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Resumo

O género Liolaemus, juntamente com Phymaturus e Ctenoblepharys, pertence d
familia Liolaemidae, e estende-se desde a costa central do Peru em direcdo ao sul
através da Bolivia, Paraguai, Chile, e Argentina, atingindo a costa atléntica do Uruguai, e
sul e sudeste do Brasil. As espécies Liolaemus arambarensis, L. occipitalis e L. wiegmannii
pertencem ao grupo wiegmannii, € tem em comum o fato de ocorrerem na Costa
Atléntica do sul da América do Sul, uma unidade geoldgica recente cuja formagcdo pode
ter influenciado a histéria evolutiva destas espécies. Também em comum, tém o fato de
estarem ameacadas devido d degradacdo ambiental de grande parte de suas dreas de
ocorréncia, em funcdo, principalmente, de atividades antropicas.

O principal objetivo desta tese foi o de caracterizar as espécies Liolaemus
arambarensis, L. occipitalis e L. wiegmannii no que se refere a variabilidade genética e
diferenciacdo geogrdfica (padrdes filogeogrdficos) através da utilizacdo de dois
marcadores moleculares mitocondriais: Citocromo b (Cytb) e Citocromo C Oxidase
Subunidade 1 (COI). Também se objetivou examinar a concordé@ncia entre os padroes
flogeogrdficos encontrados e a formagdo geoldgica das respectivas dreas de ocorréncia
de cada uma das espécies, bem como ampliar o conhecimento sobre elas e corroborar
com possiveis estratégias de preservacdo.

Nossos resultados demonstram a existéncia de uma estruturacdo filogenética dentro
de cada uma das trés espécies estudadas. Liolaemus occipitalis estrutura-se em quatro
haploclados bem definidos, embora suas relacdes filogenéticas ndo possam ser inferidas
com certeza. SGo dois clados ao sul do rio Mampituba, com claros sinais de expansdo
populacional, e dois ao norte do rio, sem os mesmos sinais de expansdo. A evidéncia de
expansdo observada em um dos testes realizados (Bayesian Skyline Plot — BSP) data de ~40

mil anos (kya), e parece restrita ds localidades de coleta no RS e Uruguai. Os clados do sul



coexistem em grande parte da Planicie Costeira do Rio Grande do Sul (PCRS),
destacando-se as localidades da regido central com uma grande variabilidade genética.
Em relacdo aos clados ao norte do rio Mampituba, destaca-se o isolamento genético do
clado presente na ilha de Santa Catarina, o qual pode ser considerado como uma
importante fonte de diversidade genética para L. occipitalis. Também se verificou uma
auséncia de relacdo entre a estrutura populacional observada e as atuais barreiras
geogrdficas da drea de ocorréncia da espécie, possivelmente devido & instabilidade
natural da drea. Para L. arambarensis verificou-se a inegdvel importéncia da localidade
de Barra do Ribeiro em termos de conservacdo do pool génico da espécie, bem como a
hipdtese de que esta seria a “populacdo fonte” para a fundacdo das demais. Nossas
estimativas sugerem que ndo hd evidéncias de expansdo populacional recente para a
espécie. Para L. wiegmannii, nossos dados sustentam uma forte divergéncia entre uma
linhagem filogenética argentina e uma uruguaia, separadas pelo rio da Prata, também
existindo uma estruturacdo dentro do clado uruguaio considerando a localidade de
Colonia (costa platense) e as trés localidades da costa Atlantica. Nossos dados sugerem
um sinal de expansdo populacional recente para L. wiegmannii, mas ndo foi possivel
demonstrar se este sinal foi exclusivo para as localidades de coleta uruguaias ou
argentinas.

De acordo com nossas estimativas, o tempo até o ancestral comum mais recente
(TMRCA) de cada uma das espécies, dos clados infra-especificos e das divergéncias entre
as espécies cai no Pleistoceno. Observou-se que a separacdo das linhagens que deram
origem a L. occipitalis e L. arambarensis teria ocorrido muito antes dos eventos climdticos
pleistocénicos que originaram a Planicie Costeira do Rio Grande do Sul (PCRS) (~400 kya),
sugerindo que a linhagem que originou L. occipitalis seja muito mais anfiga do que a
unidade geomorfolégica onde a maioria de suas populacdes € encontrada atualmente.
A divergéncia entre seus clados, porém, ocorreu proximo do inicio da formacdo desta

unidade geomorfolégica, mas estas datas talvez indiguem o estabelecimento de



populacdes geograficamente divergentes que sejam associadas ao inicio da formacdo e
expansdo da planicie costeira. Para L. wiegmannii, a divergéncia de seus dois subclados
(localidades da costa uruguaia e da Argentina) pode estar associada com a formagdo
do sistema do rio da Prata.

O tempo similar de expansdo para L. occipitalis e L. wiegmannii (~40 kya) pode
indicar que ndo somente a formacdo da PCRS foi importante na determinacdo do
tamanho populacional, mas também os eventos climdticos que afetaram estes taxa
podem ter desempenhado um importante papel na expansdo populacional. Este modelo
poderia explicar o intervalo existente entre o estabelecimento do terceiro ciclo
deposicional (~120 kya) que implantou as restingas que delimitaram a Laguna dos Patos,
e o sinal de expansdo populacional que ocorreu somente ~40 kya.

De forma geral, pode-se dizer que a variabiidade genética e a distribuicdo
geogrdfica observadas entre as populacdes das trés espécies foram moldadas em boa
parte pela evolucdo geoldgica da drea de ocorréncia de cada uma delas, bem como
pelas pressdes antréopicas sofridas por estas. No entanto, essa mesma presséo antrépica
que possivelmente ajudou a moldar o atual cendrio genético das espécies estd, sem

duvida, entre as principais causas do desaparecimento de muitas de suas populacoes.



Abstract

The genera Liolaemus, Phymaturus and Ctenoblepharys belong to the family
Liolaemidae, and is distributed from the central coast of Peru southward through Bolivia,
Paraguay, Chile and Argentina, reaching the east coast of Uruguay and south and
southeast Brazil. The species Liolaemus arambarensis, L. occipitalis and L. wiegmannii
belong to the wiegmannii group, and have in common the occurrence in the Aflantic
Coast of southern South America (even though L. wiegmannii has a more widespread
distribution in Argentina), a recent geologic unit whose formation might have influenced
the evolutionary history of these species. All three species are threatened due to
environmental degradation of much of their occurrence area, due mainly to human
activities.

The main objective of this thesis was to characterize the species Liolaemus
arambarensis, L. occipitalis and L. wiegmannii regarding the genetic variability and the
geographic differentiation (phylogeographic patterns) using two mitochondrial markers:
Cytochrome C Oxidase Subunit 1T (COI) and Cytochrome b (Cytb). It also aimed to
examine the concordance between phylogeographic patterns found and the geological
formation of the respective areas of occurrence of each species, as well as to increase the
knowledge about it and corroborate with possible conservation strategies.

Our results show the existence of a phylogenetic structure within each of the three
species. For L. occipitalis our data reveal four distinct clades, and even though their
phylogeneftic relationship cannot be inferred with certainty, two of them are exclusive from
the state of Santa Catarina, one being found in insular populations and the other in
continental populations; one is restricted to the state of Rio Grande do Sul, and the other is
more widespread, being found from the state of Santa Catarina to Uruguay. There is

evidence of population expansion in L. occipitalis ~40 kya, however, the expansion seems
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to be restricted to populations from the state of Rio Grande do Sul and Uruguay, with
populations from the state of Santa Catarina showing evidence of a constant population
size. The southern clades coexist in much of the Coastal Plain of the state of Rio Grande do
Sul (CPRS), highlighting the high genetic variability of populations from the central region.
Regarding the clades from the north of the Mampituba river, it is noteworthy the genetic
isolation of the clade on the island of Santa Catarina, which can be considered as an
important source of genetic diversity for L. occipitalis. We also found a lack of relationship
between the partitioning of the haplotype variability and extant geographical barriers
between the population groups, possibly due to the natural instability of the occurrence
region of the species. We found an undeniable importance of the L. arambarensis
population from Barra do Ribeiro in terms of the preservation of the species’ gene pool, as
well as the hypothesis that this population might be the "population-source" for the
foundation of the others. Our estimates suggest that there is no evidence of recent
population expansion for this species. Concerning L. wiegmannii, we found a strong
genetic structure separating Argentinean and Uruguayan populations, corroborating the
idea that the La Plata River is an effective barrier against the gene flow in this species.
There was also some structure within Uruguay considering the population of Colonia, in the
La Plata River coast, and the three populations from the Atlantic coast (Valizas, Costa Azul,
La Paloma). Our data showed a signal of recent (~40 kya) population expansion for the
whole species (considering the populations samples in this study), but our data could not
show if this signal was exclusive from the Uruguayan or Argentinean population.

Our estimates for the time to the most recent common ancestor (TMRCA) of species,
intraspecific clades, and species divergence fall in the Pleistocene. We observed that the
divergence between L. arambarensis and L. occipitalis is much older than the inifial
formation of the CPRS by 400 kya, suggesting that the lineage leading to L. occipitalis is
much older than the geomorphological unit where it is mostly found nowadays. The

divergence among clades within L. occipitalis (~335 kya) is close to the initial formation of
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the CPRS, however, it is possible that this date indicates the establishment of geographic
divergent populations which could be associated with the initial formation and expansion
of the CPRS. For L. wiegmannii, the divergence of its two subclades, which separate
populations in coastal Uruguay from those in Argentina, may be associated with the
formation of the La Plata River system.

The similar expansion times for L. occipitalis and L. wiegmannii might indicate that not
only the formation of the CPRS was important for determining population size, but also that
climatic events affecting all these taxa may have played a role in population expansions.
This model would explain the gap between the establishment of the third depositional
cycle (~120 kya) which formed most of the sandbar closing the Patos lagoon, and the
signal of population expansion which occur only by ~40kya.

In general, we can say that the genetic variability and geographic distribution
observed among populations of the three species were shaped mainly by geological
evolution of the occurrence area of each of them, as well as by anthropogenic pressures
suffered by them. However, this same human pressure that possibly helped shape the
current genetic scenario of the species is undoubtedly among the main causes of the

disappearance of many of its populations.
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. Infrodugao Geral

I.1. O género Liolaemus WIEGMANN, 1834

A herpetofauna da parte temperada da América do Sul é dominada em riqueza de
espécies por lagartos do clado Liolaemini, o qual inclui os géneros Liolaemus WIEGMANN,
1834 (aproximadamente 231 espécies (BRETMAN et al. 2011)), Phymaturus GRAVENHORST,
1837 (cerca de 38 espécies reconhecidas e 22 espécies candidatas (MORANDO et al.
2013)), e Ctenoblepharys TSCHUDI, 1845 (uma espécie). A topologia do clado [(Liolaemus
+ Phymaturus) Ctenoblepharys] é bem suportada por dados moleculares e morfoldgicos
(SCHULTE et al. 2003).

O género Liolaemus, que juntamente com Phymaturus e Ctenoblepharys pertence a
familia Liolaemidae (FROST et al. 2001), parece ter uma longa histdria evolutiva (SCHULTE et
al. 2000), e uma mais provavel origem e radiacdo nas terras altas dos Andes e/ou da
Patagonia (DUELLMAN 1979). Liolaemus € um género que inclui lagartos de tamanho
moderado, principalmente pequenos, restritos d regido austral da América do Sul, onde
ocupam uma grande diversidade de habitats, desde o nivel do mar até 5.000 metros de
altitude (ETHERIDGE 2000). O género apresenta uma grande versatilidade ecoldgica,
incluindo espécies com hdbitos saxicolas, arboricolas e psamdfilos, bem como uma ampla
diversidade bioldgica: reproducdo ovipara (principalmente) ou vivipara, e a maior parte
das espécies com uma dieta insetivora, mas existindo também algumas herbivoras e
onivoras. Exibem também uma grande variedade de padrdes de coloracdo (geralmente
criptico), tamanho e morfologia (DONOSO-BARROS 1966, ABDALA 2007, BREITMAN et al. 2013).

Estendendo-se desde a costa central do Peru em direcdo ao sul através da Bolivia,
Paraguai, Chile, e Argentina, o género Liolaemus atinge a costa atldntica do Uruguai, e sul
e sudeste do Brasil (ETHERIDGE & EsPINOzA 2000). E o género mais rico em espécies dentre os

squamatas da parte austral da América do Sul, sendo descritas nos Ultimos 15 anos mais
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de 50 espécies, principalmente na Argentina e no Chile, e novas descricdes sdo
publicadas numa taxa de quatro ou cinco por ano. Uma das principais causas deste
acentuado e recente aumento do niUmero de espécies conhecidas € que novas coletas
estdo sendo feitas em dreas ainda ndo exploradas dos Andes e da Patagdnia (ABDALA et
al. 2008, AviLA et al. 2010a, b). Um detalhado estudo de um Unico complexo de espécies
sugeriu que o nUmero total de espécies atuais pode ser aproximadamente o triplo do
nUumero conhecido da época (MORANDO et al. 2003).

As regides de ocorréncia de Liolaemus incluem extensas dreas de areia edlica: as
praias arenosas do Chile, Argentina, Uruguai e o sul do Brasil, assim como areias planas e
sistemas de dunas dispersos por todo o interior da Argentina e Chile (ETHERIDGE 2000). No
Brasil, o género Liolaemus é representado por trés espécies: Liolaemus lutzae MERTENS,
1938; Liolaemus occipitalis BOULENGER, 1885 e Liolaemus arambarensis VERRASTRO et al.,

2008.

1.2. O grupo boulengeri e o subgrupo wiegmannii

O grupo boulengeri (ETHERIDGE 1995) é um reflexo, em menor escala, do género
Liolaemus, contendo uma variedade surpreendente de espécies com diferentes formas
corporais e apresentando diferentes padroes de coloracdo. O grupo boulengeri distribui-
se principalmente no lado oriental da cordilheira dos Andes e a maioria das espécies estd
na Argentina, embora também haja espécies no alto dos Andes na Bolivia e no Chile, no
Chaco paraguaio, na Puna chilena, no extremo sul da Patagdnia chilena, e ao longo das
costas do Uruguai e do Brasil (ABDALA 2007).

O subgrupo wiegmannii caracteriza-se pela presenca de escamas lorilabiais menores
gue as supralabiais e usualmente duas fileiras de escamas lorilabiais entre a subocular e as

supralabiais. As escamas supralabiais sdo estreitas, sendo as posteriores mais alongadas;
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sublabiais em contato com a escama mental e a mental mais larga posteriormente. As
infralabiais apresentam variacdo desde planas a céncavas (ETHERIDGE 1995).

O subgrupo wiegmannii também € conhecido como o grupo dos “lagartos
arenicolas”, devido As suas excepcionais especializacdes para viver em dunas desertas
com altas temperaturas e vegetacdo xerdfila pobre (ABDALA 2007). De todas as espécies
do subgrupo wiegmannii, Liolaemus wiegmannii € considerada a menos especializada,
ndo sendo estritamente arenicola (LAURENT 1983, 1984; HALLOY et al. 1998; ETHERIDGE 2000).
ETHERIDGE (2000) realizou uma andlise filogenética do grupo boulengeri, baseado em 39
caracteres morfolégicos e comportamentais; desse grupo separa-se como um clado bem
suportado o subgrupo wiegmannii (Fig. 1a). Este trabalho, juntamente com outros estudos
morfolégicos, comportamentais e moleculares (ETHERIDGE 1995; HALLOY et al. 1998; SCHULTE et
al. 2000; AviLA et al. 2006; PINCHEIRA-DONOSO et al. 2008), corrobora o reconhecimento do
subgrupo wiegmannii como monofilético.

O subgrupo wiegmannii, até o momento, inclui onze espécies:

- Liolaemus arambarensis VERRASTRO et al., 2003: ocorre nos ambientes de restinga da
margem oeste da Laguna dos Patos (desde Itapud até Sdo Lourenco do Sul), Rio Grande
do Sul, Brasil (VERRASTRO et al. 2003);

- Liolaemus azarai AVILA, 2003: encontrado na llha Yacyreta (localidade tipo) no
Paraguai, e somente em outras duas localidades da provincia de Corrientes, nordeste da
Argentina (AviLA 2003).

- Liolaemus cuyumhue AVILA et al., 2009: ocorréncia conhecida somente para o
Departamento de Anelo (localidade tipo), Provincia de Neuquén, Argentina (AVILA et al.
2009).

