, resulting in the higher DBH values observed (Figure 2).
Additionally, as noted by Lawton (1982), wind stress associated with higher altitudes can
promote this growth strategy, with trees preferring diameter expansion over vertical growth to
enhance structural stability.

Propagation speed (V) and dynamic modulus of elasticity (MOEd) are non-destructive
methods used to predict wood quality and indirectly provide insights into tree health and the
growth potential (Wang et al., 2007). Accordingly, the strong correlation between these traits
(0.99) was expected, as both parameters are closely linked to wood mechanical properties
(Bucur et al., 2023). Furthermore, the natural tendency of Parana pine to shed lower branches
when shaded results in a positive strong correlation between DBH and CPA (0.81), as trees
with larger with larger diameters tend to have more compact projection areas (Cisneros et al.,
2019).

The negative correlation between CPA and DBH with MOEd and V reflect
physiological and biomechanical trade-offs between trees size and structural integrity (Krajnc
et al., 2019). Larger and faster-growing trees, with wider diameters and larger crowns, may
produce wood that is less dense and more flexible, thereby reducing both MOEd and V. These
correlations illustrate the dynamic balance that trees must maintain between growth, structural
strength, and adaptation to environmental conditions (Pretzsch, 2009).

The phenotypic divergence between populations (Psr) is considered a reasonable
substitute of the quantitative traits across populations (Qsr) and it is used in wild studies, when
species are not suitable for the breeding designs that allow the estimation of genetic additive
variance (6°a) (Merila and Crnokrak, 2001; Brommer et al., 2011; Leinonen et al., 2013).

The main challenge, however, when using Psr analysis to estimate genetic
differentiation in quantitative traits, is that environmental factors can significantly confound
both within- and among-population variance components (Pujol ef al., 2008; Leinonen et al.,
2013). This means Psr might underestimate true differentiation if within-population
environmental variance is high, or overestimate it if environmental differences between
populations are a strong driver of phenotypic divergence (Brommer ez al., 2011). Consequently,
a high Psr does not necessarily hypothesize the occurrence of local adaptation, as it could
merely reflect phenotypic plasticity (Gentili ef al., 2018).

Our Psranalysis (Table 1) revealed significant phenotypic divergence for height (H), as
indicated by a high Psrvalue of 0.83. This substantial divergence for H among populations
suggests the potential influence of local adaptation. Sallum et al., (2015) also found a possible

local adaptation in a study with the shell traits of Onithochiton neglectus. In contrast, other
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phenotypic traits like canopy projection area (CPA) and diameter at breast height (DBH)
exhibited low, though significant, Psr values (CPA =0.12 and DBH =0.09). These lower values
suggest that most variation for CPA and DBH is maintained within populations, potentially due
to phenotypic plasticity, that represents a way to adjust phenotypes to the environmental
heterogeneity, which generates morphological diversity in a population (Halama and Reznick,
2001). Novaes et al., (2018) also found low Psr values in a study with the fruits and seed traits
of Eugenia dysenterica.

Overall, these findings highlight the importance of considering environmental and
population-level differences in conservation and breeding strategies, particularly for highly
divergent traits like H. Conversely, the low Psr values for CPA and DBH imply that selection
for these characteristics could be more broadly applied across populations.

The study of growth rings is a crucial as it reflects the tree’s response to environmental
variables such as altitude, light availability, temperature, and humidity (Worbes et al., 2002).
The mean annual increment exhibited from a low to moderate correlation with other traits, being
positively associated with growth traits like CPA (0.42) and DBH (0.31), and negatively related
to wood quality traits. This pattern is consistent with previous research, indicating that these
traits are interconnected and influenced by the tree's ability to capture resources such as light
and nutrients, thereby affecting growth rates and ring formation (Wimmer, 2002; Hess et al.,
2018). While traits like CPA and DBH are typically positively correlated with growth rates,
there is often a trade-off, with rapid growth potentially leading to lower wood density and
suboptimal structural properties as trees prioritize quick cell expansion (Mankowski et al.,
2020). This trade-off is a critical consideration for forest management, particularly in breeding
programs aiming to optimize both productivity and timber quality (Longhi ef al., 2018; Roque
et al., 2023).

Parana pine exhibits well-defined growth rings, facilitating their study and
interpretation (Mattos, 2011). The mean annual increment obtained (Table 3) was influenced
by various factors, including age, management practices, tree density, soil conditions, and
rainfall (Dillburg et al., 2009; Zanon & Finger, 2010; Huss ef al., 2020). Previous studies have
reported growth rates ranging from 0.30 to 0.96 cm/year in natural Parana pine populations
(Hess and Schneider et al., 2010; Stepka et al., 2012; Hess et al., 2018; Lambrecth et al., 2019;
Ricken et al., 2022), consistent with the values obtained in this study. These findings confirm
the expected healthy growth patterns of the populations studied and provide critical insights for

forest health assessments and development of conservation and sustainable for forest health
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assessments and the development of conservation and sustainable management strategies (Braz
etal, 2012).

