unipampa

Universidade Federal do Pampa

UNIVERSIDADE FEDERAL DO PAMPA

CAMPUS SAO GABRIEL

PROGRAMA DE POS-GRADUACAO EM CIENCIAS BIOLOGICAS

RAFAEL PLA MATIELO LEMOS

PADROES DE DISTRIBUICAO E ESTRUTURA GENETICA DE Schinus molle L. NA
REGIAO DO PAMPA BRASILEIRO

DISSERTACAO DE MESTRADO

SAO GABRIEL
2014



RAFAEL PLA MATIELO LEMOS

PADROES DE DISTRIBUICAO E ESTRUTURA GENETICA DE Schinus molle L. NA
REGIAO DO PAMPA BRASILEIRO

Dissertacdo apresentada ao Programa de Pds-
Graduacédo Stricto sensu em Ciéncias Bioldgicas
da Universidade Federal do Pampa, como
requisito parcial para obtencdo do Titulo de

Mestre em Ciéncias Bioldgicas.

Orientador: Prof. Dr. Valdir Marcos Stefenon

SAO GABRIEL
2014



PADROES DE DISTRIBUICAO E ESTRUTURA GENETICA DE Schinus molle L. NA
REGIAO DO PAMPA BRASILEIRO

Elaborada por:
RAFAEL PLA MATIELO LEMOS

Dissertacdo defendida e aprovada em 08 de agosto de 2014

Banca Examinadora:

Prof. Dr. Valdir Marcos Stefenon
Orientador - UNIPAMPA

Prof. Dr. Filipe de Carvalho Victoria
Membro Titular - UNIPAMPA

Prof. Dr. Luiz Fernando Wiirdig Roesch
Membro Titular - UNIPAMPA

Prof. Dr. Frederico Costa Beber Vieira
Suplente - UNIPAMPA



AGRADECIMENTOS

A minha familia amada. Em especial a minha avé Ledy Ignez que de onde ela estiver,
me da forcas para continuar; a minha mae Claudia, minha mae de coracdo Glai e a0 meu pai
Paulo Ricardo por todo amor, carinho e apoio; & minha filha Isabelle a quem eu amo tanto; a
Guilherme e Jaluzia, minha familia do coragdo que me acolheu por tanto tempo em sua casa e
que muito me ajudou em um dos periodos mais complicados dessa trajetoria aos quais serei
grato pelo resto da vida; aos meus irméos, sejam eles de sangue ou ndo, que estdo sempre
torcendo por mim; e, finalmente, a minha amada Cristiane, que € a luz que guia meu caminho,
minha forca pra seguir lutando pelos meus objetivos e que ndo mede esforgos pela nossa
felicidade.

Aos meus amigos e colegas de Mestrado. Pelo apoio e auxilio durante o
desenvolvimento desse estudo. Em especial aos meus colegas dos grupos NUGEM, NCTV e
NEVA. Sou grato a todo o apoio, discussdes, saidas de campo, horas de laboratorio,
aprendizado, reunides e encontros. Agradeco a Claudia Bernardini por me receber em S&o
Gabriel e por apresentar a minha amada Cristiane; a Dione Kercher pelas primeiras
empreitadas no sequenciador, que possibilitou o seguimento do meu trabalho, e também por
me dar o Yoda, meu amado filhote canino; a Monica Minozzo pela amizade e por me
apresentar a arte do Karaté-do, um novo modo de ver a vida.

Aos meus professores, colegas e amigos. Mestres que muito contribuiram para a
construcdo do meu conhecimento. Agradeco pela oportunidade de aprender e trabalhar com
vocés. Em especial aos professores Luiz Fernando Roesch, Filipe Victoria, Margeli
Albuquerque, Frederico Vieira, Andrés Cafiedo, Antdnio Batista Pereira e Leonardo Deble 0s
quais admiro como grandes profissionais e pesquisadores, agradeco por todas as
oportunidades, discussdes e auxilios nesse trabalho.

Agradeco aos membros da banca examinadora e aos revisores dos periodicos. Pelo
tempo e conhecimento dedicados na avaliagdo desse trabalho e seus artigos.

Agradeco, finalmente, ao meu orientador Professor Valdir Marcos Stefenon. Muito
obrigado por me aceitar e me dar essa oportunidade, muito obrigado pela paciéncia, muito
obrigado por ndo medir esforcos para que eu pudesse vir para Sdo Gabriel, muito obrigado
por tudo o que pude aprender e desenvolver nesse estudo, muito obrigado pela amizade e

confianca no meu trabalho e, muito obrigado por ser um paizéo!



RESUMO

Um dos principais aspectos para a ecologia de populacdes e evolugdo € o
entendimento da conectividade entre os individuos e seus grupos. O bioma Pampa apresenta
diversos componentes floristicos de grande importancia ecoldgica, e sua estrutura de campo,
estépico-savana, vem sendo fragmentada e impactada pelo sistema de producdo e pela falta de
manejo desse bioma naturalmente fragil. A partir da informacdo da diversidade genética de
populacdes nativas é possivel entender o atual estado de fragmentacdo ambiental, esclarecer
se h& fluxo-génico entre populacdes, e sugerir formas de manejo que possam garantir a
sobrevivéncia da biodiversidade local. Nesse estudo, Schinus molle L. (Anacardiaceae) foi
empregada para avaliar a dinamica ecoldgica, a diversidade e a estrutura genética em espécies
arboreas no bioma Pampa. A dindmica de expansao prevista para a espécie foi determinada
através de modelagem de nichos ecoldgicos e estrutura e diversidade genética foram avaliadas
em nove populagdes amostradas dentro do bioma Pampa stricto sensu, utilizando marcadores
microssatélite e AFLP. O mapa da modelagem de nichos ecoldgicos de S. molle sugere a
expansdo da espécie sobre o campo, como um fendmeno natural da dindmica ecoldgica do
bioma. A estrutura genética intra- e inter-populacional sugere limitacdes ao fluxo génico e, a
diversidade genética intra-populacional é baixa se comparada a espécies com as mesmas
caracteristicas bioldgicas. O isolamento entre populacGes e 0 pequeno tamanho destas parece
ser o principal fator interferindo negativamente no ambiente. A manutencéo de conexdes entre

as populacdes € a acdo imediata sugerida para preservar a espécie e o bioma.

Palavras-chave: expansao florestal, campo, diversidade genética, fluxo-génico, AFLPs.



ABSTRACT

One of the main aspects for the population ecology and evolution is the understanding
of the connectivity among individuals and their groups. The Pampa biome presents several
floristic elements of high ecological importance and its grassy structure, steppic-savanna, has
been fragmented and impacted by the production system and by the absence of management
of this naturally fragile biome. From the information about genetic diversity of native
populations, it is possible to understand the current status of the environment degradation,
highlighting the presence of gene flow among populations and to suggest management
strategies that could guarantee the survival of the local biodiversity. In this study, Schinus
molle L. (Anacardiaceae) was employed to evaluate the ecological dynamic, the genetic
diversity and structure in tree species of the Pampa biome. The expected expansion dynamic
for this species was determined through ecological niche modeling and the genetic diversity
and structure were evaluated in nine populations sampled within the Pampa stricto sensu,
using microsatellite and AFLP markers. The ecological niche modeling map of S. molle
suggests the species expansion over the grassland as a natural phenomenon of the biomes
ecological dynamic. The intra- and inter-population genetic structure suggests limitations to
the gene flow and the intra-population genetic structure is low in comparison to species with
the same biological traits. The isolation among populations and their small size seems to be
the main factor negatively interfering in the environment. The maintenance of connections
among the populations is the immediate action suggested to safeguard the species and the

biome.