- Liolaemus lutzae MERTENS, 1938: ocorre nas restingas da costa do estado do Rio de
Janeiro, Brasil (ROCHA 1985), sendo endémico da regido;

- Liolaemus multimaculatus (DUMERIL & BIBRON, 1837): nas regides costeiras de Buenos

Aires e do Rio Negro, Argentina (ETHERIDGE 2000);
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- Liolaemus occipitalis BOULENGER, 1885: ocorre no litoral do extremo sul do Brasil, nos
estados do Rio Grande do Sul (RS) e sul de Santa Catarina (SC) (PETERS et al. 1986; LEMA
1994), e na costa do Uruguai (desde Barra Del Chuy até a margem esquerda do Arroio
Valizas) (VERRASTRO et al. 2006);

- Liolaemus rabinoi (CEl, 1974): encontrado na Provincia de Mendoza, Departamento
de San Rafael, Argentina (ETHERIDGE 2000);

- Liolaemus riojanus CEIl, 1979: nas Provincias de La Rioja e San Juan, Argentina
(ETHERIDGE 2000);

- Liolaemus salinicola LAURENT, 1986: na Provincia de Catamarca, Argentina (CEl 1986);

- Liolaemus scapularis LAURENT, 1982: nas planicies dridas das Provincias de
Catamarca e de Tucumdn, Argentina (ETHERIDGE 2000);

- Liolaemus wiegmannii (DUMERIL & BIBRON, 1837): com uma ampla distribuic@o na
Argentina (CEl 1986) e Uruguai (GUDYNAS 1981a, b, c).

Estes lagartos exibem um extenso espectro de adaptacdes morfoldgicas e
comportamentais que facilitam a vida embaixo e na superficie da areia, assim como
focinho em forma de cunha, especializacdo do esterno para respiracdo embaixo da
areia, reducdo do dimorfismo sexual e coloracdo criptica, mergulho rdpido na areia

como escape e refugio diurno (ETHERIDGE 2000).

L. wiegmannii

L. lufzae
20

L. salinicola
21

L. scapularis
22

L. occipitalis

e RERRELELE L. arambarensis

L. rabinoi

L. mulfimaculatus
—| 25 o

L. riojanus

Figura 1 — Proposta de relacdes filogenéticas entre as espécies do grupo wiegmannii. a.

a

Segundo ETHERIDGE (2000), com a sugest@o para Liolaemus arambarensis Como um grupo

irmdo do ramo 24 (VERRASTRO et al. 2003).

16



1.3. Liolaemus arambarensis

Liolaemus arambarensis (Fig. 2) € uma espécie endémica dos ambientes de restingas
da Laguna dos Patos; tendo distribuicdo conhecida desde Viamdo até o Municipio de
S&o Lourenco (Fig. 3). Tem cerca de 56mm de comprimento rostro-cloacal e apresenta
uma coloracdo criptica com o ambiente, confundindo-se com o substrato onde vive.
Alimenta-se basicamente de insetos, aranhas e material vegetal. Apresenta uma
reproducdo ovipara entre os meses de agosto e marco (VERRASTRO et al. 2003).

Esta espécie foi registrada por PETERS & DONOSO-BARROS (1970) e citada por LEMA (1994),
como Liolaemus wiegmannii. Esta determinacdo foi revista, pois se verificaram diferencas
marcantes no tfamanho corporal, desenhos do corpo e lepidose, resultando na descricdo

de uma nova espécie para o Rio Grande do Sul (VERRASTRO et al. 2003).

Figura 2 - Exemplar de Liolaemus arambarensis sobre substrato de seu habitat natural
(Municipio de Barra do Ribeiro/RS) (Foto: M.B. Martins).
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Rio Grande
do Sul

Figura 3 - Distfribuicdo de Liolaemus arambarensis (pontos vermelhos) nos ambientes de

restinga na margem oeste da Laguna dos Patos, RS/Brasil.

1.4. Liolaemus occipitalis

Liolaemus occipitalis (Fig. 4) foi descrito por BOULENGER (1885), tendo como localidade-
tipo a cidade de Rio Grande (RS/Brasil). Esta espécie ocorre no extremo sul do Brasil, nos
estados do Rio Grande do Sul e sul de Santa Catarina (PETERS et al. 1986; LEMA 1994;
VERRASTRO 1991; VERRASTRO & BUJES 1998; VERRASTRO & KRAUSE 1999), e na costa do Uruguai, no
Departamento de Rocha, desde Barra Del Chuy até a margem esquerda do Arroio Valizas

(VERRASTRO et al. 2006) (Fig. 5).
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Os trabalhos existentes sobre esta espécie sdo de cardter taxondmico, biogeogrdfico
(GUDYNAS 1981a, b, c; VANIOLNI & AB'SABER 1968), osteoldgico (KELLER & KRAUSE 1986) e
ecoldgico (VERRASTRO 1991; VERRASTRO & KRAUSE 1994; VERRASTRO & BUJES 1998; BUJES &
VERRASTRO 1998; VERRASTRO & KRAUSE 1999; VERRASTRO 2004; BUJES & VERRASTRO 2006, 2008).

Segundo VERRASTRO & KRAUSE (1999), os individuos de L. occipitalis atingem sua
maturacdo sexual antes do primeiro ano de vida, estando aptos d reproducdo j& na
estacdo reprodutiva subsequente d que nasceram. Existe somente um periodo
reprodutivo anual, que inicia ao final de agosto e termina, com os Ultimos nascimentos, ao
final de marco. O periodo reprodutivo dos machos se dd desde o final de agosto até o
final de dezembro, e o das fémeas estende-se desde o inicio de setembro até o final de
fevereiro. O comprimento médio dos adultos € de 60,2mm em machos e 53,2mm em
fémeas (VERRASTRO & KRAUSE 1994).

Quanto & alimentacdo, L. occipitalis € uma espécie basicamente insetivora, com
consumo ocasional de vegetais, consumidora de uma grande variedade de itens

alimentares, caracterizando-se como um predador generalista (ELY & VERRASTRO 2004).

Figura 4 - Exemplar de Liolaemus occipitalis sobre substrato de seu habitat natural

(Municipio de Mostardas/RS) (Foto: L. Verrastro).
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Brasil

Figura 5 - Distribuicdo de Liolaemus occipitalis (pontos vermelhos) ao longo da costa do
Rio Grande do Sul, sul de Santa Catarina (Brasil), e parte do Deparfamento de Rocha

(Uruguai).

I.5. Liolaemus wiegmannii

Liolaemus wiegmannii (Fig. é) ocupa uma variedade de habitats através de sua
extensa e fragmentada drea de ocorréncia, frequentemente encontrado sobre dunas e
solos arenosos (ETHERIDGE 2000). Variacdes de lepidose, dos padrdes de coloracdo e do
desenho corporal foram observadas enire diferentes populacdes estudadas por CEH
(1979). Liolaemus wiegmannii caracteriza-se por uma reproducdo ovipara e dieta
insetivora (DONOSO-BARROS 1970; CEl 1986), sendo um predador de estratégia tipo senta-e-

espera (GUDYNAS & RUDOLF 1987). A localidade fipo foi registrada in error para o Chile, no
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entanto BELL (1843) indica a ocorréncia desta espécie para Bahia Blanca, Rio Negro
(Argentina) e Maldonado (Uruguai), uma vez que faz parte do lote frazido desta regido
por Charles Darwin. Estes dados sdo confirmados por GALLARDO (1966). A distribuicdo de L.
wiegmannii, segundo CEl (1979, 1986), LAURENT & TERAN (1981) e CABRERA & BEE DE SPERONI
(1986), € muito ampla na Argentina (Entre Rios, Buenos Aires, Bahia Blanca, La Pampa, San
Luis, Mendoza, Tucumdn e Jujuy), Uruguai (Fig. 7) e, segundo estes autores, também no sul
do Brasil (onde se verificou, posteriormente, tratar-se de uma espécie diferente, resultando
na descricGo de L. arambarensis). Entretanto, esta ampla distribuicdo geogrdfica e
estudos moleculares preliminares sugerem que L. wiegmannii possa ser um complexo de

diversas espécies (AviLA 2003, MORANDO et al. 2004, AviLA et al. 2006).

Figura 6 - Exemplar de Liolaemus wiegmannii sobre substrato de seu habitat natural

(Municipio de Valizas/Departamento de Rocha, Uruguai) (Foto: L. Verrastro).
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Figura 7 - Distribuicdo de Liolaemus wiegmannii (pontos vermelhos) na costa do Uruguai

(Uy). e no interior e costa da Argentina.

1.6. Contexto Geolégico

1.6.1. A Zona Costeira do Brasil

A zona costeira do Brasil estende-se por aproximadamente 9.200 km e apresenta um
conjunto muito diversificado de ambientes costeiros que evoluiu durante o Quaterndrio,
em resposta a mudancas no clima e no nivel do mar. Foram estas mudancas que
adicionaram os elementos morfolégicos mais jovens da zona costeira brasileira. Durante
todo o periodo Quaterndrio a posicdo média da linha de costa localizava-se 30 m abaixo
da linha de costa atual sobre a plataforma confinental. Adicionalmente, a maior parte da

zona costeira do Brasil passou por uma incipiente e forcada regressdo relacionada a uma
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queda de aproximadamente 2-5 m no nivel do mar durante os Ultimos 6-5 mil anos (kal).
Durante os Ultimos 420 ka, no minimo cinco maiores eventos de transgressdo-regressdo
marinha (relacionados com a alterndncia de periodos glaciais e interglaciais) sdo

reportados (DILLENBURG & HESP 2009).

1.6.2. A Costa de Santa Catarina

A zona costeira do estado de Santa Catarina (SC) localiza-se na regido Sul e costas
Sudeste e Sul do Brasil, entre as latitudes sul de 25°57'41" e 29°23'55". A provincia costeira
de Santa Catarina possui uma drea de 66.212 km?, aproximadamente 430 km de
extensdo, e larguras médias de 130 km. E constituida de duas unidades geoldgicas
maiores: o embasamento e as bacias sedimentares marginais de Pelotas - ao sul - e de
Santos - ao norte. As bacias limitam-se na Plataforma de Floriandpolis, nas imediacdes do
cabo de Santa Marta (28°27'S), e em ambas os sedimentos estdo associados as
fransgressdes e regressdes marinhas que ocorreram desde o Cretdceo inferior ao
Quaterndrio (HORN FiILHO 2003). A costa de SC exibe significantes variacdes tanto nos
ventos quanto na energia das ondas, e tem exemplos de todos os principais tipos de
barreiras (DILLENBURG & HESP 2009).

Uma recente revis@o feita por ANGULO et al. (2006) indicou que o nivel do mar durante
o Holoceno ultrapassou na regido de SC o nivel atual hd cerca de 7 ka, e atingiu o maior
nivel h& cerca de 5.7 ka. A altura mdxima atingida foi de cerca de 2.5m acima do nivel

atual, e o nivel do mar em seguida caiu gradualmente ao nivel atual.

Os tipos de barreiras da costa catarinense

Diversos fipos de barreiras (sistemas deposicionais) e formas associadas ocorrem ao
longo da costa de SC e norte do RS. As diferencas no desenvolvimento das barreiras ao

longo da costa catarinense estdo relacionadas com eventos geoldgicos e gradientes da
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plataforma pré-existentes, o tipo de sedimento e seu fornecimento, energia das ondas,
fipos de praias, direcdo do vento resultante, e orientacdo costeira a ventos dominantes
ou predominantes (DILLENBURG & HESP 2009). A planicie costeira de SC abrange depdsitos
caracteristicos de dois sistemas deposicionais: sistema continental e sistema transicional ou
costeiro. O sistema continental estd associado ds encostas das terras altas, englobando
depdsitos geralmente datados do Quaterndrio indiferenciado (~2 ka até o presente). O
sistema costeiro, na maioria das regides do tipo laguna-barreira, compreende depdsitos
pleistocénicos e holocénicos (120ka-18ka e 5.1ka até o presente) (HORN FILHO 2003).

De acordo com DILLENBURG & HESP (2009), existem essencialmente quatro provincias
geomodrficas que podem ser identificadas, sendo que trés delas (Il, lll e 1V) abrangem
nossa drea de trabalho (Fig. 8): A provincia Il estende-se desde ltajai, ao longo da costa
continental por trds da IIha de SC, até o extremo norte da Praia da Pinheira. Caracteriza-
se por uma costa rochosa, com pequenas praias e enseadas. As praias do sul apresentam
barreiras que compreendem uma Unica duna frontal, indicando um pequeno
fornecimento de sedimentos arenosos durante o Holoceno. As maiores baias sdo
profundamente embainhadas entre promontdrios ou ficam atrds da llha de SC e sdo
ambientes protegidos. A provincia lll estende-se do norte da llha de SC ao Farol de Santa
Marta. Caracteriza-se por grandes promontérios, algumas praias longas e relativamente
retas a arqueadas, costa rochosa e pequenas praias entre dois promontdrios, e barreiras
dominadas por campos de dunas fransgressivas (formadas pelos sedimentos introduzidos
pelo avanco do mar). Existem dois complexos de barreiras nesta provincia (um na Praia
do Gi e outro na Praia da Pinheira), e quatro principais campos de dunas, um
relativamente pequeno em Pantano do Sul, e trés maiores nas Praias da Joaquina, do
Mocambigue e do Santinho. Todos os grandes campos de dunas sdo atfivos € mostram
uma tendéncia de migracdo de sul para norte. A provincia IV estende-se do Farol de
Santa Marta até a borda com o RS. A linha de costa tem um perfil levemente cédncavo

caracterizado por praias longas e retas. As barreiras compreendem campos de dunas
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fransgressivas ativos e remanescentes que progradaram durante o Holoceno (~7 ka), com
excecdo de uma barreira complexa proximo do extremo norte de Torres. Este sistema de
barreira estende-se em direcdo ao sul passando o Chui e entrando no Uruguai. A barreira
que se estende do Cabo de Santa Marta 4 Praia do Camacho (~28°36' a 28°42')
caracteriza-se por um vasto campo de dunas transgressivas. Atrds dos depdsitos da
barreira, existe um complexo lagunar (lagoas de Garopaba do Sul, do Camacho e de

Santa Marta) criado durante o nivel mdéximo da transgressdo marinha pds-glacial.

Figura 8 - Mapa de satélite da costa de Santa Catarina com a localizagcdo aproximada

das trés provincias geomarficas que abrangem nossa drea de trabalho. Il - Provincia Il (de
ltajai até o extremo norte da Praia da Pinheira); lll = Provincia lll (do norte da llha de SC ao

Farol de Santa Martal); IV - Provincia IV (do Farol de Santa Marta até a borda com o RS).
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1.6.3. A Planicie Costeira do Rio Grande do Sul (PCRS)

O termo Provincia Costeira € amplamente utilizado para designar um grupo de
elementos geoldgicos caracteristicos da margem continental brasileira na atualidade.
Durante o Cenozdico, a erosdo dos terrenos elevados situados a oeste gerou fdcies
sedimentares que se acumularam ao longo da Provincia Costeira do RS. Em
consequéncia desse processo, a Provincia Costeira do RS pode ser dividida em dois
compartimentos geomorfoldgicos: o das “terras altas” e o das “terras baixas” (VILLWOCK &
TOMAZELLI 1995). Fazem parte do compartimento das “terras altas” o Planalto Sul-
riograndense, a Depressdo Central e o Planalto das Araucdrias. Enquanto que o
compartimento das “terras baixas” € composto pela Planicie Costeira e pela plataforma
continental adjacente (WESCHENFELDER 2005).

A Planicie Costeira do Rio Grande do Sul (PCRS) constitui a mais ampla planicie
litorGnea do Brasil, cobrindo cerca de 33.000km2, e apresentando uma extensdo de cerca
de 620km e até 80km de largura (TOMAZELLI et al. 2000). Ela € uniforme e suavemente
ondulada consistindo de duas grandes e subdivididas projecdes em direcdo ao mar e
duas reentr@ncias em direcdo a terra, com orientacdo nordeste — sudoeste (DILLENBURG et
al. 2000; DILLENBURG et al. 2005).

A PCRS compreende um grande nuUmero de corpos d'dgua costeiros, alguns deles de
grandes dimensdes, como a Laguna dos Patos com uma drea de 10.000 km2 e a Laguna
Mirim com uma drea de 3.770 km?2 (TOMAZELL et al. 2000). A Laguna dos Patos € a bacia de
captacdo da rede de drenagem da Bacia Fluvial do Sudeste do RS e do Nordeste da
Republica do Uruguai. A extensdo de sua superficie de captacdo alcanca 180.000 km2 e
as aguas captadas desembocam diretamente no Oceano Atléntico, através do Canal
de Rio Grande, localizado no extremo sul da laguna (WESCHENFELDER et al. 2005). O Canal

de Rio Grande, juntamente com a Barra da Laguna de Tramandai, sdo as duas Unicas
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descontinuidades que ocorrem na PCRS, as quais sdo permanentemente abertas por
causa de uma confinua e grande descarga de dgua doce no Oceano Atléntico
(DILLENBURG et al. 2000).