The presence of overlapping generations, with both young and old trees, has been
reported in other natural populations (Koch and Correa, 2010; Hess et al., 2018; Ricken et al.,
2022). The demographic structure suggests that, despite historical overexploitation and the
species’ inherently slow growth (Zanette & Wendling, 2017), Parana pine populations have
demonstrated considerable resilience to environmental changes. This resilience is a key factor
in the natural regeneration of Parana pine, which is influenced by ecological and genetic factors.
While the species is light-demanding, it exhibits moderate shade tolerance during juvenile
stages, allowing for regeneration under canopy cover and in open areas, as evidenced by the
presence of overlapping generations in all studied phytophysiognomies (Table 3). Successful
regeneration depends on viable seeds availability and favorable growth conditions, though
factors such as seed predation and competition from understory vegetation can limit seedling
establishment (Santos ef al., 2015). Nevertheless, studies have documented successful natural
regeneration in secondary forests and forest openings, indicating the species' capacity to recover
under suitable conditions (Soares, 1979; Santos ef al., 2015).

Understanding these dynamics is crucial for developing effective conservation strategies
for A. angustifolia, especially considering the importance of resilience in the context of climate
change (O’hara et al., 2014; Cysneiros et al., 2023). Additionally, genetic diversity in natural
populations is shaped by forest dynamics (Janes and Hamilton, 2017; Kulevicz et al., 2020). In
this study it is notable that the Ipiranga population, which has been enriched and is better
conserved than others, exhibits higher genetic variability, which may explain some of the
observed patterns.

The mean number of alleles per locus (4) parameter is influenced by sampling strategies
and molecular markers used (Faleiro, 2007). Sousa et al. (2020) using the same loci with 120
individuals, reported a range of 4 to 18 alleles per locus, averaging of 11.13. Similar findings
have been reported by for Bittencourt and Sebben (2007, 2008, 2009), Patreze and Tsai (2010),
Medina and Macedo et al. (2015) and Roque (2023). The number of alleles observed reflects
substantial genetic diversity, which is essential for enhancing population resilience and
adaptability to environmental changes (Torres-Florez ef al., 2017). Compared to Sousa et al.
(2020), who reported lower allelic richness average (Rs= 3.7), this study recorded a higher value
(Rs =9.4), aligning with the range found in other studies (4.9 — 12) (Stefon et al., 2008, Sousa
et al, 2020; Roque et al., 2023). Allelic richness is a robust indicator of populations’

evolutionary potential, and is critical for conservation efforts, as maintaining a diverse allele
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helps mitigate the impacts of climate changes (Foulley, 2006; Caballero & Garcia-Dorado,
2013; Greenbaum et al., 2014).

The overall average genetic diversity value (H. = 0.75) is considered high compared to
previous studies on Parana pine, where values ranged from 0.08 to 0.77 (Bittencourt and
Sebben, 2008; Patreze and Tsai, 2010; Medina-Macedo et al., 2015; Padua, 2015; Roque et al.,
2023). Sousa et al. (2020), for instance, reported lower averages (H, = 0.61; H. = 0.67) using
the same loci.

Additionally, gene flow was detected among the populations, reinforcing their
conservation status and health. This pattern is consistent with the species’ reproductive biology,
which relies on wind (anemochory) for pollen dispersal and animal for effective seed dispersal
(Signor et al., 2015; Dénes et al., 2018). The low levels of breeding observed further support
the presence of extensive gene flow, supported by the dioecious nature of 4. angustifolia, which
promotes cross-pollination and genetic variability (Sousa and Hattemer, 2003; Stefenon ef al.,
2008; Aguiar et al., 2021).

While the use of Psr as an approximation of Qsr is accepted in literature, the inherent
problems are well-known. Specially, it should always be evaluated with sensitivity analyses
because both within- and among-population components of variance can be confounded by
environmental effects. (Brommer et al., 2011; Leinonen et al., 2013; Wood et al., 2021). A
comparison of Psrvalues (Table 2) with genetic differentiation among populations (F'sr) values
(Table 5) reveals that phenotypic divergence among populations is greater than neutral genetic
differentiation. This suggests that environmental conditions substantially influence population
variation (Wood ef al., 2021). Similar results were reported by Banjpai et al. (2022) for Eruca
sativa, demonstrating high phenotypic divergence with low genetic differentiation in distinct
environments. This often suggests that divergent natural selection is driving greater phenotypic
differentiation than expected under genetic drift. In other words, populations are adapting to
their local environments, leading to more pronounced trait differences.

Present on Earth for approximately 200 million years, Parana pine thrived during the
Triassic period under cold and wet conditions (Ferri ef al., 2017). Over geological timescales,
particularity during Pleistocene, significant climatic fluctuations in southern Brazil, driven by
glacial and interglacial cycles influenced the species' occurrence and distribution (Zanette &
Wendling, 2017; Stefenon et al., 2019; Rodriguéz-Zorro et al., 2022).