Keywords: forest expansion, grassland, genetic diversity, gene-flow, AFLPs.
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INTRODUCAO GERAL

O bioma Pampa brasileiro é representado principalmente por um ambiente
caracteristico de campo/estepe e savana-estépica (Cordeiro e Hasenack, 2009). Estas
formaces sdo dominadas por gramineas, porém apresentam importantes areas com formacoes
arbéreas na forma de capdes de mato e de mata ciliar (Roesch et al., 2009). Ocupa cerca de
2% do territdrio brasileiro sendo restrito ao estado do Rio Grande do Sul onde estende-se por
63% da area deste estado e caracteriza a fisionomia da metade sul. De acordo com Boldrini et.
al. (2010) e Deble (2011), esse bioma, situado ao sul do paralelo 30°S, est& na fronteira entre
as zonas climaticas tropical e subtropical onde é evidenciada a interposicdo de campos e
florestas em seu territorio geografico, 0 que garante a riqueza de espécies e uma grande
biodiversidade sendo grande parte endémica a essa regido e amacada de extin¢do segundo 0s
critérios da Unido Internacional da Conservagdo da Natureza (IUCN, 2010).

Recentes alteracbes globais nos ecossistemas tem gerado a necessidade de
conservacao do patrimonio genético de diversas espécies. O bioma Pampa tem sofrido grande
impacto do sistema de producao agrosilvipastoril, sua paisagem vem sendo alterada em larga
escala e segundo o Relatorio Técnico: “Cobertura vegetal do bioma Pampa” (PROBIO, 2007)
apenas 42% da cobertura natural do bioma Pampa permanecia inalterada o que ja deve ter
diminuido consideravelmente nesses Uultimos sete anos. Levando em consideragdo a
fragilidade natural deste bioma, caracterizada no trabalho de Roesch et al. (2009), existe uma
tendéncia de continuidade e consequente ampliacdo do processo de degradacdo ambiental e
sociocultural da regido. A destruicdo das areas de formacdo florestal no Pampa (matas de
galeria, capdes de mato e etc.) acarreta em drastica reducdo da biodiversidade local tendo em
vista que essas formacgdes sdo refugio e habitat para diversas espécies da fauna e flora
inclusive endémicas da regido (Deble, 2011).

Embora nenhuma expansao expressiva de populacdes arbdreas ser observada neste
bioma (Bredekamp et al., 2002; Pillar, 2003; Roesch et al., 2009), as condic¢Bes climaticas
atuais, a profundidade e os tipos de solos do Pampa brasileiro sdo considerados favoraveis
para o desenvolvimento de florestas. Iniciativas tomadas nos ultimos anos, visando gerar
conhecimento sobre a atual biodiversidade do Pampa gaicho, tém centrado esforcos em
inventarios taxonomicos, como o Inventario Florestal Continuo do Rio Grande do Sul
(UFSM/SEMA-RS, 2007), e levantamentos fitossocioldgicos de areas de campo (Boldrini et
al., 1998; Pillar et al. 2009; Freitas et al., 2010). Apesar da importancia incontestavel destes

trabalhos para o conhecimento da diversidade bioldgica do bioma Pampa, existe ainda uma



caréncia em relacdo a inventarios genéticos, que permitam determinar &reas de especial
atencdo para a conservacao dos recursos genéticos florestais da regido.

Considerando que grande parte da riqueza e da biodiversidade da regido Pampeana do
estado do Rio Grande do Sul carece de informacGes cientificamente sistematizadas, a
estimativa adequada da diversidade em nivel genético representa um passo importante para 0
reconhecimento de &reas prioritarias para a conservacdo dos recursos genéticos florestais
deste bioma. A continuada erosdo dos recursos genéticos florestais também demanda uma
precisa prospecc¢do da diversidade genética desse ecossistema, propiciando ferramentas para a
reavaliacdo das formas de uso dos recursos florestais.

Para ecologia de populacBes e evolucdo, um dos aspectos mais importantes é o
entendimento da conectividade entre individuos e seus grupos. O fluxo génico é um fator vital
para a estrutura das populacGes ao longo do tempo. Enquanto alto fluxo génico leva a
homogeneidade de estrutura genética, o baixo fluxo génico ndo permite a distribuicdo
aleatoria de alelos e genétipos (Stefenon et al., 2008) e a estrutura genética do componente
arboreo demonstra o verdadeiro estado de fragmentacdo do ambiente em que ocorre. A
exposicdo das populacdes aos problemas ecologicos e genéticos através de fragmentacao
florestal pode aumentar a endogamia, a perda de variacdo génica e diminuir a capacidade
reprodutiva e resisténcia a doencas o que faz com que essas populacdes sejam mais
suscetiveis a mudangas ambientais e torna a adaptacdo mais dificil (Souza et al., 2013). E
essencial que as populaces nativas mantenham diversidade genética suficiente para serem
capazes de responder as rapidas alteracdes climaticas e impactos externos, reduzindo assim a
probabilidade de extingdes locais (Federman et al., 2014).

Marcadores moleculares tém sido amplamente utilizados para avaliar os niveis e
padrdes de fluxo génico entre e dentro de populacdes de espécies arbdreas. Pesquisas com 0
objetivo de destacar a estrutura genética espacial, ou seja, dentro do fluxo génico da
populacdo, sdo baseadas principalmente na computacdo de coeficientes de parentesco,
comparando os valores observados com o esperado em cruzamentos aleatorios (Hardy et al.,
2006). Para tais estudos, os marcadores moleculares devem ser tdo varidveis e polimarficos
guanto possivel. O marcador AFLP (Amplified fragment length polymorphism/Polimorfismo
de fragmento de tamanho amplificado) ndo necessita de conhecimento anterior da sequéncia
nucleotidica, é altamente polimorfico e tém um alto nivel de reprodutibilidade. Tém sido
amplamente utilizado para estimar relagdes genéticas e avaliacGes de diversidade (Vuylsteke
et al. 2008), sendo extremamente confidvel na analise de diversidade genética espacial (Jump
e Pefiuelas, 2007; Stefenon et al., 2008).



Diversos estudos tém investigado os padrGes de estrutura genética espacial em
populacbes naturais de espécies de arvores da Floresta Amazonica, Mata Atlantica e Cerrado
no Brasil (ver Stefenon et al., 2008, Baldauf et al., 2014). No entanto, estudos sobre estrutura
genética de espécies arboreas nativas para o bioma Pampa tém sido negligenciados.

Como modelo para este estudo optamos pela utilizagdo do Schinus molle L.
(Anacardiaceae) também conhecida por Aroeira-salsa, Aroeira-piriquita ou Anacahuita. S.
molle € uma arvore de porte mediano, com 3 a 10 metros de altura e expressiva dispersao pelo
estado do Rio Grande do Sul, sendo encontrada em beiras de estrada do bioma Pampa. Possui
ampla distribuicdo global sendo naturalmente encontrada no sul do Brasil, Argentina,
Uruguai, Paraguai, Bolivia e Peru (Sobral e Jarenkow, 2006) além de relatos como invasora
ou naturalizada na Africa do Sul (Henderson, 2007; Milton, 2007; lIponga, Milton e
Richardson, 2008, 2009a, b, ¢; Richardson et al, 2010 e Iponga de 2010), Havai (Asner et al.,
2008) e na Califérnia (Howard e Minnich, 1989). Apresenta madeira dura e facil de trabalhar,
de alta durabilidade quando exposta as intempéries. Na regido, tem sido geralmente utilizada
para moirdes de cerca devido a esta durabilidade (Reitz et al., 1988). Por ser helitfita e
seletiva xerofita, frequente em solos arenosos dos campos da Depressao Central, apresenta-se
como uma potencial espécie para ser empregada no controle da expansdo de areas de
arenizacao. Os 6leos essenciais encontrados nas folhas, frutos e casca desta planta possuem
propriedades antimicrobianas, antifungicas, antiespasmaodicas, antipiréticas, anti-inflamatérias

e cicatrizantes sendo amplamente utilizados na medicina popular (Fernandes e Favero, 2014).

HIPOTESES

- Schinus molle L. tem as caracteristicas necessarias para abrigar expansao florestal
sobre os campos do bioma Pampa além de possuir alta diversidade genética, permitindo
elevado potencial adaptativo.

- As populacdes de S. molle tém uma diferenciagdo genética consistente, devido ao seu
isolamento geografico dentro do Pampa brasileiro, devido a um processo de isolamento-por-

distancia.
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OBJETIVO GERAL

Realizar o levantamento da distribuicdo geogréafica de populagdes naturais de Schinus
molle L. no bioma Pampa Brasileiro, verificar a existéncia de um padrdo para a ocorréncia
dessa espécie nesse ambiente, identificar os padrdes de diversidade e estrutura genética dentro
e entre suas populacBes além de constatar a possivel necessidade de conservacdo desse

recurso genético.