As barreiras costeiras representam o principal sistema deposicional da PCRS, sendo
que os eventos de transgressdo-regressdo do nivel do mar que a originaram, geraram
quatro extensos sistemas deposicionais do tipo laguna-barreira, paralelos & linha de costa
(VILLWOCK & TOMAZELLI 1995; TOMAZELLI & VILLWOCK 2005) (Fig. 9). A formacdo destes sistemas
foi relacionada com a alterndncia ciclica de periodos frios e quentes ocorridos durante o
Pleistoceno e Holoceno, os estdgios glaciais e interglaciais. Durante estes periodos havia a
fusdo (estdgios interglaciais) ou crescimento (estdgios glaciais) das regides polares e,
consequentemente, subida (fransgressdo) ou descida (regressdo) do nivel do mar
(ViLLwock & TOMAZELLI 1995). H& cerca de 500 mil anos atrds, o nivel do mar na regido do RS
encontrava-se 70 m abaixo do nivel atual e a linha de costa recuada mais de 100 km. H&
aproximadamente 400 ka ocorreu uma grande fransgressdo marinha e, no RS, o mar
invadiu foda a regido de Porto Alegre, ficando somente os morros emersos. Assim, formou-
se o Sistema Deposicional Laguna-Barreira | (0 mais antigo). A Barreira | se desenvolveu na
porcdo noroeste da planicie costeira onde ocupa uma faixa com orientacdo nordeste -
sudoeste (~150km de extensdo e ~5-10km de largura). Seu crescimento se deu
principalmente a partir da acumulacdo de sedimentos edlicos que se ancoraram sobre
altos do embasamento. Apds o primeiro evento transgressivo, o mar regrediu, e cerca de
75 ka depois, houve outra transgresséo, sendo que a drea ocupada pelo mar foi
consideravelmente menor que a anterior. O Sistema Deposicional Laguna-Barreira Il é o
resulfado deste segundo evento transgressivo-regressivo pleistocéncio (aproximadamente
325 ka). Na parte norte da planicie costeira, as fdcies praiais e edlicas da Barreira I
ficaram preservadas como um grande pontal arenoso desenvolvido a leste da Lagoa dos
Barros. Na parte sul, como um antigo sistema de ilhas-barreira, responsdvel pelo primeiro

isolamento da Lagoa Mirim. Novamente o mar recuou e, hd ~120 ka, ocorreu um terceiro
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evento transgressivo (Ultimo pico interglacial pleistocénico) que resultou na formacdo da
terceira barreira da PCRS e das restingas que delimitaram a Laguna dos Patos. O Sistema
Deposicional Laguna-Barreira il encontra-se muito bem preservado no presente, e seu
desenvolvimento foi responsavel pela implantacdo final da Laguna dos Patos. Os
depdsitos correlatos a Barreira lll se estendem, de maneira quase continua, ao longo de
toda a PCRS, desde Torres até o Chui. A formacdo da barreira arenosa mais recente
(Sistema Deposicional Laguna-Barreira 1V) ocorreu hd ~5 ka, durante o Holoceno, como
consequéncia da Ultima grande transgressdo pds-glacial. A Barreira IV foi o episddio final
consequente das variagcdes do nivel do mar que afetaram este setor costeiro. O campo
de dunas edlicas da Barreira IV é bem desenvolvido, e estende-se praticamente ao longo
de toda a linha de costa. Este Ultimo sistema deposicional ainda estd ativo (TOMAZELLI &
VILLWOCK 2005; WESCHENFELDER et al. 2005; DILLENBURG & HEsP 2009). Apds esse Ultimo evento,
formou-se uma restinga arenosa enfre o planalfo e o mar que promoveu a ligacdo da
PCRS com o litoral norte do Pais, permitindo a migracdo da flora e fauna atuais e
interrompendo o curso dos rios. A partfir de entdo, foda a drenagem continental que
anteriormente atfingia a quebra da plataforma continental ficou retida no interior deste
sistema lagunar (WESCHENFELDER et al. 2005). As desembocaduras dos estudrios e os canais
fluviais foram soterrados pelas areias transgressivas. Desta forma, o registro dos canais
soterrados representa evidéncias da drenagem pleistocénica sobre a antiga planicie
costeira, na atual plataforma continental (ABREU & CALLIARI 2005). Paleocanais detectados
na linha de costa atual podem representar o anfigo curso de alguns dos principais rios do
estado, que fragmentavam a costa, desaguando diretfamente no Oceano Aflantico
(CORREA et al. 2004; WESCHENFELDER 2005; WESCHENFELDER et al. 2008a,b) (Fig. 10).

Este & o mais longo sistema de barreiras da América do Sul e certamente um dos mais
longos do mundo. Os sedimentos para construir esta grande planicie costeira vieram
possivelmente do rio la Plata localizado ao sul com confribuicdo de rios locais (Camaqud

e Jacui) (DILLENBURG et al. 2000). A PCRS penetra no nordeste do Uruguai (UREN et al. 1980).
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1.6.4. A Costa do Uruguai

A Republica Oriental do Uruguai tem uma superficie de 176.215km2, e localiza-se entre

30° e 35° de latitude sul, entre o Brasil e a Argentina (CLAES/PNUMA/DINAMA 2008). A
costa uruguaia (Fig. 11) caracteriza-se como um conjunto de ambientes, majoritariamente
praias arenosas, dominados pela acdo das ondas. Estende-se por aproximadamente 700

km entre a desembocadura do rio Negro e o limite com o Brasil (PANARIO & GUTIERREZ 2005),
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contando com cerca de 232km de costa sobre o Oceano Atlantico e 486 km sobre o Rio
de la Plata (CLAES/PNUMA/DINAMA 2008). A costa atl@ntica estende-se desde Punta del
Este até a Barra del Chuy, abrangendo a totalidade da costa do Departamento de
Rocha e parte da costa do Departamento de Maldonado. Consiste de um estreito
cintur@o de praias de morfologias variadas e lagunas, separadas por pontais rochosos (La
Coronilla, Cabo Polénio, Cabo Santa Maria, Punta José Igndcio e Punta del Este). A feicdo
mais caracteristica desta planicie costeira sdo as lagunas litordneas em sua maioria de
dguas doces (Fig. 12). H& alguns milhares de anos atrds, onde atualmente existem esta
série de lagunas costeiras, marismas e banhados adjacentes ao litoral arenoso, existiam
antigas baias ou pequenos paleocestudrios, cujas desembocaduras se fecharam co
desenvolver-se uma barra arenosa durante a estabilizacdo do mar em sua posicdo atual
(UREEN et al. 1980). A costa platense estende-se desde Nueva Palmira até Punta del Este,
abrangendo parte da zona costeira dos Departamentos de Colonia e Maldonado, e a
totalidade da costa de San José, Montevideo e Canelones. Nas Terras Baixas fem-se a
Planicie Costeira, que apresenta, assim como a costa atl@ntica, Planicies Aluviais Internas,
Barreiras e Complexos Barreiras-Lagunas (laguna del Sauce, banhados de Carrasco,

paleolagunas de Arazati) (AGUILAR ef al. 2010).

Evolugdo Geoldégica do litoral uruguaio

Durante o Tercidrio, uma grande parte das formacdes Cenozoicas que se
depositaram no litoral uruguaio foram erodidas quase totalmente pela acdo das ondas. A
maior parte desse material foi retrabalhado e depositado por ondas e correntes ao longo
do litoral, formando um cinturdo arenoso. Parte destes sedimentos foi devolvida & costa
em tempos mais modernos, formando campos de dunas que cobrem o embasamento ou
as formacdes Cenozoicas continentais. Os sedimentos quaterndrios da costa do rio de la

Plata exterior e litoral atl@ntico estendem-se quase ininterruptamente até o RS (Brasil),
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onde sdo identificados com o nome de Formacdo Graxaim. Durante o Quaterndrio e
Tercidrio, foram gerados numerosos ciclos marinhos (fases fransgressivas-regressivas)
abrangendo, contudo, um periodo muito mais curto. Universalmente sdo reconhecidos
durante o Pleistoceno quatro ciclos gldcio-eustaticos. Porém, devido d insuficiéncia de
dados, s6 é possivel reconstruir os eventos correspondentes ao Pleistoceno Superior e o
Holoceno (Ultima transgressdo marinha). Durante a Ultima glaciacdo o nivel do mar
chegou a ~170-180m abaixo do nivel atual. H& aproximadamente 15 ka o mar iniciou sua
subida até chegar a estabilizar-se em sua posicéo atual. Durante o Pleistoceno, o mar
cobriu repetidas vezes a Plataforma Continental, as planicies costeiras e o vale do rio de
la Plata, mas aparentemente nunca superou o limite interior da Planicie Costeira (URIEN et
al. 1980).

Durante os niveis mais baixos do mar, o rio de la Plata estendeu-se sobre a atual
Plataforma Continental e implanfou um sistema de canais fluviais. Estes paleocanais
representam uma das feicdes topogrdaficas mais notdveis na regido. Existem outros rios
menores que drenam as terras altas, que também se estenderam sobre a Planicie Costeira
submersa e chegaram inclusive ao bordo da plataforma (~17 ka). Estes rios, de modo
semelhante ao rio de la Plata, também construiram deltas, muitos dos quais encontram-se
atualmente sepultados pelos sedimentos transportados pelo mar durante seu avanco

(URIEN et al. 1980).
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I.7. Contexto Genético

1.7.1. Marcadores moleculares no estudo de populagoes

O estudo da variabilidade genética (e de sua estruturacdo dentro e entre
populacdes) através de técnicas moleculares, talvez seja a parte mais importante da
Genética da Conservacdo, e tem sido Util tanto no estudo de populacdes exploradas
comercialmente como das espécies j@ ameacadas de extincdo. A estimativa da
estruturacdo populacional é um passo importante em estudos de Genética da
Conservacdo, pois permite direcionar os esforcos de conservacdo para um uso mais
eficiente dos recursos disponiveis (SOLE-CAVA 2004).

A estrutura populacional é composta por duas partes distintas inter-relacionadas:
estrutura demogrdfica e estrutura genética. Ambas sé@o determinadas ndo sé pelas
caracteristicas populacionais, mas também por processos como mutacdo e fluxo génico
gue aumentam a variabilidade genética, e deriva genética, selecdo e endocruzamento
responsdveis por perdas da variabilidade (MEFEE & CARROL 1997; AMOS & HARWOOD 1998). E
essa variabilidade genética que nos permite comparar individuos, populacdes ou
espécies diferentes, assim como o desenvolvimento de diversas metodologias de andlise
molecular que tem facilitado os estudos populacionais, bem como permitindo testar
diferentes hipdteses evolutivas tanto intra como interespecificas.

O mais importante, do ponto de vista da Genética da Conservacdo, € o fato de que
marcadores moleculares diferentes podem ter taxas de substituicdo/evolucdo diferentes,
de modo que podemos estudar desde problemas de identificacdo de individuos &
identificacdo de espécies cripticas ou formulacdo de hipdteses filogenéticas em grupos
supra-especificos (SOLE-CAVA 2004). Além disso, informacdes obtidas da andlise de
marcadores moleculares podem contribuir para uma melhor compreensdo de relacdes

evolutivas, e, entre outras coisas, fornecer aportes para o manejo de espécies e também
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na sugestdo de politicas de preservacdo nos seus estdgios iniciais € mais simples, como na
determinacdo de estruturas populacionais € na andlise filogeogrdfica.

Estudos de filogeografia comparativa tém sido valiosos para o desenvolvimento e
teste de hipdteses sobre processos evolutivos histéricos com impacto na composicdo da
biodiversidade atual. As metodologias que utilizam DNA sdo muito eficazes para
reconstrucdo filogenética e tém sido largamente empregadas em vdrias abordagens
evolutivas, tais como nos estudos de fluxo génico, especiacdo, sistemdtica e estrutura de
populacdes (AVISE 1994).

Em funcdo do tipo (assim como do grau de refinamento) das analises genéticas,
diferentes marcadores moleculares podem ser empregados. Entre eles destacam-se: as
aloenzimas, estudos com RFLPs (Resfrictiom Fragment Length Polymorphism), sequéncias
de DNA mitocondrial, DNA fingerprint usando regides de minissatélites, RAPDs (Random

Amplified Polymorphic DNA) e polimorfismos em regido de microssatélites (AVISE 1994).

1.7.1.1. O DNA Mitocondrial

Sequéncias nucleotidicas fornecem a mais alta resolucdo para o exame da evolucdo
molecular em populacdes. O estudo das relacdes genealdgicas entre individuos dentro
de uma espécie requer sequéncias ndo-recombinantes e que evoluam rapidamente (alta
taxa de mutacdo), tais como aquelas encontradas no DNA mitocondrial (mtDNA)
(VIGILANTE et al. 1989).

O genoma mitocondrial dos animais é pequeno e relativamente uniforme em
tamanho entre vertebrados e invertebrados (BROWN et al. 1979). Ele é hapldide, circular e
varia entre 15.000 e 17.000 pares de bases de comprimento, estando presente em
centenas e até milhares de cdépias por célula (LI & GRAUR 2000). Tipicamente, o genoma
mitocondrial consiste de 37 genes, funcionalmente distintos, sem grandes espacos infer-

génicos. Estes loci levam informacdo para 22 diferentes RNAs transportadores, dois RNAs
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ribossomais e 13 RNAs mensageiros que codificam para diferentes subunidades
polipetidicas de proteinas envolvidas no transporte de elétrons e fosforilacdo oxidativa
que ficam na membrana interna da mitocdndria (AVISE 2000).

O miDNA ¢é simples em estrutura e econdmico em tamanho (BROWN 1985), e evolui,
em animais superiores, muito mais rapidamente do que o DNA nuclear cépia Unica
(BROWN et al. 1979). As comparacdoes entre as sequéncias de DNA de diferentes
organismos revelam que a razdo das substituicdes de nucleotideos, durante a evolucdo,
foi dez vezes maior em genomas mitocondriais do que em genomas nucleares, o que
provavelmente é devido & reduzida fidelidade dos processos de replicacdo ou reparo do
MiDNA, ou de ambos. Como sé cerca de 16.500 nucleotideos precisam ser replicados e
expressos como RNAs e proteinas em mitocondrias de células animais, a proporcdo de
erro por nucleotideo (copiado na replicacdo do DNA, mantido pelo reparo do DNA,
franscrito pela RNA polimerase ou traduzido em proteinas pelos ribossomos mitocondriais),
pode ser relativamente alta sem que haja danificacdo de qualgquer um dos,
relativamente poucos, produtos génicos (ALBERTS ef al. 2002).

A taxa relativamente alta da evoluc@o dos genes mitocondriais torna as
comparacdes das sequéncias de mMmiDNA Uteis para estimar as datas de eventos
evolutivos relativamente recentes, tendo sido amplamente utilizado em estudos de
cardter evolutivo e filogenético (ALBERTS et al. 2002). O mtDNA é adequado para o estudo
de baixos niveis taxondmicos como relacdes intra-genéricas ou intra-especificas devido a
suas rdpidas taxas de substituicdes de nucleotideos (BONVICINO & MOREIRA 2001).

Estudos filogeogrdficos baseados em andlises de DNA mitocondrial permitem o
seguimento de rastros genealdgicos além dos limites genéticos entre as populacdes,
espécies e grupos taxondmicos mais elevados. O sucesso da filogeografia baseada no
DNA mitocondrial foi devido a descricdo aperfeicoada da distribuico geogrdfica, das

relacoes filogenéticas, das dist@ncias genéticas e tempos de divergéncia entre linhagens
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evolutivas de animais; aumentando o conhecimento relativo  biogeografia e as dreas de
endemismo (BERMINGHAM & MORITZ, 1998; DA SILVA & PATTON, 1998).

BROWN & WRIGHT (1975) publicaram a primeira andlise significativa da variagcdo do
MiDNA na natureza em uma breve publicacdo cientifica sobre lagartos
partenogenéticos. Este estudo foi o pioneiro de uma série de estudos que documentaram
o poder da andlise do mtDNA em decifrar as origens evolutivas e idades de numerosos
tdxons de vertebrados unissexuais (Avise 2000). Diversos outros trabalhos sobre lagartos tém
sido desenvolvidos utilizando o mtDNA como ferramenta de investigacdo (MACEY et al.
1997, 2000; RADTKEY et al. 1997; HARRIS et al. 1998; SCHULTE et al. 1998, 2000, 2003; CLARK et al.
1999; HICKSON et al. 2000; Fu 2000; HONDA et al. 2000; PASSONI ef al. 2000; BReHM et al. 2001,
2003; FROST et al. 2001; SURGET-GROBA et al. 2001; MAUSFELD et al. 2002; HOWER & HEDGES 2003;
MORANDO et al. 2003, 2004, 2007, 2008; VICARIO et al. 2003; AVILA et al. 2004, 2006, 2008, 2009;
JESUS et al. 2005; PELLEGRINO ef al. 2005; TORRES-PEREZ et al. 2007; VICTORIANO et al. 2008; SMITH
efal.2011).

O genoma mitocondrial € uma das “pedras-fundamentais” da moderna genética
evolutiva e tem sido amplamente utilizado para reconstruir genealogias € descrever a
estrutura genética de populacdes (GEMMELL et al. 2004). Comprovando a relevancia e
aplicabilidade desta abordagem, AviSE (2000) afirma que aproximadamente 70% dos
estudos filogeogrdaficos foram realizados através de andlises de DNA mitocondrial.
Também uma recente revis@o sobre os atuais conhecimentos filogeogrdficos da América
do Sul mostrou que 58% dos artigos filogeogrdficos publicados entre 1987 e 2011 utilizaram
0 DNA mitocondrial como marcador (TURCHETTO-ZOLET et al. 2012).