Before the last glacial period, Parana pine occupied regions extending from the south to
the northwest of Brazil, where cooler climates prevailed (Behling, 2002; Behling e Pillar, 2007;

Vasconcellos ef al., 2024). However, as temperatures rose during the early Holocene, around
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20,000 years ago, the species to became restricted to lower latitudes and higher altitudes
(Carlucci et al., 2011; Bertoldo et al., 2014; Kersten et al., 2015; Stefenon et al., 2019). By the
end of the last glacial period, environmental conditions favored the expansion of Parana pine
in southern regions, marking a relatively recent phase in its evolutionary history (Nodari et al.,
2018; Rodriguez-Zorro et al., 2022).

Human activities likely influenced this distribution, with the movement of indigenous
people and later colonizers facilitating seed dispersal (Pinaya et al., 2019; S et al., 2023). Thus,
despite ancient evolutionary history, the current distribution of Parana pine has been shaped by
both climatic and anthropogenic forces (Vasconcellos ef al., 2024). These dynamics may have
contributed to reduced genomic diversity, and less distinct genetic structure within southern
populations (Martin ef al., 2014). However, gene flow appears to mitigate the negative impacts
of fragmentation (Stefenon et al., 2008).

Data from this study suggest that the populations were likely established at least in the
last century (Table 3), during a period when the Mixed Ombrophilous Forest (MOF) was less
degraded (Sousa ef al., 2021). These findings are consistent with other molecular studies that
also failed to identify well-defined genetic groups among southern populations (Stefenon et al.,
2019; Sousa et al., 2020; Souza et al.,2024).

The discrepancies observed between the distance matrices are critical for understanding
population characterization. Measures of genetic distance, such as Nei’s, reflects neutral
variation shaped by evolutionary process like mutation, genetic drift, and limited gene flow
(Rodrigues and Diniz-Filho, 1998; Hendry and Taylor, 2004). Given the fragmented
distribution of MOF forests, where Parana pine occurs, the low and no significant Nei’s distance
(Figure 6) reinforce that the findings of a shared genetic structure across the three studied
populations (Figure 4 and Table 5).

Phenotypic distance, represented by Euclidean measures, capture traits influenced by both
genetic and environmental conditions, such as soil quality (structure, depth, and fertility),
competition, and climate (e.g., rainfall, temperature, and relative humidity) (Borém and
Miranda, 2013). The divergence between the dendrogram structure and the geographical
proximity of populations suggests the influence of local adaptations, a hypothesis supported by
the elevated Psr values observed (Table 2).

These contrasting patterns emphasize that Parana pine populations are shaped by a
complex interplay of historical genetic processes, such as the recent distribution after the last
glaciation (Rodriguez-Zorro et al., 2022), and adaptive responses to distinct environmental

pressures (Souza et al., 2024). Also, these results illustrate that factors beyond spatial proximity,
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including environmental pressures, historical events and local adaptation, may play significant
roles in shaping both genetic and phenotypic variation in these Parana pine populations.

Overall, the findings illustrate the complex interactions between genetic diversity,
environmental pressures, and spatial distribution. Previous studies by Aguiar et al. (2011) and
Sanson et al. (2024) have reported low correlations between phenotypic and genetic data,
underscoring the intricate dynamics that influence both genetic and phenotypic variation in
natural populations. These interactions provide valuable insights into the drivers of diversity
and offer important implications for conservation strategies.

The observed genetic variability is promising for the in-situ conservation of the Parana
pine. Regardless of the elected phytophysiognomy for conservation, the persistence of
substantial levels of genetic diversity suggests that even fragmented landscapes hold potential
for effective conservation efforts. /n sifu conservation emerges as a promising approach to the
genetic diversity observed in these populations, as it allows the continued action of natural
selective forces and adaptation to environmental conditions (Faria ef al., 2018; FAO, 2025)

This finding is particularly relevant given that all three studied phytophysiognomies
exhibited high levels of genetic diversity. Therefore, in prioritizing areas for conservation, it is
essential to assess parameters such as the effective population size, pollen flow, and the
genetic variability of the fragments (Montagna et al., 2012; Vencosky et al., 2012; Medina-
Macedo et al., 2015; Paludo et al., 2016). Additionally, it is important to consider the critical
role played by the environmental conditions in occurrence and persistence of the species

(Fritzons et al., 2018 a, b, c¢), especially in the context of ongoing climate change.

3.5 CONCLUSOES
Conclusions

This research on Araucaria angustifolia across different phytophysiognomies in Parana
highlights the complex interplay of genetics, environment, and historical factors driving the
species' diversity. While significant phenotypic variation reflects adaptive responses in the three
populations, genetic diversity is consistently high and uniform across populations, with robust
gene flow preventing genetic structuring. The identified high allelic richness is a valuable asset
for conservation. To enhance in situ conservation and enrich the germplasm bank, expanded
population sampling in Parand is recommended, alongside continued integration of molecular

and phenotypic data for more effective strategies.
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