OBJETIVOS ESPECIFICOS

- ldentificar e mapear populacGes naturais de Schinus molle L. no Pampa stricto sensu
(regido da Campanha) e coletar amostras foliares de ao menos 30 individuos em 10 destas
populaces, para estudos de genética populacional.

- Caracterizar a diversidade genética intra e interpopulacional de S. molle, atraves de
marcadores microssatélites e/ou AFLPs e correlacionar as andlises com a fragmentacédo

ambiental e a possivel expansao florestal sobre o campo.

METODOLOGIA EMPREGADA

Amostras foliares de individuos adultos (n = 278) foram coletadas em nove
populacgdes naturais de Schinus molle L. na Regido da Fronteira Oeste e Sul do Estado do Rio
Grande do Sul (Pampa stricto sensu). Para as andlises de distribuicdo da espécie, foram
registrados, durante o trabalho de campo, os pontos de ocorréncia de populacdes naturais,
enquanto os dados climaticos foram obtidos em bancos de dados especificos. Para as analises
genéticas, inicialmente testou-se a transferéncia de marcadores microssatélites desenvolvidos
para a espécie Schinus terebinthifolius Raddi. Devido a baixa transferéncia dos locos
microssatélites, marcadores AFLP foram utilizados. O detalhamento sobre os materiais e

métodos utilizados sdo descritos nos capitulos a seguir.
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CAPITULO 1. Modeling distribution of Schinus molle L. in the Brazilian Pampa:

insights on vegetation dynamic and conservation of the biome.

(Artigo submetido ao Periodico Annals of the Forest Research sob autoria de Rafael Pla
Matielo Lemos, Cristiane Barbosa D’Oliveira, Carla Roberta Rodrigues, Luiz Fernando

Wirdig Roesch, Valdir Marcos Stefenon)
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ABSTRACT

Several researchers have proposed the development of natural forests in the Brazilian
Pampa biome should occur, although no significant forest expansion over grassland has been
noticed. In this study, we used niche-modeling distribution of the tree species Schinus molle
L. to discuss the vegetation dynamic of the Brazilian Pampa and strategies that assure the
conservation of this biome. Based on climatic variables, we show that a broad area of the
Brazilian Pampa is suitable for expansion of S. molle populations, supporting the forest
expansion over grassland as a natural process in the Pampa biome. We propose that the
nonexistence of tree species expansion over the grassland is probably effect of the resilience
of the grassland and the human interference through expansion of agriculture, ranching and
forestry with exotic species. Therefore, conservationist actions should focus on establishing
preservation unities that include forest populations and grassland, while the environmental
management should be applied just in grazing areas with historical human interference. Such
actions will respect the ecological dynamic of the Pampa and value the forest formations in

this grassland-dominated environment.

Key words: Forest expansion; Peruvian pepper tree; maximum entropy; vegetation dynamic
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Introduction

Schinus molle L. (Anacardiaceae) is an evergreen dioecious tree species (Figure 1A)
with natural occurrence in the Pampa Biome. It is recognized as an invasive species in South
Africa (Iponga et al. 2009), Hawaii (Asner et al. 2008) and California (Howard & Minnich
1989), with high dispersion capacity and large ability to survive into new regions. These
characteristics offer good opportunities for gaining insights regarding the ecological dynamic
of tree species populations in the Brazilian Pampa and understanding the needs for the
conservation of this biome.

The Brazilian Pampa is restricted to the southernmost region of the country, where it
occupies about 176,496 km2 comprising a mosaic of different vegetation physiognomies,
dominated by grassland environments (Roesch et al. 2009). The current climatic conditions
and the depth of the soils from the Brazilian Pampa have been considered favorable to the
development of forests, although no expressive expansion of tree populations is observed in
this biome (Bredekamp et al. 2002; Pillar 2003; Roesch et al. 2009). Consequently, remains
the question: which features are determinant in precluding the expansion of the tree
populations over the grassland in the Pampa Biome? Although it is an old question (e.g.
Rambo 1956; Hueck 1966; Klein 1975), few studies tried to answer it through empirical
research of ecological dynamic of tree species.

Although forests are not the most significant plant component of the Pampa biome,
woody formations are quite important in this region. Forest formations are crucial for the
protection of watercourses, as housing and nesting area for several birds, mammals and
epiphyte plants, as well as being a source of high biodiversity. However, conserving regional
biodiversity is directly associated to the species occurring in a region and the several biotic
and abiotic features that comprise an ecosystem (Myers et al., 2000).

Aiming to have rapid information towards taking decisions about nature preservation,
conservationists have increasingly relied on predictive models to provide decision-makers
with information on species distribution. In addition, modeling the species distribution over
ecosystems have become a strategic tool in documenting biodiversity on the planet and are
crucial to understanding the effect of multiple stresses caused by climate and human-induced
changes (Saatchi et al. 2008).

The present study aimed to highlight the natural dynamic of tree populations in the
Pampa biome concerning ecological succession of the vegetation, by determining likely
occurrence areas of S. molle populations in the Pampa biome in Southern Brazil, using

maximum entropy and GIS-based modeling. Considering the pioneer nature of S. molle, the
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large dispersion capacity and the high adaptability, we intend to answer two main questions:
(1) is the expansion of tree species over grassland an expected process in the Brazilian
Pampa? (2) Which strategies should be used to guarantee the natural dynamic and

conservation of this biome?

Material and Methods
Studied species and data collection

Schinus molle (Peruvian pepper tree) is an important tree species naturally occurring in
the Pampa biome (Sobral & Jarenkow 2006). It can flower at any time of the year and female
trees bear a mixture of ripe and unripe fruits (Figure 1B) most of the time, making their seeds
available for dispersal throughout the year (Milton et al. 2007). Seeds are dispersed by birds,
mammals and in running water, while seedlings become established in washes, ravines, old
fields and rock outcrops (Howard & Minnich 1989). Schinus molle is recognized by its use in
the folks’ medicine (Dikshit et al., 1986), by the pharmaceutical uses of its essential oils
(Marongiu et al., 2004) and by its use as the delicacy pink pepper (Goldstein and Coleman,
2004).

Data about occurrence of S. molle populations were collected in the savanna, steppic-
savanna and steppe portions of the Brazilian Pampa, hereafter called Pampa stricto sensu
(29000°-32000°S, 53030°-58000°W). The Pampa stricto sensu (Figure 2A) is characterized
by large extensions of grassy vegetation with occurrence of tree species as gallery forests and
scattered forest formations across the grasslands (Roesch et al. 2009). Because S. molle is a
heliophyte species that usually occurs in small to median sized populations along disturbed
environments, we conducted a search throughout all the Pampa stricto sensu for such
locations, as well as for primary and secondary forest formations, where populations of S.
molle are expected to be found. Since this species is sometimes planted by landowners in the
Pampa biome, just clusters formed by at least 10 individuals with random distribution were

classified as a population of S. molle, characterizing natural dispersion of the species.

Distribution model simulations

To estimate the extent of occurrence and the most probable natural locations of S.
molle occupation in the Pampa biome we employed the maximum entropy distribution model
algorithm, using the software MaxEnt version 3.3.3 (Phillips et al. 2006). This algorithm
estimates the probability distribution for a species’ occurrence as function of environmental

limitations, based on species presence data and environmental variable layers of the study
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area. The model includes a deterministic outline, which enables performing confident
analyses with information about presence-only point occurrences and high performance with
few point localities (Saatchi et al. 2008). The actual occurrence of S. molle within the Pampa
stricto sensu was registered as latitude and longitude in the middle point of each population.

Climatic data  were  extracted from the  WorldClim database
(http://www.worldclim.org; Hijmans et al. 2005). These metrics are derived from monthly
temperature and rainfall values (11 temperature and eight precipitation metrics), representing
biologically meaningful variables for characterizing species distribution (Nix, 1986).