ZARDOYA & MEYER (1996) em trabalho sobre a performance filogenética dos genes
mitocondriais codificadores de proteinas entre vertebrados, fizeram testes a fim de
verificar se o desempenho superior de alguns genes era simplesmente devido ao seu
comprimento. Os resultados indicaram que o desempenho de um Unico gene ndo era

simplesmente relacionado ao seu famanho, mas alguns genes parecem ser fracadores
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consistentemente mais confidiveis da histéria evolutiva do que outros. Assim, verificaram
gue os genes mitocondriais codificadores de proteinas poderiam ser classificados em trés
grupos em termos de performance filogenética: bons (ND4, ND5, ND2, Cytb e COl),
médios (COIL COIll, ND1 e NDé6) e pobres (ATPase 6, ND3, ATPase 8 e NDA4L).

Para a readlizagcdo do presente trabalho foram escolhidos dois genes mitocondriais
codificadores de proteinas como marcadores moleculares: o Citocromo b (Cytb) e o

Citocromo C Oxidase Subunidade 1 (COl).

Citocromo b (Cytb)

O citocromo b é um gene mitocondrial que faz parte da cadeia transportadora de
elétrons (PALUMBI 1996). Foram feitos trabalhos a respeito da evolugcdo deste gene em
diferentes grupos de vertebrados, e, segundo PALUMBI (1996), alguns destes estudos
notaram que o nivel de conservacdo dos aminodcidos varia significativamente em
diferentes partes do gene citocromo b. Existem diversas partes do gene que sdo
altamente conservadas entre tdxons e parecem ser importantes na funcdo da proteina.

Diversos trabalhos utilizando o citocromo b como marcador molecular foram feitos
com lagartos em diferentes niveis taxondmicos: género Cnemidophorus (RADTKEY et al.
1997), género Sceloporus (CLARK et al. 1999), Familia Lacertidae (Fu 2000), género Mabuya
(BREHM et al. 2001; MAUSFELD ef al. 2002; Jesus et al. 2005), género Lacerta (SURGET-GROBA ef
al. 2001; BReHM et al. 2003), Familia Xantusiidae (VICARIO et al. 2003), género Liolaemus
(AVILA et al. 2004, 2006, 2008, 2009; MORANDO et al. 2003, 2004, 2007, 2008; TORRES-PEREZ ef al.
2007; VICTORIANO ef al. 2008), género Gymnodactylus (PELLEGRINO et al. 2005).

MORANDO et al. (2003 e 2004) sugerem que o marcador molecular cyt b foi
suficientemente varidvel para estudos filogeogrdficos com o género Liolaemus.

Experiéncias prévias dos mesmos pesquisadores com outros grupos de Squamatas
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sugerem que este gene poderia ser o mais varidvel dentre trés genes mitocondriais

utilizados em outros frabalhos (Cyt b, ND4 e 125).

Citocromo C Oxidase Subunidade 1 (COI)

O Citocromo C Oxidase é um complexo enzimdtico componente da cadeia
respiratéria mitocondrial. Ele é o catalisador terminal desta cadeia, usando os elétrons que
fluem através da cadeia para reduzir as moléculas de oxigénio a adgua (SARASTE 1990). As
subunidades 1-3 formam o nulcleo funcional do complexo enzimdtico. O COl é a
subunidade catalitica da enzima.

O gene citocromo b tem sido mais comumente utilizado em andlises filogenéticas,
entretanto o uso do COI neste tipo de estudo vem ganhando destaque a partir das
publicacdes de HEBERT et al. (2003a,b), os quais sugeriram que sequéncias do COIl seriam
capazes de identificar corretamente filos, ordens e espécies proximas de animais. Assim,
foi proposta a construcdo de um banco de sequéncias de um grande nUmero de
organismos tfendo o COIl como gene de referéncia, ou seja, a sequéncia do COI seria
usada como um cdodigo de barras (barcode) especifico para cada espécie. Isso permitiria
atribuir individuos desconhecidos a espécies e facilitar a descoberta de novas espécies
(Hebert et al. 2003a).

Diversos frabalhos utilizando o COI juntamente com outros marcadores moleculares
foram desenvolvidos com lagartos em diferentes niveis taxonémicos: lagartos iguanideos e
acrodontes (MACEY et al. 1997, 2000; SCHULTE et al. 1998, 2003), género Liolaemus (SCHULTE et
al. 2000), familia Lacertidae (Fu 2000), géneros Gonatodes e Kentropyx (Souza 2008),

lagartos agamideos (SMITH et al. 2011).
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1.8. Areas de ocorréncia de Liolaemus

Uma caracteristica marcante na paisagem das regides de ocorréncia de algumas
espécies arenicolas do género Liolaemus € a fragmentacdo e a perda do habitat devido,
principalmente, a atividade antrépica. As dreas de distribuicdo que se estendem atrds da
primeira linha de dunas sdo atualmente raras e/ou modificadas, ocasionando o
isolamento de pequenas populacdes ou levando as pequenas populacdes de Liolaemus
a uma paisagem de dunas fragmentadas.

A zona costeira do Brasil mostra progressiva concentracdo e diversificacdo das
atividades humanas e j& demonstra comprometimento dos recursos naturais e
ecossistemas. No Rio Grande do Sul as formagdes de dunas e restingas presentes na
Planicie Costeira constituem uma paisagem natural cada vez mais rara, apesar de serem
consideradas de preservacdo permanente (Lei Federal ne. 4771 de 15 de setembro de
1965 e Resolucdo no 4 de 18 de setembro de 1985 do Conselho Nacional do Meio
Ambiente). Nos Ultimos anos, os ecossistemas de dunas e restingas litorGneas do RS, seja
na costa Atléntica ou na zona de praias da Laguna dos Patos e Mangueira, vém sofrendo
alteracdes resultantes de acdes antropicas. Entre os impactos negativos sobre estas
formacdes destacam-se o aumento indiscriminado dos loteamentos em balnedrios, a
retirada de areia e a contaminacdo do solo e dos principais corpos d'dgua (MELAMED &
VERRASTRO 1997). Esses fatores, além de modificarem a paisagem, tém reflexos diretos sobre
a fauna da regido. Um exemplo destes reflexos é a classificacdo de L. occipitalis como
espécie Vulnerdvel para o RS e SC (FONTANA et al. 2003; IBAMA 2003; IUCN 2012; Resolucdo
CONSEMA N°. 002 de 06 de dezembro de 2011), tendo este Ultimo estado também sofrido
grandes pressdes antropicas em sua costa. A classificacdo de Liolaemus arambarensis

como Ameacada (IUCN 2012), e sua inclusGo como espécie Ameacada na Lista das
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Espécies da Fauna Silvestre Ameacadas de Extincdo no Rio Grande do Sul 2013 (em
preparacdo) também é um reflexo da presséo antrépica sobre os habitats costeiros.

A ocupacdo antrépica em Areas de Preservacdo Permanente (APPs) e/ou de risco,
como no caso das dunas frontais, tem levado a situagdes de confronto social e juridico. A
base legal do Plano Nacional de Gerenciamento Costeiro Il (PNGC) foi regulamentada
pelo Decreto N° 5.300 de 7 de dezembro de 2004, que estabelece critérios de gestdo da
orla maritima. Mesmo assim, os interesses econdmicos e a pressdo pelo uso e ocupacdo
destas dreas geram conflitos entre as funcdes ecoldgicas e sécio-culturais. Planos de
Manejo de Dunas sdo exigéncias legais do érgdo ambiental estadual (FEPAM) ds
Prefeituras Municipais, com o objetivo de proteger o ambiente natural e reduzir os
impactos frente & urbanizacdo e os interesses de diferentes agentes sociais no espaco
litoréneo. Configuram-se em importantes instrumentos de conservacdo, destacando
formas de utilizacdo adequada e estabelecendo normas para a recuperacdo de dunas e
da vegetacdo nativa (GRUBER ef al. 2010).

Em relacdo as dreas com vegetacdo de restinga arenosa, VINCIPROVA & VERRASTRO
(2001) afirmam que elas possuem particularidades muito significativas, tanto em nivel
floristico, quanto faunistico e paisagistico. Devido & natureza relativamente recente dos
habitats de restinga, a taxa de endemismos entre as espécies de répteis é relativamente
baixa, especialmente se comparada com as encontradas em outros habitats como os da
Mata Atlantica (RocHA et al. 2000). Apesar do baixo endemismo, temos no Brasil duas
espécies do género Liolaemus endémicas de dreas de restinga: Liolaemus lutzae e L.
arambarensis, ja citadas anteriormente com suas respectivas dreas de distribuicdo.

No tocante a estas dreas de restinga, conflitos de gestdo vém ocorrendo no Brasil,
discutindo a pertinéncia da Resolucdo 303/2002 do CONAMA - APP de Restinga, que

1

configura “um limite de NAO ocupacdo para dreas urbanizadas de 60m e NAO
urbanizadas de 300m a partir do sopé da duna frontal”. Tal resolucdo e seus limites

provocam debates técnicos e juridicos acirados. Vdlida para todos os segmentos do
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litoral, esta Resolucdo encontra distintas interpretacdes, na Geologia, Geomorfologia,
Biologia, Ecologia e Direito. Ainda, se, em andlise geolégica de escala local, o setor
costeiro NAO se configure como APP de Restinga, existem diferentes leituras da Biologia e
Ecologia, em que a vegetacdo de Restinga deve ser preservada. O Resultado de muitos
desses conflitos tém sido de Acdo Civil PUblica e paralisia nos processos de planejamento
e empreendimentos no litoral, que carecem de andlise integrada local/regional para
regulamentacdo técnica e normativa, na escala do municipio (GRUBER et al. 2010).

Assim como as duas espécies de Liolaemus ocorrentes no sul do Brasil, L. wiegmannii
também tem suas populacdes ameacadas tanto no Uruguai quanto na Argentina.
Segundo KAcoLRIS ef al. (2006), que verificaram a ocorréncia de L. wiegmannii em
diferentes habitats de remanescentes das dunas costeiras da provincia de Buenos Aires, a
costa bonaerense, incluida na regido da Argentina Pampeana, tinha uma alta
diversidade de habitats natfurais, dos quais existem afualmente apenas alguns
remanescentes, e ndo hd um plano de gestdo sustentdvel para estas dreas.

A Argentina atravessou nos Ultimos anos um pico imobilidrio, acompanhado de um
crescimento nas dreas urbanas e um incremento no uso dos recursos naturais. Como
resposta a este efeito, os ambientes costeiros naturais sdo alterados cada vez em maior
magnitude (MARCOMINI & LOPEZ 2010). As cidades mais importantes, mais populosas e com
a maior atividade turistica da Argentina encontram-se nas zonas costeiras de Buenos
Aires. As principais causas das alteracdes na dindmica costeira do litoral bonaerense, e
seus consequentes impactos ambientais e conflitos de interesses associados, sdo as acoes
relacionadas com as atividades portudrias, minerais, imobilidrias e recreativas (LOPEZ &
MARCOMINI 2010). As principais causas da fragmentacdo e perda de habitats nas dunas
costeiras argentinas sdo: o desenvolvimento urbano, o inadequado manejo das praias
arenosas, a extracdo de areia para a construcdo, a utilizacdo de plantas exdticas para a
contencdo das dunas, e o tr@nsito de motocicletas e veiculos (IstA & GAIDO 2001);

basicamente as mesmas que afetam as dunas brasileiras. Essa fragmentacdo de habitats,
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juntamente com as atividades humanas nas dunas costeiras, podem ter um efeito
negativo sobre espécies sensiveis, como por exemplo, os lagartos de dunas, com um
consequente decréscimo da biodiversidade (VEGA et al. 2000).

Os resultados de outro estudo realizado nas dunas costeiras da Argenfina fambém
refletem as alteracdes ambientais no local. Foi demonstrado que as diferencas
encontradas entre as espécies Liolaemus multimaculatus e L. gracilis BELL 1843 antes e
depois da construcdo de uma rodovia estiveram claramente ligadas & perda de habitat e
que, o impacto humano na estrutura dos habitats de dunas, induziu mudangas na
assembléia de lagartos, incluindo mudancas na abundéncia relativa das espécies e no
uso proporcional de seus microhabitats preferidos (VEGA et al. 2000).

As populacdes costeiras de L. wiegmannii no Uruguai também sofrem com as
alteracdes ambientais em suas dreas de ocorréncia. Os ecossistemas da costa uruguaia
sdo a base de atividades de enorme importdncia social e econdmica para o pais: pesca,
furismo, navegacdo, assenfamentos urbanos e industriais. Devido a isto estdo submetidos
a um enorme impacto antrépico. Nos Ultimos dez anos foi registrado um impactante
crescimento populacional na costa, com crescente aumento no nUmero de
assentamentos irregulares. O desenvolvimento das zonas litordneas vem potencializando
uma acentuada deterioracdo ambiental dos ecossistemas marinhos e costeiros. As
principais pressdes destas regides sdo a alteracdo do hdbitat por agentes contaminantes
e a exploracdo dos recursos. Existem importantes fenbmenos de erosdo, extracdo irregular
de areia, ou interferéncia em processos naturais de transporte de sedimentos em pelo
menos 40 praias da costa. Sendo que o crescente distUrbio do hdbitat ameaca a
biodiversidade, j& existindo dreas criticas por seu grau de contaminacdo
(CLAES/PNUMA/DINAMA 2008).

Um estudo ambiental nacional (OPP-BID 1992) apontou a costa oce&nica como um
ecossistema valioso, altamente vulnerdvel e muito modificado, sendo uma drea prioritdria

para protecdo. Os trés fatores apontados na época como ameaca e gque atuam como
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elementos modificadores dos ecossistemas costeiros naturais sdo: a construcdo de portos,
o turismo, e, novamente, a crescente urbanizacdo; basicamente os mesmos dos dias
atuais. O estudo também ressalta que sdo escassas as dreas que mantém suas
caracteristicas originais com modificacdes menores, tais como costas isoladas que se
encontram, sobretudo, no litoral atléntico do Departamento de Rocha. A zona costeira
do Departamento de Rocha é a que mantém maiores valores naturais e paisagistico,
sendo necessdria sua conservacdo por sua diversidade taxondmica e condicdo de
recurso natural. E na costa do Departamento de Rocha que temos a ocorréncia de
populacdes de L. occipitalis € de algumas populacdes de L. wiegmannii, sendo
necessdria a protecdo dessa regido, devido as ameacas sofridas atualmente pelas duas
espécies (OPP-BID 1992).

No Uruguai ainda ndo hd um marco institucional e legal especifico com relacdo as
zonas costeiras, embora existam normas e instituicdes relacionadas com seu manejo. Além
disso, o Projeto de Lei de Ordenamento e Desenvolvimento Territorial Sustentdvel
estabelece em seu arfigo 10 a elaboracdo das Diretrizes Nacionais do Espaco Costeiro.
Estas direfrizes sdo fundamentais para estabelecer mecanismos de coordenacdo
interinstitucional e harmonizacdo, adequados para contribuir & melhor aplicacdo das
estratégias para a protecdo dos recursos costeiros nacionais (CLAES/PNUMA/DINAMA
2008).

De forma geral, o descrito por GRUBER et al. (2010) sobre as pressdes antrépicas sofridas
pela costa gaucha, também se aplica as demais dreas costeiras habitadas pelas trés
espécies alvo deste estudo. Os pesquisadores ressalfam que o ambiente de barreira
arenosa suporta a mancha urbana e sofre com processos de impermeabilizacdo, mau
manejo de dunas e da orla maritima, além de contaminacdo por esgotos domésticos, de
grande difusdo no lencol fredtico. Os terracos lagunares, ambientes planos e de
sedimentos areno-lamosos, abrigam lagos costeiros que suportam atividades agricolas e

de turismo e urbanizacdo, além de eventuais atividades de mineracdo de areia e
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destinacdo de residuos sdélidos. Tais ambientes vém sofrendo com impacto da
urbanizacdo e progressiva contaminacdo dos recursos hidricos. O avanco da
urbanizacdo sobre setores de orla fraz consequéncias pela impermeabilizacdo do solo,
processo de verticalizacdo, vulnerabilidade de dunas frontais e sangradouros poluidos,
com o comprometimento de segmentos de praia, em sua balneabilidade e atividade
erosional. Ainda, ilhas de calor, sombreamento sobre a praia emersa, corredores de

vento, sdo impactos observados pela intensa ocupacdo de edificios.

Il Objetivos

- Caracterizar as espécies Liolaemus arambarensis, L. occipitalis e L. wiegmannii no
que se refere a variabiidade genética e diferenciacdo geogrdfica (padroes
flogeogrdficos) através da utilizagdo de dois marcadores moleculares mitocondriais:
Citocromo b (Cytb) e Citocromo C Oxidase Subunidade 1 (COl);

- Examinar a concorddncia entre os padrdes filogeogrdficos encontrados a partir dos
dados moleculares e a formacdo geoldgica das respectivas dreas de ocorréncia de
cada uma das espécies;

- Ampliar o conhecimento sobre as espécies Liolaemus arambarensis, L. occipitalis e L.
wiegmannii, e corroborar com possiveis estratégias de preservacdo destas e de seu

entorno.