The Geographic Information System DIVA-GIS (http://www.diva-gis.org) was used to
compile the MaxEnt results interpolating climatic surfaces for global land areas in 2.5 arc
minutes maps (about 5 km2 resolution). The predictive power of the model was determined by
the area under the curve (AUC) as excellent (AUC > 0.90), good (0.80 > AUC < 0.90),
acceptable (0.70 > AUC < 0.80), bad (0.60 > AUC < 0.70) and invalid (0.50 > AUC < 0.60),
according to Aradjo et al. (2005). A Jackknife test was employed to determine the prediction
power of each variable by setting the variable aside from the test and generating its percentage

of contribution to the model.

Results

Fifteen sites that fitted the environmental requirements of the species in the Pampa
stricto sensu were visited, covering all the main savanna, steppic-savanna and steppe areas of
the Brazilian Pampa (Figure 2B). Among these sites, nine populations of S. mole were
identified, composed by more than 50 individuals with random distribution, characterizing
natural dispersion. Since the MaxEnt analysis performs satisfactorily even with few point
locations, this coverage of the biome can be considered sufficient to simulate the occurrence
area expected for S. molle in the Brazilian Pampa. These occurrence data and nineteen
bioclimatic variables were employed for the distribution modeling analysis, which presented
an excellent predictive power (AUC = 0.99). The three most important bioclimatic variables,
which explaining more than 60% of the model, were precipitation seasonality, precipitation of
the driest month and temperature seasonality (37.7%, 13.4% and 13.3% of contribution,
respectively; Table 1).

For the Pampa stricto sensu, three populations of S. molle (SG, VN and CS) occur
within the region with 100% probability of the species occurrence, five (MV, AL, SL, DP and
BG) within the region with 50% probability and one population (Ql) in the region with 25%
probability, near the 50% zone (Figure 2B). Among the sites where no population was found,



19

four (BQ, UR, HN, AC) are located in regions with less than 25% predictive probability of S.
molle occurrence. However, two sites lacking populations (CQ and RS) are located within the

region of 100% probability of species occurrence (Figure 2B).

Discussion

Reviewing the diversity and conservation of the Pampa biome, Roesch et al. (2009)
proposed that more comprehensive inventories of the biological diversity and distribution of
animal and plant species and their interactions should be a key priority in future studies. Our
study focused in simulating the distribution occurrence area correlated to climatic traits for a
pioneer tree species, aiming to foresee the natural dynamic of the vegetation with emphasis in
the forest expansion over grasslands, as well as to propose strategies for conservation of the
Brazilian Pampa.

Lehmann et al. (2011) simulated the predictive occurrence area of forest and savanna
environments in the South Hemisphere based on effective rainfall, rainfall seasonality, soil
fertility and topographic complexity. Although using fewer climatic variables and covering
just part of the Brazilian Pampa (from 29°S to 30°S Latitude), the results obtained by
Lehmann et al. (2011) were congruent with our findings, revealing this portion of the Pampa
with >50% chance of developing forests and presenting the precipitation as the main variable
in the simulation model. In addition to work with occurrence data from all the Pampa stricto
sensu, our analysis have a geographical resolution near 5 kmz, enabling the determination of
areas ranging from 6.2% to 100.0% of probability of tree occurrence, refining the previous
study. The potential distribution area of S. molle predicted in our study with more than 50%
probability covers basically all the seven different physiographic formations of the Brazilian
Pampa. Just a large extension of the coastal region and the westernmost part of the steppic-
savanna environment within the Brazilian Pampa does not figure as occurrence area of S.
molle. Based on the occurrence of economically important forest tree species, the
westernmost part of the Brazilian Pampa has the lowest similarity to the other environments
of the biome (Roesch et al. 2009), emphasizing the physiographic uniqueness of this region.
This result also expresses the high biodiversity of the Brazilian Pampa (see Roesch et al. 2009
for a discussion about this issue). The Uruguayan Pampa revealed a smaller proportion of
predicted areas with 100% probability of S. molle occurrence, confirming the Brazilian Pampa
as a more feasible region for development of forest formations, as proposed by Rambo
(1956), Hueck (1966) and Klein (1975).

Top-down control (predation and herbivory) is usually considered of minor
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importance in guiding population expansion in terrestrial ecosystems (Bond 2008). Therefore,
abiotic factors (bottom-up control) should be the main aspect in suppressing woody
recruitment and expansion of tree populations over grassy areas of the Pampa biome. The
prediction of forest occurrence over much larger areas than the actual occurrence has been
obtained for different regions of the world based on dynamic global vegetation models
grounded on climatic and soil elements only (Bond et al. 2003, 2005). Including fire in the
model, a better fit was obtained for African grassy environments, suggesting that this is an
important element in shaping current forest-grassland limits and impeding forest expansion
(Bond 2008). However, natural fire is not an element of vegetation dynamic control in the
Brazilian Pampa, as indicated by palynological records from nearby regions (Behling and
Pillar 2007), the physiological dynamic of seed germination in the Pampa’s grassland, which
are not directly stimulated to germinate by fire (Overbeck et al. 2006), and the absence of the
characteristic traits of fire-resistant species in trees growing in the forest formations in this
biome. Thus, expansion of S. molle populations over grasslands in the Brazilian Pampa seems
to be the natural dynamic of this biome, extending the actual occurrence vicinity of forests. As
such demographic growth is not widely observed, we propose that ecological and
anthropogenic elements are responsible by precluding the expansion of tree species
populations over grasslands in the Pampa biome, despite the favorable conditions.

The ecological element is related to the natural succession of the environment. The
grasslands of the Pampa biome are resilient formations in a region where the cold and dry
climate changed to warm and humid faster than the ecological dynamic of the environmental
succession could evolve. According to the palynological register (Behling et al. 2004, Behling
& Pillar 2007), the emergence of the actual climate in southern Brazil occurred recently at
both geological and ecological scales. Therefore, the time to the vegetation transition from
grassland to forest formations did not elapse.

The anthropogenic element is linked to the historical land use in the Pampa biome.
Much probably the expansion of agriculture and grazing lands and the establishment of
exotic-tree plantations is an important factor maintaining the grassland dominance and
precluding the forest expansion. The absence of S. molle populations in regions with 100%
predicted conditions for the species occurrence likely is effect of human interference. Using
mathematic models for the grassland-Araucaria forest dynamic in southern Brazil, Innes et al.
(2013), proposed that human-environment interactions qualitatively alter the composition of

forest-grassland mosaic ecosystems.
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Conclusions

The use of “proper management strategies where grasslands are subject to shrub
encroachment and forest expansion” maintaining the grassy vegetation and avoiding forest
expansion has been proposed (Overbeck et al. 2007) as a policy for the conservation of the
Brazilian Pampa. On the other hand, Roesch et al. (2009) suggested that priority areas for the
conservation of the flora of the Brazilian Pampa must take into consideration the fact that the
natural plant communities are both highly fragmented and probably quite divergent. The
present study suggests the natural ecological dynamic of plant communities implicates the
expansion of tree populations over grasslands in the majority of the Brazilian Pampa vicinity.

Thus, the forest expansion over grassland has to be considered a natural process in the
biome and the conservationist actions should focus on establishing conservation unities that
include forest populations and grassland, allowing the expansion of forest species over the
grassy areas. The grassland management should be used just in grazing areas with historical
human interference. These actions will allow the natural succession in the Pampa biome,
respecting its ecological dynamic and valuing the forest formations in this grassland-

dominated environment.
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Figure 1 Schinus molle in the Pampa stricto sensu. (A) Female individual of S. molle in its
natural habitat. (B) Ripe fruits of S. molle.
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Figure 2 Map of the studied area in Southern Brazil, including the Uruguayan territory and
part of Argentina. (A) Geographic range of the Pampa stricto sensu in the southernmost
Brazilian state Rio Grande do Sul. (B) Predicted distribution of Schinus molle within the
Pampa biome in South Brazil, Uruguay and part of Argentina. Colors represent the different
probability of species occurrence based on the climatic variables evaluated. Natural
populations of Schinus molle were found in Alegrete (AL), Bagé (BG), Cagapava do Sul
(CS), Dom Pedrito (DP), Manoel Viana (MV), Quarai (Ql), Santana do Livramento (SL), Sdo
Gabriel (SG) and Vila Nova do Sul (VN). No populations were observed in Acegua (AC),
Cacequi (CQ), Hulha Negra (HN), Barra do Quarai (BQ), Rosario do Sul (RS) and
Uruguaiana (UR).
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Table 1: Percent contribution of the bioclimatic environmental variables used in the
maximum entropy analysis for the predictive distribution of Schinus molle L. in the Pampa

biome.
BioClim ) ) Percent
Legend Environmental Variables Contribution
BIO 15 Precipitation of Seasonality (coefficient of variation) 37.7
BIO 14 Precipitation of Driest Month 13.4
BlIO 4 Temperature Seasonality (standard deviation*100) 13.3
BIO 6 Min Temperature of Coldest Month 7.5
BIO 3 Isothermality (B102/B107)*(100) 6.8
BIO 11 Mean Temperature of Coldest Quarter 6.1
BIO 12 Annual Precipitation 5.9
BI1O 19 Precipitation of Coldest Quarter 2.9
BIO 17 Precipitation of Driest Quarter 2.4
BIO5 Max Temperature of Warmest Month 1.9
ALT Altitude 0.9
BIO 8 Mean Temperature of Wettest Quarter 0.8
BIO 1 Annual Mean Temperature 0.3
810 2 Mean Diurnal Range [Mean of monthly (max temp — 00
min temp)]