45



1. Capitulos

l1.1. Capitulo |

PHYLOGEOGRAPHY OF LIOLAEMUS OCCIPITALIS (SAND LIZARD): AN APPROACH BASED ON MITOCHONDRIAL
DNA

*Caroline Maria da Silva', Gabriela P. Ferndndez?, Thales R.O. de Freitasd & Laura Verrastro!

I Laboratério de Herpetologia, Departamento de Zoologia, Instituto de Biociéncias,
Universidade Federal do Rio Grande do Sul. Av. Bento Goncalves, 9500, Bloco IV, Prédio
43.435, CEP: 91.501-970, Bairro Agronomia, Porto Alegre/RS - Brazil. Phones: 55 (51) 3308-
7716/3308-7717; Fax: 55 (51) 3308-7696. E-mail: carol_poabr@yahoo.com.br;
lauraver@ufrgs.br

2 Laboratorio de Investigaciéon y Desarrollo en Agrobiologia. Departamento de Ciencias
Bdsicas y Experimentales. Universidad Nacional del Noroeste de la Provincia de Buenos
Aires (UNNOBA). Ruta 32 Km 4,5 Pergamino, Buenos Aires, Argentina. E-mail:
gabriela.fernandez@nexo.unnoba.edu.ar

3 Laboratdério de Citogenética e Evolucdo, Depto. de Genética, Instituto de Biociéncias,
UFRGS. Av. Bento Goncalves, 9500, Bloco IV, Prédio 43.323, CEP: 91.501-970, Bairro
Agronomia, Porto Alegre/RS — Brazil. Phones: 55 (51) 3308-6733; Fax: 55 (51) 3319-7311. E-
mail: thales.freitas@ufrgs.br

* Corresponding author

Artigo a ser submetido ao periddico Zoological Journal of the Linnean Society

46


mailto:Carol_poabr@yahoo.com.br
mailto:lauraver@ufrgs.br
mailto:gabriela.fernandez@nexo.unnoba.edu.ar
mailto:thales.freitas@ufrgs.br

ABSTRACT

The more than 231 species of lizards of the genus Liolaemus are endemic to temperate
South America. Liolaemus occipitalis BOULENGER, 1885 occurs in the coastal sand dunes of
southern Brazil, in the states of Rio Grande do Sul and southern Santa Catarina, and on the
coast of Uruguay, Rocha Department, from Barra del Chuy to the west side of the Valizas
Creek. In this study we used concatenated sequences (1291 base pair) of the
mitochondrial genes Cytochrome C Oxidase Subunit 1 (COI) and Cytochrome b (Cyt b) to
investigate the phylogeographical pattern of L. occipitalis. Our results suggest that L.
occipitalis has a complex pattern of occupation within its distribution, showing signs of
recent population expansion only to the south of the Mapituba River, where haplotypes
are probably the remnants of a larger gene pool. The insular populations from Santa
Catarina have obvious signs of genetic isolation, and can be considered an important

source of genetic diversity for the species.

Keywords: genetic diversity, haplotypes, mtDNA
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INTRODUCTION

Assessment of the geographical distribution of genetic variability within each species is
centrally important in conservation and management programs, because it allows the
identification of geographical areas where interchange among individuals is limited. This
results in independent evolutionary lineages, and enables the identification of priority areas
for monitoring, management and protection (Avise, 1994; Moritz & Faith, 1998; Taylor &
Dizon, 1999).

The genus Liolaemus (Liolaemidae (Frost et al., 2001)) is distributed from the central
coast of Peru southward through Bolivia, Paraguay, Chile and Argentina, reaching the east
coast of Uruguay and south and southeast Brazil (Etheridge & Espinoza, 2000). Liolaemus
occipitalis is a small lizard that inhabits the coastal sand dunes of the extreme southern part
of Brazil, in the states of Rio Grande do Sul (RS) and Santa Catarina (SC) (Lema, 1994;
Peters, Orejas-Miranda & Vanzolini, 1986; Verrastro, 1991; Verrastro & Bujes, 1998; Verrastro
& Krause, 1999), and on the coast of Uruguay, in the Department of Rocha, from Barra del
Chuy to the west side of the Valizas Creek (Valizas) (Verrastro, Schossler & Silva, 2006)
(Figure 1).

Severe reduction of distribution areas caused by fragmentation due to human activity
is a threat faced by many species (Ferndndez-Stolz, Stolz & Freitas, 2007; Gaines et al., 1997;
Isla & Gaido, 2001; Kacoliris, Horlent & Williams, 2006; Vega, Bellagamba & Fitzgerald, 2000).
In both Brazil and Uruguay, the area of occurrence of L. occipitalis is an increasingly rare
natural landscape, highly vulnerable and heavily modified by anthropic activity (Dillenburg
ef al., 2000; Esteves et al., 2002; Tomazelli & Villwock, 2000). One result of these
environmental alterations is the isolation and/or disappearance of natural L. occipitalis
populations; therefore, the species is classified as Vulnerable in RS and SC (Fontana,
Bencke & Reis, 2003; IBAMA, 2003; IUCN, 2012; Resolucdo CONSEMA N°. 002 de 06 de

dezembro de 2011).

48



Liolaemus occipitalis occurs in a recent geologic unit whose formation might have
influenced its evolutionary history. The recent geologic history of the area of occurrence of
L. occipitalis was mostly influenced by a series of sea-level changes in the Pleistocene and
Holocene which led to the deposition of marine sediments in different epochs and to the
formation of a series of coastal lagoons which can act as barriers to gene flow in coastal
species (Dillenburg & Hesp, 2009). The largest geomorphological domain in this region is the
Coastal Plain of the RS state (CPRS), which spans from the Laguna bar, in SC state, to the
Polonio Cape in Uruguay, and which has been formed in four major cycles of sea-level
changes since the Middle Pleistocene (~400 thousand years ago, kya) (Villwock &
Tomazelli, 1995; Tomazelli & Villwock, 2005).

Considering the lack of genetic information for L. occipitalis and the need for actions
to promote its conservation, we examined the genetic diversity, the phylogeographical
structure, and the congruence (or lack of) between the patterns found and the geological
evolution of its range based on fragments of the mitochondrial genes Cytochrome C

Oxidase Subunit 1 and Cytochrome b.

MATERIAL AND METHODS

Sampling

Samples were collected for 18 different localities (n = 103) throughout the occurrence
area of L. occipitalis (Figure 1, Table 1). Each sampling locality was considered as a
population. The tissue samples from the specimens used in this study are deposited in the
fissue collection of the Herpetology Laboratory of the Federal University of Rio Grande do

Sul (UFRGST), Porto Alegre, Brazil.

Molecular Methods
Genomic DNA was extracted from muscle and/or liver fissue using salting-out

precipitation following Medrano, Aasen & Sharrow (1990). A fragment of ~617 base pairs
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(bp) of the mitochondrial gene Cytochrome C Oxidase Subunit 1 (COIl) was amplified via
PCR in a cocktail containing 1ul of diluted total DNA (1:10), 1X PCR buffer, 1.5mM of MgCla,
0.2uM of dNTP, 0.2uM of each primer and 0.5U Tag DNA polymerase (Invitrogen). The
primers used were: COI-L1490 (5'-GGT CAA CAA ATC ATA AAG ATA TIG G-3') and COI-
H2198 (5'-TAA ACT TCA GGG TGA CCA AAA AAT CA-3’). Amplifications were performed
according to the following conditions: initial denaturation at 94°C for 1min, followed by 34
cycles of denaturation at 94°C for 30 sec, annealing at 47°C for 1min 30 sec, extension at
72°C for 1min, and final extension at 72°C for 5min. Two separate fragments of ~430 bp and
~730 bp of the mitochondrial gene Cytochrome b (Cytb) were also amplified separately
via PCR in a cocktail containing 1ulL of total DNA, 1X PCR buffer, 4.0mM of MgClz, 0.4uM of
dNTP, 0.2uM of each primer and 1U Tag DNA polymerase (Invitfrogen). The primers used
were: the light strand primers GLUDGL (5'-TGA CTT GAA RAA CCA YCG TTG-3'; Palumbi,
1996) and cyt-b 1 (5'-CCA TCC AAC ATC TCA GCA TGA TGA AA-3'; Kocher et al., 1989),
and the heavy strand primers Primer 3 (5'-GGC AAA TAG GAA RTA TCA TIC-3’; Palumbi,
1996) and Primer 2 (5'-CCC TCA GAA TGA TAT TIG TCC TCA-3'; Palumbi, 1996).
Amplifications were performed according to the following conditions: initial denaturation
at 94°C for 1 min, followed by 33 cycles of denaturation at 94°C for 30 sec, annealing at
50°C for 30 sec, extension at 72°C for 45 sec, and final extension at 72°C for 5 min. PCR
products were purified using Exonuclease | and Shrimp Alkaline Phosphatase (Invitrogen)
following the guidelines of the supplier and sequenced in an ABI Prism 3100 (Applied

Biosystem) automated sequencer at Macrogen Inc. (South Korea).

Data Analysis: Molecular Diversity, Population Structure and Demographic Analysis

Sequences were aligned using the program MEGA 5 (Tamura ef al., 2011) using the
algorithm of the program Muscle (Edgar, 2004) in the standard configurations. The final
edition of concatenated genes (COI and Cytb) originated a single sequence of 1291 bp

per individual. Sequences were deposited in GenBank (Accession Number: XXXXXXXX).
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The haplotypes was characterized with the program DnaSP 5.10.01 (Librado & Rozas,
2009). Measurements of genetic variability in the sampled populations (haplotypes and
absolute frequency H{(freq), number of polymorphic sites (S), haplotype diversity (Hd) and
nucleotide diversity (n)) and estimates of population divergence (®sr) were calculated with
the program ARLEQUIN 3.0 (Excoffier, Laval & Schneider, 2005).

The Analysis of Molecular Variance (AMOVA) (program ARLEQUIN) was performed to
estimate the genetic variability partition and to test if the existing geographical barriers
provide a good explanation for the genetic divergence observed in L. occipitalis. With this
purpose, two analyses were performed: (1) considering all the populations subdivided in
seven groups, taking into account the existing natural geographical barriers separating
these groups (Atlantic Ocean [A], bar of Laguna [B], Ararangud River [C], Mampituba River
[D], Tramandai River [E] and bar of Rio Grande [F] (Figure 1); (2) considering all populations
subdivided into four groups obtfained through a Spatial Analysis of Molecular Variance
(SAMOVA) (Dupanloup, Schneider & Excoffier, 2002) and a Bayesian Analysis of Population
Structure (BAPS ver. 5.3) (Corander, Sirén & Arjas, 2008).

We also implemented neutrality tests Fu's Fs (Fu, 1997) and Tajima’s D (Tajima, 1989)
with the program ARLEQUIN and performed Mismatch Distribution analyses with program
DnaSP 5.10.01 (Librado & Rozas, 2009).

To test the correlation between genetic and geographical distances (isolation by
distance; Slatkin, 1993), we implemented the Mantel test (Mantel, 1967) with the program
Alleles In Space 1.0 (Miller, 2005). Statistical significance was tested using 1000 replications.

Populations with less than five sampled individuals were excluded from the
measurements of genetic variability, ®s;, AMOVA, and from the population expansion

analysis.
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Data Analysis: Molecular Phylogeny

Haplotype relationships were estimated fthrough haplotype networks generated
according to the Median-Joining algorithm (Bandelt, Forster & R&hl, 1999) (program
NETWORK 4.5.1.6: http://www.fluxus-technology.com/sharenet.htm).

For phylogenetic reconstructions, Maximum Parsimony (MP), Maximum Likelihood (ML)
and Bayesian Inference (Bl) methods were applied using the programs TNT 1.1 (Goloboff,
Farris & Nixon, 2008), RAXML 7.0.3 (Stamatakis, 2006) and MrBayes 3.1 (Ronquist &
Huelsenbeck, 2003), respectively. The MP free was reconstructed from 10 Wagner frees
using the tree-bisection reconnection (TBR) as the swap algorithm. A consensus tree was
obtained from the generated trees, in which the bootstrap values obtained were inserted
(100 replicates). The ML tree reconstruction was based on the evolution model
GTIRGAMMA (program default). One hundred Wagner frees and 1000 bootstrap (Standard
Booftstrap) replicates were generated; the boofstrap values were added to the best
likelihood tree. The Bl tree reconstruction was based on the evolution model INVGAMMA
(GTR model with gamma-distributed rate variation across sites and a proportion of
invariable sites), and 5X10¢ generations were run in a 5X105 generation burn-in.

According to ALFARO ef al. (2003), the Bayesian Posterior Probability (PP) is a better
estimation accuracy of the ratios of values for bootstrap support above 50%. Thus, the 70%
PP is likely to correspond to an accuracy of approximately 70%, while the proportion of 70%
booftstrap is offen close to an accuracy of 95%. In this paper we consider PP values greater
than 0.9 as strong and below it, weak or moderate, and bootstrap values greater than 80%
as strong and below it, moderate or poor.

The following species were used as outgroups: L. arambarensis (GenBank: XXX); L.
wiegmannii (GenBank: XXX); L. lutzae (GenBank: XXX); L. multimaculatus (GenBank: XXX); L.

scapularis (GenBank: XXX); Phymaturus (GenBank: XXX).
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RESULTS

Molecular Diversity, Population Structure and Demographic Analysis

For the sequenced 1291 bp of the concatenated mitochondrial genes Cytochrome C
Oxidase Subunit 1 and Cytochrome b of L. occipitalis (n = 103), 42 haplotypes were found
(H1 — H42) (Table 2). Measurements of genetic variability of the L. occipitalis populations
sampled are summarized in Table 2. Nine of the 16 populations with more than one
individual sampled were monomorphic or showed only two different haplotypes. The other
populations showed from three to eight different haplotypes. Populations between Cidreira
and Rio Grande had the highest values of haplotype diversity (Hd > 75%) (Table 2).
Regarding the nucleotide diversity (n), the highest values were found in the populations
between Torres and Taim (Table 2).

The genetic divergence between L. occipitalis populations was also estimated using
the @sr values (Table 3). Paiwise comparisons of these ®sr values showed that most of the
populations had significant differences, suggesting a reduced genetic flow between them.
The lower and non-significant values of ®sr occur among populations Torres, Mostardas,
Sdo José do Norte and Rio Grande (group Il defined by SAMOVA and BAPS) (Table 3).

The AMOVA test showed that a statistically significant amount of molecular variance
could be attributed to each level tested (among groups, among populations within
groups, and within populations; Table 4). The greatest source of variability, four either seven
groups, was found in the most inclusive hierarchical level (among groups). However, when
populations were organized into four groups, not taking info consideration geographical
barriers between them (Group I: Ingleses Beach, Joaquina Beach; Group II: Farol de Santa
Marta, Morro dos Conventos; Group lll: Torres, Mostardas, Sdo José do Norte, Rio Grande;
Group IV: Garopaba, Cidreira, Taim, Santa Vitéria do Palmar), the proportion of variance
explained by this population arrangement was higher (68.03%) than when organized in

seven groups (40.65%), taking into account the barriers between them (Group I: Ingleses
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Beach, Joaguina Beach; Group II: Garopaba; Group llIl: Farol de Santa Marta; Group [V:
Morro dos Conventos; Group V: Torres; Group VI: Cidreira, Mostardas, Sdo José do Norte;
Group VII: Rio Grande, Taim Santa Vitéria do Palmar) (Table 4).

The Mantel test detected a significant and positive correlation between genetic and
geographical distances for all analyses performed. The correlation coefficient shown by all
populations throughout the sampling area was relatively low (r = 0.348), and the one
including populations from Rio Grande do Sul and Uruguay was very low (r = 0.159). On the
other hand, the coefficient of populations from Santa Catarina was high (r = 0.820). These
results indicate that gene flow among the L. occipitalis populations showed an overall
isolation by distance pattern, which was most intense among populations from SC (Table
5).

Regarding haplotype relationships obtained from the network (Figure 2), the most
outstanding characteristic was the presence of four haplotype groups. The first is
composed of haplotypes exclusive to Santa Catarina Island populations (Ingleses Beach,
Joaquina Beach and Campeche Beach: haplotypes 1-4), and the second by haplotypes
exclusive to two Santa Catarina continental populations (Farol de Santa Marta and Morro
dos Conventos: haplotypes 6-10). The other two groups are composed of haplotypes from
Rio Grande do Sul and Uruguayan populations. The first is characterized by the presence of
one cenfral and most frequent haplotype (H23), and from which less-frequent haplotypes
derive. The second is characterized by the presence of two central and most frequent
haplotypes (H16 and H36), from each of these haplotypes, less-frequent haplotypes derive.
Thus, H23, H16 and H36 show a high probability of representing ancestral haplotype
variants. The H23 group includes haplotypes exclusive to populations from RS, and most
individuals carrying these haplotypes are found among the Mostardas and Rio Grande
populations (24 individuals); only five individuals belong to the Torres population, on the
border of RS and SC, and one to the Taim population. The H16-H36 group is formed by

haplotypes dispersed over the CPRS and the area occupied by the species in Uruguay
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(from Torres to Valizas). The only haplotype shown by the population of Garopaba (SC) is

separated of this group by only three polymorphic sites.