BIO 7 Temperature Annual Range (BIO5-BI106) 0
BIO 9 Mean Temperature of Driest Quarter 0
BIO 13 Precipitation of Wettest Month 0
BIO 10 Mean Temperature of Warmest Quarter 0
BIO 16 Precipitation of Wettest Quarter 0
BIO 18 Precipitation of Warmest Quarter 0




CAPITULO 2. Genetic diversity, population structure and internal gene flow in

populations of Schinus molle (Anacardiaceae) from the Brazilian Pampa
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Abstract

One of the most important aspects for population ecology and evolution is the
understanding of the connectivity between individual and their groups. In this study, AFLP
markers were employed in order to examine the fine-scale spatial genetic structure (SGS) and
the internal gene flow of nine natural populations of Schinus molle across the Brazilian Pampa
biome. The dispersal capacity of S. molle in the Brazilian Pampa conditions, the implications
of the forest fragmentation to SGS of the species in this biome and the impact of the actual
SGS of the species to its conservation and management were investigated. A total of 248
polymorphic AFLP loci were evaluated, revealing significant SGS at short distances in all
populations. Estimations of gene dispersal distance did not converge in eight out of the nine
populations, suggesting that the dispersion capacity of this species is larger than the area
covered by the studied populations. The management of S. molle natural occurrence in this
biome appears to be simple taken into account this species plasticity and the area of its
expansion through the grassland. Maintaining the existent forest patches to ensure its
biodiversity, this important wood component might survive the impact of anthropic economic

interests.

Keywords: SGS, Brazilian Pampa, internal gene flow, within population gene dispersal
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Introduction

The actual spatial distribution of genotypes in Nature is the result of biotic and abiotic
factors such as capacity of seed and pollen dispersal (e.g. Jump and Pefiuelas 2007, Stefenon
et al. 2007, 2008) and demographic history (e.g. Ledig et al. 1999, Stefenon et al. 2009). In
addition, evolutionary forces acting on populations over the years have considerable
consequences for current plant populations, since the multiplicity of genetic frequencies
increases the adaptive evolution potential (Heywood 1991). Thus, the gene flow is a vital
factor for populations’ structure over time. While high gene dispersion guides to the
homogeneity of populations genetic structure, low gene flow leads to non-random distribution
of alleles and genotypes. Within forest tree populations, genetic diversity is usually
distributed heterogeneously, with individuals regularly becoming less similar at genetic level
as the geographical distance between them increases.

Several studies have investigated patterns of fine-scale spatial genetic structure (SGS)
and the within population gene flow in natural populations of tree species of the Amazon
Forest and Atlantic Forest biomes in Brazil (e.g. Stefenon et al. 2008, Baldauf et al. 2014).
However, tree species natives to the Pampa biome in southern Brazil have been neglected
concerning genetic structure surveys. The Brazilian Pampa is composed by steppic-savanna
flora associated to forest vegetation (Roesch et al. 2009, Deble 2011), covering an area of
about 176,500 km? in Southern Brazil (Fig. 1). The biological uniqueness of the Pampa biome
may be highlighted by the debate concerning the classification of its vegetation (Roesch et al.
2009). Independent of this discussion, the official classification of the ecological domains in
the Brazilian Pampa (MMA 2002, UFSM/SEMA-RS 2007) considers the existence of a
coastal vegetation along the Atlantic shore, and steppic-savanna formations across the
remainder of this biome (Pampa stricto sensu, Fig. 1). Despite the predominance of grassland
formations in the Pampa stricto sensu, this region presents important natural tree formations
as riparian forest as well as scattered small to medium sized forest nucleations within the
grassy environment. Although the natural dynamics of the vegetation in this biome seems to
be the expansion of the forest formations (Lehmann et al. 2011, Lemos et al. unpublished
data), the growth of the agriculture and pasture areas and the establishment of exotic forest
plantations have precluded such natural dynamics and made difficult the preservation of the
genetic resources of tree species in this biome.

Schinus molle L. (Anacardiaceae) is a native tree species from the Pampa biome,
occurring as scattered non-connected forest formations, usually with small demographic size.

It can flower at any time of the year and female trees bear a mixture of ripe and unripe fruits
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most of the time making their seeds available for dispersal throughout the year (Milton et al.
2007). Seeds are dispersed by birds, mammals and in running water, while seedlings become
established in washes, ravines, old fields and rock outcrops (Howard and Minnich 1989).
Schinus molle is a pioneer species with high adaptability and capability to spread and survive
into new habitats, as demonstrated by the large areas occupied by this species in South Africa
(Iponga et al. 2009), Hawaii (Asner et al. 2008) and California (Howard and Minnich 1989),
where it was introduced as an ornamental plant. Due to this high adaptability, S. molle is
already considered a naturalized species in both countries (Howard and Minnich 1989, Iponga
et al. 2009, Richardson et al. 2010), colonizing a large variety of environments. Considering
these features, S. molle may support the forest expansion over the Pampean grasslands in
southern Brazil, through the natural establishment of forest formations in non-forested areas,
transposing anthropic and environmental resilience barriers. However, the patterns of genetic
structure and gene flow of tree species growing in the Pampa biome are still a query.

In this study, we employed AFLP markers in order to examine the fine-scale spatial
genetic structure and internal gene flow in nine natural populations of S. molle growing in the
Brazilian Pampa biome. Molecular markers have been widely used to assess the levels and
patterns of historical gene dispersal within populations of tree species. Surveys aiming to
highlight SGS are mainly based on computing kinship coefficients and comparing the
observed values with the expected at random mating (Hardy et al. 2006). For such studies,
molecular markers should be as variable as possible. AFLP markers have often been used to
estimate genetic relationships and diversity (Vuylsteke et al. 2008), being highly reliable in
analysis of fine-scale spatial genetic structure (Jump and Pefiuelas 2007, Stefenon et al. 2008).
Using this procedure and considering the previous studies concerning the invasiveness
capacity of S. molle in South Africa and USA, we intended to answer three main questions:
(1) How large is the gene dispersal capacity of S. molle within populations in steppic-savanna
conditions? (2) Which are the implications of the forest fragmentation to the fine-scale spatial
genetic structure of S. molle in the Brazilian Pampa? (3) Does the actual fine-scale spatial
genetic structure of this species leads to a need of imperative conservation and management

plans?

Materials and Methods
Sampling strategy and DNA extraction

Plant material from populations of S. molle was collected across the steppic-savanna
portion of the Brazilian Pampa (29°00°-32%00°S, 53°30°-58%00°W; Fig. 1 and Table 1).
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Because S. molle is a heliophyte species usually occurring in small to medium-sized
populations along disturbed environments, we conducted a search throughout all the region
for such locations, as well as for primary and secondary forest formations, where populations
of this species could be found. Since this species is sometimes planted by landowners in the
Pampa biome, just clusters formed by at least 10 individuals with random distribution within
an area of about 3 km range were classified as a population of S. molle, characterizing natural
dispersion of the species. A total of nine populations were found and at least 30 adult
individuals were collected in each site, totalizing 278 trees sampled. Given the small size of
the populations, this sample size covered about 70% of the individuals from each site. The
spatial position for each sampled tree (altitude, longitude and latitude) was recorded using a
GPS equipment (Garmim® e-trex). For the fine-scale spatial genetic structure analysis,
longitude and latitude were transformed into the Universal Transverse Mercator projection
(UTM coordinates). The main distribution of the trees followed a linear orientation within the
sampled sites, although six populations revealed some aggregations of trees along the
occurrence area. Two compound healthy leaves were sampled from each tree, deposited in
plastic bags with silica gel and maintained at room temperature until DNA isolation. About
100 mg of plant material was washed with 70% ethanol and distilled water, disrupted with
TissueLyser Il (Qiagen®), and total DNA was extracted using the DNeasy Plant Mini Kit
(Qiagen®), following the instructions of the manufacturer. The quality and the amount of the

extracted DNA were evaluated on a NanoVue ™ Plus Spectrophotometer (GE Healthcare).

AFLP analysis

AFLP reactions were performed as described by Vos et al. (1995), with slight
modifications. For the restriction/ligation reaction, about 100 ng of total genomic DNA were
incubated with the restriction enzymes Pstl and Msel and the corresponding Pstl and Msel
adapters at 37 °C for 15 hours followed by 72 °C for 15 minutes in a single reaction (2.5X T4
DNA ligase reaction buffer, 2.5 U Msel, 2.5 U Pstl, 2.5 ug BSA, 25 pmol of each adapter, 1.0
U T4 DNA ligase). The reaction mixture was diluted four-fold and used as template for the
PCR selective amplification with the primer combinations Pst-GAG/M-GAA and Pst-
GAG/M-GCT (4 ul template DNA, 25 pmol of fluorescent Pst primer, 25 pmol of Mse
primer, 1.0 U Taq polymerase, 2X PCR buffer, 0.25 mM of each dNTP). The Pst-GAG
primer was labeled with AlexaFluor® 680 nm (Invitrogen). The PCR conditions for the
selective reaction were an initial denaturation step at 95 °C for 2 minutes followed by 26

cycles at 95°C, 56 °C, 72 °C for 1 minute each for each cycle and of a final extension step at
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72 °C for 5 minutes. All PCR reactions were carried out in an Eppendorf Thermal Cycler.
AFLP fragments were electrophoretically separated using a Li-Cor 4300L automated DNA
Sequencer® (Li-Cor Inc.) and automatically scored and analyzed in SAGA®T Software®. An
additional visual check of each scored gel was made in order to correct possible mismarked
bands. For each population the presence/absence of AFLP bands was transformed into a
binary matrix (0, 1) for posterior analysis. The complete AFLP analysis (from the restriction
reaction to the band scoring) was repeated twice for two samples from each population in

order to select only the repeatable bands for the analysis.

Linkage and neutrality of the AFLP markers

Since AFLP fragments originated with the enzymes Pstl/Msel are usually distributed
uniformly throughout the genome (Castiglioni et al., 1999; Young et al., 1999; Scott-
Saintagne et al., 2004), some loci may be linked to each other or even to genes under
selection. In order to evaluate the overall genomic coverage of the AFLP markers, the
presence of linked AFLP loci was determined using the software AFLPOP (Duchesne and
Bernatchez 2002). Clusters of possibly linked loci were reduced to a single locus eliminating

redundant data.

Population genetic diversity

Population genetic diversity was assessed assuming random mating, using the
software AFLP-SURV (Vekemans, 2002). Allelic frequencies of AFLP markers were
estimated using a Bayesian approach with non-uniform prior distribution of allele frequencies
(Zhivotovsky, 1999), which gives an unbiased estimate of allele frequencies (Zhivotovsky,
1999; Kraus, 2000). Percentage of polymorphic loci (PPL) and genetic diversity (H;) were
computed following the approach of Lynch and Milligan (1994), i.e., pruning loci with null
allele frequency higher than 1-3/n, where n is the population sample size. Band richness (Bg;
Coart et al., 2005) expected at each AFLP locus was computed using the rarefaction approach,
based on a sample size of 27 trees using AFLPDIV 1.0 (Petit, 2007).

Analysis of population structure

The overall and pairwise population differentiation (&dst) was calculated in
ARLEQUIN 3.5 software through a non-hierarchical analysis of molecular variance
(AMOVA) approach (Excoffier et al. 2005). The statistical significance was determined using
10000 permutations of genotypes among populations.



33

To determine the population structure, a Bayesian model-based cluster analysis of
population structure was performed in STRUCTURE program version 3.2 (Pritchard et al.
2000), using the frequency independent alleles models with 200000 Markov Chain Monte
Carlo steps and 100000 burn-in periods. In this analysis, individual multilocus genotypes are
assigned probabilistically to a defined number K of clusters, according to a particular
membership coefficient, or into multiple groups with membership coefficients summed up to
one across groups. The non-admixture model was used, with correlated allele frequencies. K
was set at two to fifteen and 20 replicates were run for each K. The optimum number of
clusters K was selected using the approach suggested by Evanno et al. (2005).

In order to further evaluate the pattern of isolation by distance (IBD), the correlation
between genetic differentiation and geographical distance among populations was evaluated
by regressing the population pairwise genetic differentiation matrix (®st) against the pairwise
geographical distance matrix (in km), using a Mantel test with 1000 permutations performed
in the software NTSYS-PC 2.0 (Rohlf 1998).

Analysis of fine-scale spatial genetic structure and internal gene flow

Fine-scale spatial genetic structure (SGS) was analyzed in each population through
kinship coefficients (Fj) using the approach described by Hardy (2003). The number of
distance classes (distance intervals within which all pairs of sampling points are considered)
was fixed in eight for each population, allowing displaying a minimum of 40 pairs of
individuals in each distance class. The relationship between geographic distance classes and
genetic similarity was acquired for each population as the regression slope of kinship
coefficients on log-transformed distances (bg). Statistical significance of F; and bg was
determined through the upper and lower bounds of 95% confidence interval of F;; defined
after 20,000 permutations of locations among individuals. Sp-statistic (\Vekemans and Hardy
2004) was computed for each population based on regression slope of kinship coefficients, as
Sp = -be/(1 — F1), where F; is the mean kinship coefficient between individuals belonging to
the first distance class. The Sp-statistic is expected to summarize the intensity of SGS,
allowing a quantitative comparison among species and/or populations.

An indirect estimation of gene flow from the SGS estimates was performed assuming
equilibrium of isolation-by-distance in the fine-scale genetic structure. In such a case, the

extent of gene flow can be expressed in terms of Wright’s neighbourhood size as

Nb =47Do?, where D is the effective population density and o* represents the physical
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distance between parent and offspring (Fenster et al. 2003). Estimations of Do? were

obtained from the regression of the pairwise Fj values on geographical distance as
Nb:(Fl—l)/ b- and gene dispersal was estimated through the procedure described by

Vekemans and Hardy (2004), using one-fourth of the census density (in trees/hectare) as the
predicted effective population density. All estimations of SGS and internal gene flow were
performed using the software SPAGEDI (Hardy and Vekemans 2002).

Results
Linkage of AFLP markers

A total of 250 polymorphic AFLP loci ranging from 60 to 250 bp were evaluated. The
primer combination Pst-GAG/M-GAA revealed 150 polymorphic reproducible loci, while the
combination Pst-GAG/M-GCT revealed 100 polymorphic reproducible loci. According to the
analysis of loci linkage, out of the 250 AFLP markers obtained from the two primer
combinations, just two loci from the Pst-GAG/M-GCT combination revealed significant
association, resulting in a total of 248 polymorphic AFLP loci employed in the analyses. The
very low number of putatively linked AFLP loci suggests a random representation of the

genome and reliability of the genetic information obtained.

Genetic diversity and population structure

The percentage of polymorphic loci (PPL) ranged from 16% in population VN to 68%
in population BG with a mean of 51% over the nine populations. Estimations of genetic
diversity varied from H; = 0.06 (VN) to H; = 0.23 (BG) with a mean of H; = 0.15. Band
richness ranged from Bg = 1.40 in population VN to Bg = 1.85 in population MV (Table 2).

While the overall population differentiation was @sr = 0.29, pairwise genetic
differentiation ranged from &sr = 0.12 between populations SG and SL to &st = 0.45 between
VN and QI (Table 3).