Historic population dynamics

Different tests were performed in order to test the hypothesis of a demographic
expansion among L. occipitalis populations. The analysis of all populations considered
together showed non-significant values, as well as SC populations. However, the analysis of
RS grouped populations showed a significant value for Fu' Fs (Table 6). When analyzed
separately, only three populations from RS showed significant values for Tajima's D:
Mostardas (-1.831, p<0.05), Sdo José do Norte (-1.730, P<0.05) and Taim (-2.019, P<0.05).
However, for Fu's Fs only the Mostardas population showed significant value (-2.732,
P<0.05) (data not shown). The analysis of the groups resulting from the programs SAMOVA
and BAPS showed that only Group Il (Torres, Mostardas, SGo José do Norte, Rio Grande)
has demographic expansion signs. The same occurs for both RS haplotype groups (Groups
1 and 2; Table 6), which also showed populafion-expansion signs. The population-
expansion hypothesis for both haplotype groups was also supported by the Mismatch
Distribution analysis, which showed a unimodal distribution for groups H23 (Figure 3a) and
H16-H36 (Figure 3b). Results from Mismatch analysis for populations from SC were
concordant with results of the Neutrality Tests, rejecting the expansion hypothesis (Figure

3c).

Molecular Phylogeny

The two haplotype clades from SC, congruent with the haplotype groups represented
in the network (Figure 2), were recovered by all phylogenetic reconstructions with high
support values: island clade (IB — 0.92 PP; ML — 95% bootstrap; MP — 93% bootstrap) and
continental clade (IB — 0.98 PP; ML — 84% bootstrap; MP — 83% booftstrap) (Figure 4). The

other two haplotype clades congruent with the haplotype clades represented in the
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network (groups H23 and HI16-H36; Figure 2) were also recovered by almost all
phylogenetic reconstructions. The group H23 was recovered with high support value by IB
free (0.94 PP), and with lesser support values by ML and MP frees (75% and 78% bootstrap,
respectively). The group H16-H36 show high statfistical support in IB free (0.96 PP), and
appears as a weakly supported clade in ML tree (53% booftstrap). However, this group was
partially recovered by MP tree with a low statfistical support (sub-group H36, 51%

booftstrap), and the sub-group H16 is shown as a polytomy (data not shown) (Figure 4).

DISCUSSION

Taken as a whole, our results suggest a complex occupation pattern of L. occipitalis in
its distribution area, with signs of recent population expansion to the south of the
Mampituba River [D] (Figure 1).

When all populations were considered together, the AMOVA showed that the greatest
source of variability was between groups, regardless of their organization (Table 4).
However, these results showed weak support for the relationship between the partitioning
of the haplotype variability and extant geographical barriers between the population
groups. This is also suggested by the high proportion of variability explained by the
divergence between populations belonging to the same group when these were defined
in terms of hypothetical geographical barriers (37.11%). The proportion of variance
explained by the haplotype divergence between populations belonging fo groups
defined by SAMOVA/BAPS was considerably lower (12.11%).

Our results show no relationship between population structure and extant
geographical barriers in the occurrence area of L. occipitalis, evidenced by the haplotype
relationships found (Figure 2); and shared haplotypes from the southern bank of the
Mampituba River (Torres) to the southern limit of the species’ distribution (Valizas) (Figure 1
and Figure 2) can be observed. Populations from the south of the Mampituba River

comprise two haplotype groups, which probably represent haplotypes that are remnants
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of a larger gene pool, and that apparently evolved simultaneously. Both groups show clear
indication of population expansion, as evidenced in several of the analyses (Table 6, Figure
2 and Figures 3a, 3b). The population group from the north of the Mampituba River (SC)
does not show these same signs of expansion (Table 6, Figure 2 and Figure 3c).

One possible hypothesis to explain this situation is that, in the beginning, due to
demographic factors (founder effect and subsequent dispersal), all individuals had the
same, or the same few, existing haplotypes. From these first individuals, the genetic
variability and geographical distribution observed today would have arisen. These were
possibly molded, among other factors, by the geological evolution of the Coastal Plain of
RS and SC.

The high diversity shown by the populations from central RS (Table 2) could be an
indication that this region is an expansion center. The haplotypes H23, H16 and H36 are
very likely to be ancestral, due to their relative high frequency in this region and also
because many other haplotypes derived from them are currently scattered over the
Coastal Plain of RS and Uruguay.

The lack of shared haplotypes between populations north and south of the
Mampituba River and the high and significant @sr values among them suggest that this is a
barrier that influenced the genetic structure observed in L. occipitalis populations.
However, south of the Mampituba River , the lower and non-significant values of ®sr
among populations Torres, Mostardas, SGo José do Norte and Rio Grande (group llI
defined by SAMOVA and BAPS), support the hypothesis of lack of relationship between
population structure and extant geographical barriers in the occurrence area of the
species (Table 3). As for the insular populations from SC, the genetic isolation is evident in
several of the analyses (Table 3, Figure 2 and Figure 4); therefore, the Island of SC can be
considered a different geneftic lineage of the species. In general, our results suggest that
populations from the Island of SC can be considered an independent evolutionary group,

because they show highly significant ®sr values (Table 3), arise as a strongly supported
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clade in three phylogenetic reconstructions (Figure 4), and are an isolated group that does
not share haplotypes with confinental populations (Figure 2).

The low diversity values observed in the populations from SC (Table 2) may be related
fo the infense human development on the coast of this state, both on the continent and
on the Island of SC, although the hypothesis of a recent occupation by the species cannot
be discarded. The most plausible explanation for the low diversity of the populations from
extreme southern RS is a recent occupation, since human occupation on this part of the
coast of RS is less infense than on the coast of SC. According to Esteves et al. (2002), the
southern sector of the southern Brazilian coast, from the entrance of the Laguna dos Patos
to the Chui Creek, is a 225 km-long coastline with only 7.6 kilometers of urbanized beaches.
Although few individuals have been collected, the absence of variability shown by the
Uruguayan L. occipitalis populations seems to be caused by a combination of two factors:
the recent occupation by the species and the infense human activity in the area.

Many of the areas where L. occipitalis populations are found are disappearing under a
rising wave of urbanization. Brazilian populations from Tramandai and Torres (RS) have
practically disappeared, generating discontinuities in the species’ geographical
distribution. According to Esteves et al. (2002), a new trend toward human occupation on
the coast of RS is evident, and underdeveloped areas will probably be replaced by future
settlements. Populations of L. occipitalis from Uruguay also face serious threats due to the
impact of human population growth in the past decade on the coast
(CLAES/PNUMA/DINAMA, 2008). Under this scenario, the loss of sand-dune habitats will in
the future have a fremendous impact on L. occipitalis in terms of loss of genetic diversity
and the risk of local extinctions. To avoid unplanned development along the coastal
sections, it is necessary to identify these threatened areas.

Studies on other species that occur in the same area as L. occipitalis also demonstrate
the alarming state of these species’ conservation. Research on the subterranean rodent

Ctenomys flamarioni (Ferndndez-Stolz et al., 2007), which is restricted to the coastal dunes
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of RS, indicate that the populations occupying the most altered environments show
genetic signs of recent reduction in population size. Even if populations were suffering loss
of genetic variability due to the natural instability of the coastal region, the impact
produced by human activity could be acting synergistically with environmental factors,
both current and historical, on the demographic characteristics of this species (Ferndndez-
Stolz et al., 2007). A study on a species of petunia (Calibrachoa heterophylla)
demonstrated the absence of this species in regions where its occurrence was expected;
also, small populations were found in the most anthropically impacted coastal areas, as
well as in protected areas (Mader, 2008).

Some of the factors that may have helped to shape the current distribution of the
genetic variability observed in L. occipitalis were the population expansions, the several
cycles of marine transgressions-regressions, the existence of paleochannels along the
occurrence area of the species, genetic drift, and population isolations, among others.
Added to these factors, human actions are likely also affecting the evolutionary scenario
for the species.

The development of coastal zones has exacerbated the environmental degradation
of marine and coastal ecosystems. The anthropic pressure in coastal areas that are being
rapidly urbanized is increasing geometrically, endangering the entire balance of a
delicate environment and other living beings associated with it.

It is expected that the results of this and future studies, added to previous knowledge
about the life history of L. occipitalis, will provide support for the development of
management plans for the conservation of this endangered species and its increasingly

impacted habitat.
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Tables

Table 1 - Number of individuals and tissue vouchers of Liolaemus occipitalis by locality. Numbers under the N column give the number of lizards
collected and sequenced from each locality.

Department/State (Country)

Locality

Voucher (UFRGST)

Coordinates

Santa Catarina (Brazil)

Rio Grande do Sul (Brazil)

Rocha (Uruguay)

(PI) Ingleses Beach

(PJ) Joaguina Beach

(PC) Campeche Beach
(GA) Garopaba

(FSM) Farol de Santa Marta
(MC) Morro dos Conventos
(TO) Torres

(CC) Capdo da Canoa
(Cl) Cidreira

(PS) Palmares do Sul
(MO) Mostardas

(SJN) SGo José do Norte
(RG) Rio Grande

(TA) Taim

(SVP) Santa Vitéria do Palmar
(BC) Barra do Chui

(BCY) Barra del Chuy

(VA) Valizas

460-461, 463-465, 467-469
267-274

476

456-459, 2547-2548
262-266

253-254, 256, 258-260
245-249,251-252
1542-1544

309-310, 448-451, 454-455
2212

292-300, 306

233-238, 240, 242-244
239, 276-282

209-218

284-288

289-290

907-909

906, 3055

N W N O 5 0 5 5 — 00WNO v — 00 ®|Z

27°26'47"S 48°22'24"W
27°36'33"S 48°27'20"W
27°41'35"S 48°29'05"W
28°06'12"S 48°38'36"W
28°36'11"S 48°49°'03"W
28°56'48"S 49°22'13"W
29°22'45"S 49°45'32"W
29°42'04"S 49°58'51"W
30°06'11"S 50°10'38"W
30°33'20"S 50°24'21"W
31°08'06"S 50°49'50"W
32°07'13"S 52°03'29"W
32°11'57"S 52°10"13"W
32°36'47"S 52°25'12"W
33°36'33"S 53°12'14"W
33°44'22"S 53°21'59"W
33°45'26"S 53°23'15"W
34°20'01"S 53°47'28"W
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Table 2 - Measures of genetic variability of the Liolaemus occipitalis sampled populations. n: number of analyzed sequences; H(freq): haplotype
(absolute frequency); S: number of polymorphic sites; Hd: haplotype diversity; n: nucleotide diversity. Locality abbreviations match those in Table
1. Populations with less than five sampled individuals were excluded from the analysis.

Department/State (Country) |Locality | n  H(freq) S Hd n (per seq.)
Santa Catarina (Brazil) PI 8 HI1(8) 0 0 0
PJ 8 H2(6) H3(2) 3 0429 +/-0.169 1.286 +/-0.897
PC 1 H4(1) - - -
GA 6 H5(6) 0 0 0
FSM 5 Hé(1) H7(3) H8(1) 4 0.700+/-0.218 1.600 +/-1.128
MC 6 H9(5) H]O(l ) 2 0.333+/-0.215 0.667 +/-0.587
Rio Grande do Sul (Brazil) TO 7 H11(5) H12(1) H13(1) 12 0.524 +/-0.209 5.143 +/- 2.834
CC 3 HI14(2) H15(1) - - -
Cl 8 HI16(3) H17(2) H18(1) H19(1) H20(1) 5 0.857 +/-0.108 1.536 +/- 1.024
PS 1 HI16(1) - - -
MO 10 H21(1) H22(2) H23(2) H24(1) H25(1) H26(1) H27(1) H28(1) 18 0.956 +/-0.059 3.867 +/-2.120
SIN 10 H23(6) H29(2) H30(1) H31(1) 10 0.644 +/-0.152 2.156 +/- 1.304
RG 8 H32(3) H33(3) H34(1) H35(1) 18 0.786+/-0.113 7.893+/-4.110
TA 10 H36(7) H37(1) H38(1) H39(1) 17 0.533 +/-0.180 3.400 +/- 1.899
SVP 5 H36(1) H40(4) 1 0.400 +/-0.237 0.400 +/- 0.435
BC 2 H41(2) - - -
Rocha (Uruguay) BCY 3  H42(3) - - -
VA 2 H36(2) - - -
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Table 3 - Pairwise comparisons of ®sr between loci of Liolaemus occipitalis based on concatenated haplotypes Cytochrome C Oxidase Subunit
1 (COI) and Cytochrome b (Cytb). Locality abbreviations match those in Table 1. Populations with less than five sampled individuals were

excluded from the analysis.

1 2 3 4 5 6 7 8 9 10 11 12
1-PI -
2-PJ 0.86** -
3-GA 1.00*  0.95** -
4-FSM 0.96** 0.91* 0.93** -
5-MC 0.98* 0.93* 0.97* 0.65** -
6-TO 0.86** 0.83** 0.72** 0.68** 0.76** -
7-Cl 0.94** 0.91* 0.74* 0.82** 0.88** 0.63** -
8-MO 0.88** 0.85** 0.79** 0.73* 0.80* 0.09 0.73** -
9-SJN 0.93* 0.90** 0.88* 0.82** 0.87* 0.14 0.81** -0.02 -
10-RG 0.78* 0.75%* 0.61** 0.58** 0.66** 0.07 0.54* 0.09 0.13 -
11-TA 0.88** 0.85** 0.66** 0.75** 0.82** 0.59** 0.39** 0.68** 0.75** 0.50* -
12-SVP | 0.99* 0.94** 0.97** 0.91* 0.96* 0.72** 0.68** 0.79** 0.87** 0.59** 0.15* -

*P <0.05; ** P <0.001
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Table 4 - Analysis of Molecular Variance (AMOVA) among Liolaemus occipitalis miDNA haplotypes from the concatenated genes Cytochrome
C Oxidase Subunit 1 (COI) and Cytochrome b (Cytb) performed for each of two hierarchical geographic levels: (1) Seven groups: considering
all populations subdivided based onintfo seven group permanent geographical discontinuities in the distribution range; (2) Four groups: all
populations based on SAMOVA and BAPS results. AG: among groups; AP/ WG: among populations/ within groups; WP: within populations.
Populations with less than five sampled individuals were excluded from the analyses.

Percentage of variability (Fixation Index)
Hierarchical level Seven groups Four groups
AG (Dcr) 40.65 (0.41)* 68.03 (0.68)**
AP/ WG (Dsc) 37.11 (0.63)** 12.11 (0.38)**
WP (®sr) 22.24 (0.78)** 19.86 (0.80)**

*P <0.05; ** P <0.001

Table 5 — Correlation coefficient (r) between genetfic and geographical distances of the Liolaemus occipitalis sampled populatfions. RS+Uy —
populations from Rio Grande do Sul and Uruguay; SC — populations from Santa Catarina.

Species r
All populations 0.348**
L. occipitalis RS+Uy 0.159**
SC 0.820**

*P <0.05; ** P <0.001
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Table 6 - Neutrality Tests Tajima’s D and Fu's Fs. SC — populations from Santa Catarina; RS — populations from Rio Grande do Sul; Group 1 -
haplotype group formed by H23 and its derivates; Group 2 — haplotype group formed by H16, H36 and its derivates; Groups I-IV — groups resulting
from the programs SAMOVA and BAPS (Group I: Ingleses Beach, Joaguina Beach; Group lI: Farol de Santa Marta, Morro dos Conventos; Group
lll: Torres, Mostardas, SGo José do Norte, Rio Grande; Group |IV: Garopaba, Cidreira, Taim, Santa Vitéria do Palmar). Populations with less than
five sampled individuals were excluded from the analysis.

D Fs
All populations -0.457 -7.163
SC 1.154 4.650
RS -0.401 -9.474*
Group 1 -1.720* -6.437**
Group 2 -1.316 -10.280**
Group | 1.280 1.687
Group |l -0.832 -0194
Group lll -1.257 -5.659*
Group IV -1.328 -2.643

*P<0.05; ** P <0.001
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Figures

Figure 1 - Sampling localities of Liolaemus occipitalis. Locality: Pl, Ingleses Beach, PJ,
Joaquina Beach, PC, Campeche Beach, GA, Garopaba, FSM, Farol de Santa Marta,
MC, Morro dos Conventos, TO, Torres, CC, Capdo da Canoa, Cl, Cidreira, PS, Palmares
do Sul, MO, Mostardas, SIN, Sdo José do Norte, RG, Rio Grande, TA, Taim, SVP, Santa
Vitéria do Palmar, BC, Barra do Chui, BCY, Barra del Chuy, VA, Valizas. Barriers: A -
Atlantic Ocean, B — Bar of Laguna, C - Ararangud River, D — Mampituba River, E —
Tramandai River, F — Bar of Rio Grande, G — Chui Creek.
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Figure 2 - Haplotype relationships obtained for Liolaemus occipitalis (n = 103), according to the Median-Joining algorithm. A single mutation
between haplotypes (H) is not indicated; more than one mutation is indicated by a black rectangle tfogether with the number of existing
mutations. Blue circles — SC island populations; green circles — SC contfinental populations; red circles — RS populations; yellow circles — Uruguayan
populations.
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Figure 3 - Mismatch disfribution graphs of the concatenated mitochondrial genes
Cytochrome C Oxidase Subunit T and Cytochrome b of Liolaemus occipitalis. (a)
Haplotype group H23 and derived haplotypes (b) Haplotype group H16-H36 and
derived haplotypes (c) Haplotype group of SC populations. Esp, expected; Obs,
observed.
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Figure 4 - Maximum Likelihood tree (ML) of haplotypes (H1-H42) of the concatenated mitochondrial genes Cytochrome C Oxidase Subunit 1
and Cytochrome b of Liolaemus occipitalis. Numbers above and below branches represent bootstrap values (> 50%) of ML and Maximum
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have PP between 0.8 and 0.9.
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ABSTRACT

The South American temperate herpetofauna is dominated, in terms of species
richness, by lizards from the Liolaemidae family (Liolaemus, Phymaturus and
Ctenoblepharys). Liolaemus is distributed from the Central Peruvian Coast to the South,
including Bolivia, Paraguay, Chile, and Argentina, reaching the Atflantic Coast of
Uruguay and Southern/Southeastern Brazil. In this study we used concatenated
sequences (1402 base pair) of the mitochondrial genes COIl and Cyt b to investigate
the phylogeographical pattern of L. arambarensis, L. occipitalis and L. wiegmannii. In
common, these species occur in the Atlantic Coast of Southern South America, a
recent geologic unit whose formation was mostly influenced by a series of sea-level
changes (Pleistocene and Holocene) which might have influenced the evolutionary
history of these species. Our results show that all species showed some internal
phylogenetic structure. Our estimates for the TMRCAs of species, intfraspecific clades,
and species divergence fall in the Pleistocene. There is no evidence of a recent
population expansion in L. arambarensis, but a synchronic signal of population

expansion to L. occipitalis and L. wiegmannii (around ~40 kya).

Keywords: mfDNA, phylogeography, population expansion, TMRCA
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INTRODUCTION

In terms of species richness, South American temperate herpetofauna is dominated
by lizards from the Liolaemidae family (Frost ef al., 2001), including genera Liolaemus
WIEGMANN, 1834 (~231 spp. (Breitman et al., 2011)), Phymaturus GRAVENHORST, 1837
(~28 spp.), and Ctenoblepharys TSCHUDI, 1845 (1 sp.). Liolaemus is distributed from the
Cenftral Peruvian Coast to the South, including Bolivia, Paraguay, Chile, and Argentina,
reaching the Aflantic Coast of Uruguay and Southern/Southeastern Brazil (Etheridge &
Espinoza 2000). It is the species richest genera among squamates in Southern South
America, with more than 50 new species being described over the last 15 years,
especially in Argentina and Chile.

Liolaemus arambarensis VERRASTRO et al., 2003, L. occipitalis BOULENGER, 1885,
and L. wiegmannii (DUMERIL & BIBRON, 1837) belong to the group “wiegmannii”
together with eight other species (L. azarai AVILA, 2003; L. cuyumhue AVILA et al., 2009;
L. lutzae MERTENS, 1938; L. multimaculatus (DUMERIL & BIBRON, 1837); L. rabinoi (CEl,
1974); L. riojanus CEl, 1979; L. salinicola LAURENT, 1986; and L. scapularis LAURENT, 1982)
(Etheridge, 1995, 2000; Verrastro et al., 2003; Avila, Perez & Morando, 2003; Avila ef al.,
2009). In common, these species occur in the Atlantic Coast of Southern South America
(even though L. wiegmannii has a more widespread distribution in Argentina), a recent
geologic unit whose formation might have influenced the evolutionary history of these
species.

Liolaemus arambarensis is endemic to restingas (sandbanks) of the Patos Lagoon in
the state of Rio Grande do Sul (RS) in Southern Brazil, and is considered Endangered
(IUCN, 2012). Liolaemus occipitalis inhabits sand dunes in the Atlantic coast of RS and
Santa Catarina (SC) states in Southern Brazil (Peters, Orejas-Miranda & Vanzolini, 1986;
Lema, 1994; Verrastro, 1991; Verrastro & Bujes, 1998; Verrastro & Krause, 1999). It also
occurs in Uruguay, where it occurs along the Atlantic coast up to the left margin of the
Valizas stream (Verrastro, Schossler & Silva, 2006). In Brazil, this species is considered

Vulnerable (Fontana, Bencke & Reis, 2003; IBAMA, 2003; IUCN, 2012; Resolugdo
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CONSEMA N°. 002 de 06 de dezembro de 2011). Finally, L. wiegmannii occupies a wide
range of habitats, reflecting its widespread distribution (Etheridge, 2000), which includes
the Argentinean provinces of Entre Rios, Buenos Aires, Bahia Blanca, La Pampa, San
Luis, Mendoza, Tucumdn e Jujuy (Cei, 1979, 1986; Laurent & Teran, 1981; Cabrera & Bee
de Speroni, 1986), and Uruguay along the La Plata River and Aflantic coast until the
Valizas stream. There are old records of this species in Brazil, but this confusion was
solved with the description of L. arambarensis in RS (VERRASTRO et al., 2003).

The recent geologic history of the area of occurrence of these species along South
America Atlantic coast was mostly influenced by a series of sea-level changes in the
Pleistocene and Holocene which led to the deposition of marine sediments in different
epochs and to the formation of a series of coastal lagoons which can act as barriers to
gene flow in coastal species (Dillenburg & Hesp, 2009). The largest geomorphological
domain in this region is the Coastal Plain of the RS state (CPRS), which spans from the
Laguna bar, in SC state, to the Polonio Cape in Uruguay, and which has been formed
in four major cycles of sea-level changes since the Middle Pleistocene (~400 thousand
years ago, kya) (Villwock & Tomazelli, 1995; Tomazelli & Villwock, 2005). Likewise, the
region around the La Plata River was formed by sediment deposition since the
Pleistocene following the sea-level changes which affected the whole Aflantic coast
system (Aguilar, Mesa & Alvez, 2010).

Comparative phylogeography asks whether the historical genetic structure of
different species may be caused by common processes. Because geological and
climatic events may affect the evolutionary history of several species (Bermingham &
Moritz, 1998), and because L. arambarensis, L. occipitalis, and L. wiegmannii have a
similar biology relative to their general ecology and dispersal abilities, they represent an
interesting system to investigate the effect of sea-level changes in the Quaternary in a
group of related taxa. More specifically, we ask: Is there evidence of phylogenetic
structure in these taxa? Is there evidence of geneftic structure among populations and
how does it associate to natural barriers to gene flow in this region? Is there evidence of

population growth or decline over time?2 How do phylogenetic and demographic
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inferences associate with the known geological history of this regiong? Are there

common evolutionary patterns among species?

MATERIAL AND METHODS

Sampling

Overall, we sampled 184 individuals of the three species, representing 27 different
localities distributed along the coastal plain of southern Brazil and Uruguay, and four
different localities from the interior of Argentina (Figure 1, Table 1). Each sampling
locality was considered as a population. All specimens used in this study are deposited
in the scientific collections of the Herpetology Laboratory of the Federal University of Rio
Grande do Sul (UFRGST - tissue collection), Porto Alegre, Brazil; the Herpetological
Collection L. J. Avila / M. Morando (LJAMM-CNP) from the National Patagonian center,
Puerto Madryn, Argentina (CENPAT-CONICET); the Herpetological Collection of the La
Plata Museum, National University of La Plata (MLP.S), La Plata, Argenfina; and the
herpetological Collection of the Monte L. Bean Life Science Museum, Brigham Young

University (BYU), Utah, USA.

Molecular Methods

Genomic DNA was extracted from muscle and/or liver fissue using salting-out
precipitation following Medrano, Aasen & Sharrow (1990). Two separate fragments of
~430 bp and ~730 bp of the mitochondrial Cytochrome b were amplified separately
using the primers GLUDGL (5'-TGA CTT GAA RAA CCA YCG TTG-3’; Palumbi, 1996), cyt-b
1 (5-CCA TCC AAC ATC TCA GCA TGA TGA AA-3'; Kocher et al., 1989), Primer 3 (5'-
GGC AAA TAG GAA RTA TCA TIC-3'; Palumbi, 1996) and Primer 2 (5'-CCC TCA GAA
TGATATTTG TCC TCA-3'; Palumbi, 1996). PCR reactions used TulL of total DNA, 1X Buffer,
4.0mM MgClz, 0.4uM dNTP, 0.2uM of each primer and 1U Tag DNA polymerase
(Invitrogen), and 33 cycles of 94°C for 30 sec, 50°C for 30 sec, and 72°C for 45 sec,
following a initial denaturing step of 94°C for 1 minute and a final extension step of 72°C

for 5 min. We also amplified a fragment of ~617 bp of the mitochondrial Cytochrome C
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Oxidase Subunit 1 (COI) using primers COI-L1490 (5'-GGT CAA CAA ATC ATA AAG ATA
TTIG G-3') and COI-H2198 (5'-TAA ACT TCA GGG TGA CCA AAA AAT CA-3') using Tul of
diluted total DNA (1:10), 1X Buffer, 1.5mM MgClz2, 0.2uM dNTP, 0.2uM of each primer and
0.5 U Tag DNA polymerase (Invitrogen). Reactions were performed in 34 cycles of 94°C
for 30 sec, 47°C for 1 min 30 sec, and 72°C for 1 min, following a initial denaturing step of
94°C for 1 minute and a final extension step of 72°C for 5 min. PCR products were
purified using Exonuclease | and Shrimp Alkaline Phosphatase (Invitrogen) following the
guidelines of the supplier and sequenced in an ABI Prism 3100 (Applied Biosystem)

automated sequencer at Macrogen Inc. (South Korea).

Data Analysis: Molecular Phylogeny and Dating

All chromatograms were checked by eye and all sequences with ambiguous or
low quality sequences were re-sequenced after a new PCR amplification. DNA
sequences from the two mtDNA genes were aligned using the Muscle algorithm (Edgar,
2004) implemented in the program MEGA 5 (Tamura ef al., 2011). For each individual
the two mitochondrial genes were concatenated, originating an mtDNA haplotype of
1402 bp. We then used the DnaSP 5.10.01 (Librado & Rozas, 2009) to identify all different
haplotypes and to organize a haplotype list which were used in all subsequent analysis.

We used two different approaches to reconstruct the evolutionary history of the
observed haplotypes. In the first approach we used a method based on Bayesian
Inference (Bl) implemented in the program BEAST 1.7.3 (Drummond & Rambaut, 2007).
Individuals having identical haplotypes were removed from the analysis. We used a
Yule tfree-prior, and different nucleotide evolutionary model partitions for the two genes.
We further allowed for different partitions for each codon position, as this strategy was
better supported by Bayes Factor analysis (data not shown). For the COI gene, the
HKY+G model was used, while for the Cytb gene the TN93+G model was used. A list
based on the Bayesian Information Criterion (BIC) (Schwarz, 1978) of several
evolutionary models generated by MEGA was used to guide the choice of the

nucleotide model used in the analysis. The time to the most recent common ancestor
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of these lineages (TMRCA) was estimated based on a strict-clock model, assuming a
mean rate normally distributed with mean of 2.23x10-8/site/year and standard deviation
of 0.5x108/site/year (Fontanella et al., 2012). The MCMC was run for 25 million steps
sampling every 1,000 step. In this paper we consider PP values greater than 0.9 as
strong, and below this, moderate or weak. The final tree was visualized and edited using
the program FigTree 1.3.1 (Rambaut, 2009). The second approach used a haplotype
network generated in the program Network 4.5.1.6 using the median-joining algorithm
(Bandelt, Forster & Rohl, 1999). The haplotype network allows the representation of
direct ancestral-descendent links, and may represent more accurately intraspecific

data (Posada & Crandall, 2001).

Data Analysis: Molecular Diversity, Population Structure and Demographic History

To guantify the level of genetic diversity present in each population and its
evolution in both space and time we also estimate several population genetics statistics
such as number of haplotypes (H), number of segregating sites (S), haplotype (Hd) and
nucleotide diversity (rn), as well as the pairwise genetfic differentiation between
populations (®sr) in the program ARLEQUIN 3.0 (Excoffier, Laval & Schneider, 2005). This
program was also used to compute the molecular analysis of variance (AMOVA) to
estimate the genetic diversity partition among and within populations of all the three
species. Populations having less than five individuals were excluded from these analyses
due to the small sample size. For all of them, we tested genetic structure considering
two hierarchical levels (among/within populations). For L. occipitalis, which has been
sampled over all its distribufion, we also considered seven groups of populations
separated by all natural barriers along the species distribution: [A] Atlantic Ocean, [B],
bar of Laguna, [C] Ararangud River, [D] Mampituba River, [E] Tramandai River, and [F]
bar of Rio Grande (Figure 1), and then compared the values obtained under this
scheme with another one based on groups of populations identified by other molecular
spatfial methods like Spatial Analysis of Molecular Variance - SAMOVA (Dupanloup,

Schneider & Excoffier, 2002) and the Bayesian Analysis of Population Structure - BAPS
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(Corander, Sirén & Arjas, 2008). For L. wiegmannii, we also considered two or three
groups of populations based, respectively, on considering the La Plata River [I] as a
natural barrier separating Uruguayan and Argentinean populations (Figure 1), and on
the results obtained from SAMOVA and BAPS. To see if there was isolation by distance in
our data we used the Mantel test (Mantel, 1967) implemented in the program Alleles in
Space 1.0 (Miller, 2005) to check for a positive correlation between genetic and
geographic distances using 1000 replications.

Finally, to see if there was evidence of historical changes in population size we used
the neutrality tests of Fu's Fs (Fu, 1997) and Tajima’s D (Tajima, 1989) implemented in
ARLEQUIN 3.0 (Excoffier et al., 2005). Again, populations with less than five individuals
were excluded from the analysis. Because neutrality tests can have low power to
identify changes in population size we also estimated a Bayesian Skyline Plot (BSP)
(Drummond ef al., 2005) in the program BEAST for each of three species separately. This
analysis used the same clock and nucleotide models described for the phylogenetic
analysis, but we included all individuals and the proper coalescent tree-prior allowing
for population size changes along the tree. The MCMC was run for 50 million steps

sampling every 1000 steps.

RESULTS

Molecular Phylogeny and Dating

We identified 80 different mtDNA haplotypes (GenBank accession numbers
XXXXXXXXXX) based on the 1402 bp alignment resulting from the concatenation of
partial sequences for the miDNA genes COI and Cytb. Of these, ten different
haplotypes were found in L. arambarensis (H1La — H10La); 51 in L. occipitalis (H1Lo —
H51Lo) and 19 in L. wiegmannii (H1Lw — H19Lw) (Table 2). There was only one haplotype
sharing among species (L. occipitalis and L. wiegmannii).

The Bayesian ftree (Figure 3) shows that all species showed some internal
phylogeneftic structure and that there was maximum support for a sister-relationship

between L. occipitalis and L. arambarensis (PP=1.0). For L. arambarensis the Bayesian
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free recovered two mitochondrial lineages, one formed by two haplotypes from Barra
do Ribeiro population (H5La, H9La) (PP=0.90), and the other one with the rest of the
haplotypes (PP=0.97). Interestingly, a single population (Barra do Ribeiro) harbors all
lineages, while all other populations had only one or two closely related mtDNA
haplotypes (Table 2). For L. occipitalis, the Bayesian tree recovered four well defined
clades with maximum support (PP=1.0), but the sister relationships among them cannot
be inferred with confidence given the low posterior probability values. Two out of the
four clades have haplotypes exclusive from the Santa Catarina state (SC), being one
(Clade Loccil) restricted to populations isolated in the Santa Catarina Island (Ingleses
Beach, Joaguina Beach, Campeche Beach), and the other one (Clade Locci2)
restricted and exclusive from populations found between the Lagoon bar and the
Mampituba River (Farol de Santa Marta, Morro dos Conventos). A third clade (Clade
Locci3) was dispersed along the Rio Grande do Sul state (RS), but reached a higher
frequency in the cenftral part of the species distribution. Finally, a fourth clade (Clade
Locci4) was the most widespread, going from Uruguay, in the southern limit of the
species distribution, to Garopaba, northern to the Lagoon bar. Interestingly, all
populations having haplotypes from Clade Locci3 also had haplotypes from Clade
Locci4. The miDNA lineages found in L. wiegmannii are scattered in two well supported
clades (Clades Lwiegl and Lwieg?2) separating Argentinean (PP = 1.0) and Uruguayan
populations (PP = 1.0), respectively. Curiously, one individual recognized as L. occipitalis
based on morphology (UFRGST 902) collected in the Uruguayan population of Castillos
(Forte de Santa Teresa) had a mtDNA haplotype idenfical to some individuals from L.
wiegmannii collected further south (in populations Valizas, Costa Azul, and La Paloma),
suggesting that some infrogression is occurring in Uruguay, close to the southern edge
of L. occipitalis distribution and the northern edge of L. wiegmannii distribution, even
though other sampling localities closer to the distribution limits did not show individuals
with mixed morphology x mtDNA lineage. Because this is the only individual collected in

this population, and because it does not represent the history of L. occipitalis miDNA
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lineages, this sequence was used in phylogenetic analysis, but was removed from
population and the skyline plot analysis (see below).