In the Bayesian analysis of population structure, the values of In(X|K) increased
progressively with the number of clusters. Using the analysis of 4K, AFLP data suggested
population structure at K = 7 (Fig 2). At K= 7, five populations revealed higher membership at
single clusters: DP (99.9%), VN (99.8%), BG (96.7%), QI (93.7%) and SL (92.4%).
Populations SG, MV, AL and CS revealed different levels of genetic admixture, with

membership < 82% in a single cluster (Fig. 3)
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In terms of isolation by distance among populations, the Mantel test showed that the
degree of genetic differentiation between sample locations slightly increased with

geographical distance of populations (r = 0.3; p = 0.029).

Estimates of SGS and gene dispersal within populations

Among populations, the number of analyzed pairs of trees in the SGS analysis ranged
from 43 (population SG) to 64 (population AL) across distance classes, with a participation of
53% (population MV) to 80% (population DP) of the individuals in each distance class,
ensuring statistical robustness for the analysis. Negative values were reported for the
regression slope of Fj (br; Table 4) in all populations indicating an isolation-by-distance
process where individuals spatially close are genetically more similar to each other than
individuals separated by larger distances. A pattern of positive Fj in short distance classes
(i.e. <30 m) and negative in large distance classes (i.e. >100 m) in most populations is clear.
A near monotonic decrease in the mean kinship coefficient with the increase of distance is
observed in all populations except for VN population (Fig. 4). The average Fj; between
individuals at the first distance class (F1) ranged from 0.034 to 0.097 (Table 4). Significant
SGS was detected at short distances in all populations (Fig. 4).

Significant fine-scale SGS was revealed comparing populations according to Sp-
statistic (Table 4). Populations QR and VN showed the strongest SGS probably due to the
higher kinship value found in the first and second distance classes and the strongest negative
log slope (bg).

The estimations of gene dispersal distance converged just for population SL, with o =
338.93 m. For all the other eight populations there was no convergence, suggesting that the

dispersion capacity of this species is larger than the area covered by the studied populations.

Discussion
Genetic diversity and population structure

AFLP data revealed moderate to low level of genetic diversity and significant
population structure in the Pampean populations of Schinus molle studied. In comparison to
data compiled by Nybom (2004) and Nybom and Bartish (2000) for dominant markers, the
gene diversity assessed by AFLPs in the present study suggests moderate to low level of
genetic variation among the Pampean populations of Schinus molle (mean H; = 0.15),
considering the means for long-lived perennial species, outcrossing species and species with

seeds dispersed by animals (mean H > 0.23).
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Concerning the levels of population genetic differentiation (@sr = 0.29), the gene flow
is within the range reported by Nybon and Bartish (2000) for long-lived perennial species,
outcrossing species and seed dispersed by animals species (mean &gt from 0.25 to 0.29), but
higher than species with early-successional status (®@st = 0.45). Accordingly, the genetic
structure revealed by the Bayesian analysis suggests the existence of seven genetic clusters
with very low gene flow into four out of the nine populations. On the other hand, low
significantly positive correlation (r = 0.3) between pairwise genetic differentiation and
geographic distance was revealed. Although this correlation is low, the level of differentiation
reveals that the gene flow among populations is limited, mainly if we consider the high
capacity of dispersal expected for S. molle as an invasive species (Henderson 2007; Iponga
2010).

Within population gene flow

In South African savannas, the range of seed dispersal of S. molle is estimated to reach
about 320 meters only (Iponga et al. 2009). This range matches the estimated gene dispersal
for population SL (o = 338.93 m) in our study. On the other hand, the pollination through
honeybees in the Brazilian Pampa may reach up to 5,000 meters (our unpublished data). The
failure of the gene dispersal estimations ¢ in the other eight populations confirms such a long
extent capacity of dispersal, since the computing model tends to collapse when the estimation
of the dispersal distance becomes larger than the distance dj; for all ij pairs of individuals
(Vekemans and Hardy 2004). This non-convergence may happens due to three factors: (i) the
information from the genetic markers is insufficient to get reliable estimates, (ii) SGS is not
representative of an isolation-by-distance process, and/or (iii) the spatial scale of the sample
was not adequate (Vekemans and Hardy 2004).

The first factor, concerning the insufficiency of the marker informative power, can be
discarded. AFLPs have been shown to provide reliable information for SGS analysis due to
the large genome coverage of the marker (e.g. Jump and Pefiuelas 2007, Stefenon et al. 2008).
In some situations, this marker may even be more informative than microsatellite markers
(Jump and Pefiuelas 2007, Stefenon et al. 2008). In our study, the large number of neutral
uncorrelated AFLP loci evaluated allowed wide genome coverage and provided high
informative capacity for getting reliable estimations of SGS. Therefore, this may not be the
cause of the estimations failure.

Considering the trend revealed in the plots of kinship coefficient versus geographic

distance (Fig. 4) and the significantly negative values of the slopes for all populations, the
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second factor can also be excluded or considered of minor importance. The observed
tendency of the correlograms reveals the existence of an isolation-by-distance process within
populations, with individuals geographically more distant revealing lower genetic similarity
(Fig. 4). Pondering the size of the studied populations and consequent short distance among
individuals, the spatial scale of the sample, i.e. the geographic coverage of the sampling, may
be the factor causing the non-convergence of the computations. Thus, the expected extent of
dispersal is larger than the more distant pair of individuals in all populations reaching more
than 4,500 meters, the maximal distance observed in our sample (population BG,

supplementary Fig. 1).

Forest fragmentation and conservation of S. molle genetic resources

The actual distribution of forest formations in the Brazilian Pampa is clearly
fragmented, with grassland, agricultural or urban areas disconnecting the tree populations.
Generally, tree species with limited gene flow capacity presents significant genetic structure
among populations in such fragmented environments, as effect of an isolation-by-distance
process. The significant fine-scale spatial genetic structure observed in all studied populations
of S. molle from the Brazilian Pampa represents the isolation by distance hypothesis at intra-
population level. Concerning the species life trait, the mean Sp-statistic estimated for S. molle
populations (Sp = 0.021; 95% CI = 0.0117-0.0308) are within the mean values compiled by
Vekemans and Hardy (2004) for outcrossing species (Sp = 0.0126), species with pollen
dispersed through animals (Sp = 0.0171) and species with wind-dispersed seeds (Sp =
0.0120). In addition, the estimations of Sp-statistic in S. molle populations are among the
higher values estimated for several other forest tree species (Vekemans and Hardy 2004,
Hardy et al 2006, Jump and Pefiuelas 2007, Stefenon et al. 2008, Ismail et al. 2014).
Population density may significantly interfere in the level of SGS, with higher values of Sp-
statistic estimations observed in low-density populations (Vekemans and Hardy 2004).

Considering the predicted large distance gene flow of S. molle (see above) and the fact
that larger populations tend to present lower levels of SGS (e.g. Heuertz et al. 2003), the main
impact over the fine-scale genetic structure within S. molle populations seems to be not the
isolation due to the forest fragmentation, but the small size of these forest formations, caused
by the forest fragmentation. Even inside its dispersion range, this study evidenced that the

gene flow is compromised and the island-effect might take place in this biome, as the
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expansion of natural areas of tree species occurrence has been precluded, impeding the

connection among populations.

Remarks on conservation and management of S. molle genetic resources

The Brazilian Pampa is notorious by the large grassland fields. In function of such
large dispersion capacity and adaptive potential under the current climatic conditions, the
expansion of S. molle over grassland is expected to occur through all the South American
Pampa (Lemos et al. unpublished data). However, the resilience of the grassland and the
human interference through expansion of agriculture, pasture and forestry with exotic species
may represent a very intense impact leading to the isolation and fragmentation of populations
of forest tree species in this biome (Roesch et al. 2009).

The ecological and economic importance of S. molle and other tree species for the
Brazilian Pampa is irrefutable. The wood component in this biome serves as a barrier in
riverbanks, refugee for many wild animals and as substrate for native plant species, some of
them endemic to this biome (Guadagnin et al. 2009, Roesch et al. 2009, Deble 2011). In
addition, S. molle has medicinal properties (Dikshit et al., 1986), pharmaceutical uses for its
essential oils (Marongiu et al., 2004) and is appreciated in the culinary because the spice pink
pepper (Goldstein and Coleman, 2004). So, conservation strategies should be discussed
towards finding ways for managing and protecting these native forest formations.

Comparisons of fine-scale SGS of tree species have been made through Sp-statistic to
ensure that this data could be standardized across studies, although such estimations are
affected by specific characteristics such as breeding system and life form. Schinus molle is
recognized by its dispersion plasticity and capacity to survive in different environments
(Asner et al. 2008, Iponga et al. 2010). However, the within-population genetic structure of its
populations is strongly affected by the fragmentation and consequent small size of the forest
formations. Following the International Union of Conservation Nature rules for classifying
endangered species (IUCN 2010), S. molle is not considered threatened, although the SGS
observed for its populations in the Brazilian Pampa may lead the species to undergo the
effects of inbreeding depression and genetic drift within a few generations. At least some
populations of S. molle and other tree species are highly isolated genetic unities, as expressed
in the structure analysis. This in turn leads to a new query: “how fragile are the IUCN red list
species for SGS?”

The conservation of the S. molle genetic resources in the Brazilian Pampa seems to be

simple taken into account the species plasticity and the area of its expansion through the
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grassland. Maintaining the existent forest patches and allowing the connection among
populations, this important wood component might survive the impact of anthropic economic

interests and harbor the forest expansion over the Pampean grassland as a natural process.

Data archiving statement: We followed the standard Tree Genetics and Genomes policy.
The marker information is currently being submitted to DiversiTree database and the

accession numbers will be supplied once available.
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Fig. 1: Map of the studied area in the Pampa stricto sensu, southern Brazil, highlighting each

sampled population.
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Fig. 2: Determination of population structure based on Bayesian clustering analysis.

Estimated values of log likelihood In(X|K) as function of the number of clusters (K) of

population structure for the non-admixture model. 4K was determined following Evanno et al.

(2005).
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Fig. 3: Membership of the nine populations of Schinus molle in each cluster of the Bayesian
analysis of population structure considering existence of seven clusters (K = 7) and the
relation between populations. The membership determines the proportion of individuals from
each population that was designed to a particular cluster as function of their genetic

composition.
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Supplementary Fig. 1: Geographic position of each tree of S. molle within the sampled

populations. Note that the distance scale is different for each population.
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Table 1 Population density, spatial distribution, and location of the sampled area of Schinus

molle in the Brazilian Pampa.

Census Linear Sampled Latitude  Longitude  Altitude

Populations Density’  distribution (m)  Area (ha) (S) (W) (m)
Dom Pedrito (DP) 1.55 1615 19.38 31°01°25 54°35°28” 155
Bagé (BG) 0.16 4366 189.92  31°16°09 54°07°21” 285
Séo Gabriel (SG) 32.67 285 0.826  30°21°39” 54°18°35” 99
Santana do Livramento (SL) 3.69 1221 8.669  30°50°45” 55°27°31” 185
Manoel Viana (MV) 0.76 1988 42.344  29°37°07° 55°29°37” 100
Alegrete (AL) 31.75 315 1.008 29°49°15>  55°43°30”° 130
Cagapava do Sul (CS) 2.52 821 12.315  30°36°83”" 53°23°49”° 149
Vila Nova do Sul (VN) 198.02 101 0.162 30°20°40”°  53°54°12” 237
Quarai (QI) 90.17 169 0.355 30°24°21°  56°10°47 161

! Census density determined as trees/hectare (1 ha = 10,000 m?)

Table 2. Summary of total individuals sampled (n), number of polymorphic loci (#loc_P),

percentage of polymorphic loci (PLP), gene diversity (H;) and Fragment Richness (Bg) values

assessed overall AFLP loci in each natural population of Schinus molle.

Population n #loc_P PLP H; Br
DP 30 144 57.6 0.18 1.711
BG 30 170 68.0 0.23 1.791
SG 27 140 56.0 0.16 1.760
SL 32 143 57.2 0.14 1.743
MV 32 156 62.4 0.17 1.855
AL 32 130 52.0 0.13 1.731
Cs 31 89 35.6 0.10 1.630
VN 32 42 16.8 0.06 1.404
Ql 32 142 56.8 0.20 1.743

Mean 128 51.3 0.15 1.708
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Table 3. Summary of pairwise @sr (below diagonal) assessed overall AFLP loci in natural
populations of Schinus molle. The above diagonal shows the statistical significance.

DP BG SG SL MV AL CS VN Ql

DP falale el falale falale ke falale falale folale
BG 0.2825 el falale falale falale falale falale falale
SG 0.2082  0.2844 falalal falalal falalel falalel falalel il
SL 0.2570  0.3134 0.1237 falalal falalel falalel falalel il
MV 0.3040  0.2825 0.2311 0.2234 falalel falalel falalel il
AL 0.2365 0.3007 0.1887 0.1752 0.1856 falale falale folale
CS 0.3138  0.3887 0.2165 0.2050 0.2768 0.2463 falale folale
VN 0.3591  0.4540 0.2664 0.2529 0.3189 0.2562 0.2451 falale
Ql 0.3459 0.3514 0.2743 0.2977 0.3394 0.3263 0.3511 0.4562

Table 4. Estimation of fine-scale spatial genetic structure in populations of Schinus molle

growing within the Brazilian Pampa.

Population be F, Sp-statistics Pairs %
Dom Pedrito (DP) -0.0086 0.0405 0.0089 53-55 80
Bagé (BG) -0.0175 0.0526 0.0185 53-55 70
Séo Gabriel (SG) -0.0257 0.0594 0.0273 43 -45 74.1
Santana do Livramento (SL) -0.0144 0.0618 0.0154 62 78.1
Manoel Viana (MV) -0.0091 0.0530 0.0096 62 53.1
Alegrete (AL) -0.0085 0.0347 0.0089 60 - 64 75
Cagapava do Sul (CS) -0.0141 0.0377 0.0146 58 - 59 58.1
Vila Nova do Sul (VN) -0.0360 0.0842 0.0393 61-63 65.6
Quarai (QI) -0.0440 0.0977 0.0487 61-62 75

b = regression slope of F;; on log distance; F, = multilocus kinship coefficient between individuals of the first
distance class; Sp-statistic = quantification of SGS; Pairs = range of minimum and maximum number of
individual pairs on the distance classes; % = minimum percentage of participation of individuals on distance

classes.
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CONSIDERACOES FINAIS E PERSPECTIVAS FUTURAS

O presente estudo sugere que a dindmica natural das comunidades vegetais implica a
expansdo do componente arbdreo sobre o campo no bioma Pampa. A variabilidade genética e
a capacidade de dispersdo demonstrou que Schinus molle L. pode ser uma espécie-chave,
capaz de colonizar diferentes locais, proporcionando ambiente para a expanséo das formacoes
florestais. No entanto, considerando o nimero reduzido de individuos, os baixos niveis de
diversidade e estrutura genética das populacdes estudadas, a manutencdo da capacidade de
adaptacdo nao € assegurada no Pampa brasileiro, dados os efeitos negativos da deriva genética
e endogamia nessas pequenas populacdes isoladas.

Embora S. molle ndo seja considerada uma espécie em extin¢cdo de acordo com 0s
documentos oficiais, a baixa diversidade genética e significativa diferenciacdo entre as
populacbes, sugerem que esta espécie sofre os graves efeitos da fragmentacdo florestal no
Pampa brasileiro.

Essa foi uma pesquisa pioneira para o bioma Pampa, tendo em vista que trabalhos
sobre a dispersdo, diversidade e estrutura genética de componentes vegetais ndo foram
registrados para esse ambiente. Trabalhos futuros aliando novas tecnologias como
sequenciamento de nova geragdo, andlises de estrutura de solo, mapeamento das areas
degradadas, identificacdo local dos impactos devem ser utilizados para contribuir com essa
perspectiva. Acreditamos que, a partir do levantamento da estrutura e diversidade genética de
espécies nativas, € possivel diagnosticar os impactos sofridos nesses biomas e que esses dados
podem servir de ferramentas precisas e confidveis para propostas de manejo e conservacao

ambiental.