When the evolutionary relationships among haplotypes are shown using a network
approach the basic features suggested by the Bayesian tree, such as the major
structuring in clades, are strengthened, but other information can be gathered as well.
For L. arambarensis (Figure 4a), for example, the deep diversity shown by the Barra do
Ribeiro population becomes evident. For L. occipitalis (Figure 4b), it becomes apparent
that the two more widespread clades contain one (H28Lo) or two (H20Lo and H41Lo)
centfral haplotypes in high frequency which give rise to several low frequency
haplotypes, in a pattern consistent with population growth (Ferreri, Qu & Han, 2011).
Furthermore, it becomes clear that the haplotype belonging to Clade 4 but occurring
in the SC state (H8Lo, Garopaba population) is actually distant from H20Lo by three
mutations and is not closely related to any other haplotype from this clade. As noted,
most populations from the cenfral part of the species distribution have both Clades 3
and 4: Torres, Mostardas, Sdo José do Norte, Rio Grande, Taim. The “introgressed” status
of haplotype H51Lo, shown by one individual sampled in the Castillos population, in
Uruguay is also clearly represented as its haplotype falls away from the L. occipitalis
network by more than 150 mutations. The haplotype network for L. wiegmannii (Figure
4c) reinforces the strong divergence between Uruguayan and Argentinean
populations, and, within Uruguay further shows that there is some haplotype sharing
(H2Lw) among the three populations from the Aflantic coast (Valizas, Costa Azul, La
Paloma), but not between them and the population from Colonia, in the mouth of the
La Plata river. Interestingly, the H2Lw haplotype, shared among populations along the
Atflantic coast in Uruguay, is the one (H51Lo) found in the individual UFRGST 902
collected in the Castillos population — in the Aflanfic coast — and identified as L.
occipitalis.

According to the TMRCAs (Table 3), the split between L. arambarensis and L.
occipitalis fall in the Lower Pleistocene (~2 Mya). Overall, TMRCAs for the three species

fall around the Middle Pleistocene, being ~525 kya for L. wiegmannii, ~147 kya for L.
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arambarensis, and ~335 kya for L. occipitalis, but the credible intervals are highly
overlapped. Interestingly, the values for all clades, irrespective of the species they
came from, were very similar, with point estimates varying from ~101 kya (Locci2) to

~154 kya (Locci4).

Data Analysis: Molecular Diversity, Population Structure and Demographic History

Most L. arambarensis populations had very low polymorphism, with only one or two
MiDNA haplotypes. The exception was the Barra do Ribeiro population, which had six
MiDNA haplotypes and a relatively high haplotype diversity (Hd = 0.92) (Table 2). On
contrary, among the L. occipitalis populations for which more than five individuals have
been sampled only one (Garopaba) was monotypic at the miDNA level. The remaining
populations had between two and eight different haplotypes, with Hd values above
0.52. Among L. wiegmannii populations, there was low diversity among Aflantic
populations from Uruguay, where two out of three populations had a single miDNA
haplotype and the only polymorphic population (Costa Azul) had two haplotypes
separated by a single mutation. In contrast, Colonia, in the La Plata River, was more
diverse, with five different haplotypes. It is complicated to find general patterns for the
Argentinean populations as only one of them had a sample size higher than five.
Anyway, all populations for which two or more individuals were collected were
polymorphic af the mtDNA level (Table 2).

Pairwise ®sr for L. arambarensis populations (Table 4) showed statistically significant
values, but, interestingly, comparisons involving Barra do Ribeiro and all other
populations resulted in smaller values, while all other comparisons showed high values.
Together with the much high diversity found in Barra do Ribeiro, this may suggest that
this population is an important “source” population for this species, connecting all
populations from a genetic point of view. Concerning L. occipitalis, pairwise ®sr (Table
4) also resulted in many statistically significant values, suggesting strong genetic
structure in this species. Non-significant values involved populations where haplotypes

from both clades Locci3 and Locci4 were found at intermediate frequencies (Torres,
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Mostardas, Sdo José do Norte, Rio Grande). In some cases, clade content, rather than
geography can explain the observed ®sr values. For example, the Taim population,
despite having both Locci3 and Locci4 haplotypes, had its lowest pairwise ®sr when
compared with Cidreira, which only has Locci4 haplotypes. Even though these
populations are not neighbor, Taim has a higher frequency of haplotypes from the
Locci4 clade. It is also noteworthy that the two populations (SGo José do Norte and Rio
Grande) separated by the Rio Grande bar, arguably the strongest natural barrier in this
region, did not show a significant ®sr value, which may indicate that the exit of the
Patos Lagoon was unstable for some time in the past, and suggesting that natural
barriers do not provide a very good explanation for the genetic structure in L
occipitalis. Among L. wiegmannii populations, the pairwise ®sr (Table 4) shows non-
significant values for the Aflantic populations in Uruguay (Valizas, Costa Azul, La
Paloma), which also showed haplotype sharing (Table 2). On the other hand, these
populations were significantly separated from the Uruguayan population in the La Plata
River (Colonia) and the only Argentinean population for which this analysis was
performed due to sample size (San Luis).

The AMOVA showed a significant genetic structure considering two hierarchical
levels for all species (Table 5). For L. wiegmannii, the maximum value for the “among
populations” component was found using the SAMOVA/BAPS structure which
considered three groups of populations: San Luis, in Argentina, Colonia, close to the La
Plata River, in Uruguay, and the three Aflantic populations from Uruguay (Valizas +
Costa Azul + La Paloma) (@cr = 0.93, Table 5). For L. occipitalis, the maximum value for
the “among populations” component was observed when populations are together in
one group (®st = 0.77, Table 5), because the share of haplotypes occurs more at the
clade level instead at the population level. When populations are grouped, the
maximum &cr observed was 0.68 after defining four population clusters based on
SAMOVA/BAPS results (Table 5). Population clusters were defined as: Cluster 1: Ingleses
Beach + Joaquina Beach; Cluster 2: Farol de Santa Marta + Morro dos Conventos;

Cluster 3: Torres + Mostardas + Sdo José do Norte + Rio Grande; Cluster 4: Garopaba +
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Cidreira + Taim + Santa Vitéria do Palmar. These clusters follow roughly the frequency of
each haplotype clade (Cluster 3 contains all populations in which clade Locci3 had
high frequency), but have only a loose relationship to the natural barriers occurring in
this area (see Material and Methods and Figure 1 for details), as the ®cr in this case is
only of 0.41.

There was a positive and significant correlation between genetic and geographic
distances for all species (Table 6), suggesting that isolation by distance plays some role
in these species. However, the correlation coefficient shown by L. arambarensis and L.
occipitalis was only moderate (r=0.364 and 0.345, respectively), and it was high for L.
wiegmannii  (r=0.949). When L. wiegmannii and L. occipitalis were analyzed in
geographic subgroups, L. wiegmannii populations from Uruguay, but not Argenting,
maintain a significant relationship between genetfic and geographic distance. The
strong genetic structure between Argentinean and Uruguayan populations as well as
the distinctiveness of Colonia population among the latest might be influencing these
results, nonetheless. In agreement with this interpretation, when only populations from
the Uruguayan Atlantic Coast are analyzed there is a weak but significant negative
correlation between geography and genetic distance. Concerning L. occipitalis,
populations from the SC state, which have a northern and a southern clade (Loccil,
and Locci?, respectively), and an “intfermediate” population (Garopaba) with different
clade (Locci4) displayed a significant and strong correlation (r=0.825), but populations
from RS and the Uruguay, where clades Locci3 and Locci4 co-occur in most
populations, had only a low though significant correlation (r=0.157). The low values
found for the RS and Uruguayan populations might indicate a recent spatial expansion,
with insufficient time for population differences to accumulate following an isolation by
distance process.

Almost all neutrality tests resulted in non-significant values irrespective whether for
all populations or subgroups used in the AMOVA analysis (Table 2). However, some RS
populations and/or subgroups of L. occipitalis did show significant values for Tajima’D

(Mostardas, SGo José do Norte, and Taim) or Fu's Fs (Cidreira, Mostardas, Group i)
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(Table 2). The BSP for each species corroborated the result that L. arambarensis seems
tfo have maintained a constant population size over the last 100 kya, but suggested a
population expansion for L. occipitalis starting ~40 kya (Figure 2a). The results for L.
wiegmannii may be similar to that of L. occipitalis, but the credible interval is broad.
Based on the results from previous analysis we decided to test if a signature of
population expansion would be clearer when different sets of populations were
analyzed in separate. For L. wiegmannii (Figure 2c), there was no signal of population
expansion neither for the Argentinean nor the Uruguayan populations. On the other
hand, for L. occipitalis there was no signal of population expansion for the SC
populations, but a clear signature of population expansion for the populations coming
from RS and Uruguay (Figure 2b), starting ~40 kya, suggesting that the population
expansion suggested in the first analysis might have involved only a geographic subset

of the species’ whole distribution.

DISCUSSION

General Patterns

In arecent review about phylogeographic studies in South America, Turchetto-Zolet
et al. (2012) commented emerging general patterns in this region, putting some
emphasis on the confrast between climatic events, which are usually associated with
expansion/differentiation events occurred in the Pleistocene, and geological processes
occurred in the Pliocene, which are usually associated with older divergence events
revealed by genetic data. Overall, the timing of genetic divergence events is roughly
bimodal, with the highest peak around 0.1-1.0 million years ago (Mya) (divergences
occurred during the Pleistocene account for 57% of all dated events), and a second
peak in late Pliocene, around 2.7-4.0 Mya (Turchetto-Zolet et al., 2012).

Our estimates for the TMRCAs of species, intraspecific clades, and species
divergence fall in the Pleistocene, even though the credible interval for the divergence
between L. arambarensis and L. occipitalis spans the Pliocene as well (Table 3).

Interestingly, the divergence between this two species is much older than the initial
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formation of the CPRS by 400 kya (Vilwock & Tomazelli, 1995; Tomazelli & Villwock,
2005), suggesting that the lineage leading to L. occipitalis is much older than the
geomorphological unit where it is mostly found nowadays, which may imply in a more
recent colonization of these areas from adjacent regions which have been undisturbed
by the initial formation of the CPRS. The TMRCA for all clades have similar values
between ~100 kya and ~150 kya, which are also very similar to the TMRCA for L.
arambarensis, whose geographic distribution is much more restricted than that of the
other two species. This may suggest that different species (such as L. occipitalis and L.
wiegmannii) may have maintained a similar effective population size for subpopulations
in a geographic structured metapopulation model, while for L. arambarensis, its narrow
distribution make the whole species effective size to be similar to that found in a
genetic subpopulation of the more widely distributed species.

The divergence among clades within L. occipitalis, around 335 kya, is close to the
initial formation of the CPRS. Even though it is tempting to associate these two events, it
must be noted that there are populations of L. occipitalis out of the CPRS, and that the
TMRCA should not be confused with the origin of the species. However, it is possible that
this date indicates the establishment of geographic divergent populations which could
be associated with the inifial formation and expansion of the CPRS (Tomazelli &
Villwock, 2005; Weschenfelder, Corréa & Aliotta, 2005; Dillenburg & Hesp, 2009). The
lack of phylogenetic support for Loccil-4 clades may be taken in support of a rapid
divergence (Johnson et al., 2006) associated with a rapid initial expansion of this
species in the CPRS. Finally, for L. wiegmannii, the divergence of its two subclades,
which separate populations in coastal Uruguay from those in Argentina, may be
associated with the formation of the La Plata river system (Cavallotto, Violante & Parker,
2004).

Even though it is difficult to make precise associations with the geological history of
this area and the time of dated events in the miDNA phylogeny, it is noteworthy that
while we studied a recent environment and found events datfing back from the

Pleistocene, another study using a widely distributed species in Argentina (L. bibronii)
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found much older intraspecific divergences (Morando et al., 2007). For example, the
most recent divergence within the Northern group of L. bibronii was estimated around
1.5-2.3 Mya, while in the Southern group, the most recent divergence was estimated

around 0.9-1.4 Mya, much older than the values reported in our study.

Population history

Liolaemus arambarensis has a single population, BRI, with high genetic diversity and
containing representatives of all major mtDNA lineages of the species. On the other
hand, the remaining populations have only one or two haplotypes which are
phylogenetically related to Barra do Ribeiro haplotypes, which may indicate that Barra
do Ribeiro could have served as a source population for the foundation of other
populations. The much more restricted miDNA diversity in these populations may
indicate either a founder effect or that these populations are incapable of maintain an
effective population size as large as Barra do Ribeiro, or both, but more loci are needed
to contrast these possibilities. In any case, these results highlight the relevance of the
Barra do Ribeiro population of conservation purposes. The lack of haplotype sharing
among populations indicates that at least for females these populations do not
exchange migrants frequently, and therefore, ®sr values (Table 4) indicate
phylogenetic history rather than recent migration. The BSP analysis suggests that there is
no evidence of a recent population expansion (Figure 2a), implying in an old stability of
a source-sink dynamics that may be characteristic of this species (Gaggiofti, 1996).

Concerning L. wiegmannii, we found a strong genetic structure separating
Argentinean and Uruguayan populations, corroborating the idea that the La Plata river
is an effective barrier against gene flow in this species. There was also some structure
within Uruguay considering Colonia, in the La Plata river coast, and the three
populations from the Aflantic coast (Valizas, Costa Azul, La Paloma). The phylogeny
supports (PP=1.00) a clade containing the Aflantic Coast, but the analysis was
inconclusive in regard to the relationship between haplotypes from these two regions.

The maximum clade credibility tree suggests that haplotypes from Colonia are
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paraphyletic in relation to those from the Atlantic Coast group, but the support was
modest (PP=0.77). Anyway, this could indicate a Southwest/Northeast migration route
along an incipient modern Atlantic coast shoreline.

Liolaemus wiegmannii has a broad distribution in Argentina, and our sampling from
Argentinean populations in this study was infended to allow a contrast between
coastal populations in Uruguay and the coastal species L. arambarensis and L.
occipitalis. The interior San Luis population, in Argentina, had similar diversity levels when
compared to the Colonia population, but both were much more diverse than any
population from the Atlantic Coast. Similar to the case of L. arambarensis where a
single population contains much of the diversity, this could either indicate a founder
effect during the colonization of the Uruguayan Atflantic coast or that these populations
maintain a lower effective size than both Colonia and San Luis populations.
Interestingly, the BSP analysis detected a signal of a recent (~40 kya) population
expansion for the whole species (considering the populations samples in this study), but
our data could not show if this signal was exclusive from the Uruguayan or Argentinean
population (Figure 2c). Therefore it is hard to associate this expansion to the formation
of the modern Coastal plain or to a more general climatic effect affecting both
populations. Studies using other species of this genus have been done for populations in
the countryside of Argentina (Morando et al., 2004, 2007, 2008). Overall, they found for
geographic clades similar to those estimated here for Colonia and San Luis which
corroborate that the diversity in the Aflantic Coast of Uruguay is reduced.

For L. occipitalis our data reveals four distinct clades, and even though their
phylogeneftic relationship cannot be inferred with certainty, two of them are exclusive
from the SC state, being one found in insular populations and the other in continental
populations, one is restricted to the RS state, and the ofther one is more widespread,
being found from SC to Uruguay. It is noteworthy that the SC population having Locci4
haplotype is not geographically close to RS, and also that this haplotype is also clearly
distinct from those found in RS and Uruguay (Figure 4b). Thus, Locci4 does not imply in a

recent re-colonization of SC by individuals coming from the RS. Given that the
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evolutionary relationships among L. occipitalis clades are nof resolved, we can use the
species’ TMRCA (~330 kya) as an upper limit for their divergence. One potential
explanation for this curious pattern is that these clades were more widely distributed,
with Locci4 becoming extinct from Southern SC, but not in the Garopaba population. If
we consider that the upper limit of the TMRCA spans the initial phase of the CPRS
formation, environmental instability could have played an important role in an
extinction/re-colonization dynamics which affected clade distribution across the
species’ distribution. An alternative to this complex dynamics would involve a simple
ancient long distance dispersal event. However, considering that dispersal capabilities
in these animals should be limited, it would be interesting to evaluate the likelihood of
the more complex scenario described above with more genetic data.

Similar to L. wiegmannii, there is evidence for population expansion in L. occipitalis
~40 kya (Figure 2a). In this case, however, the expansion seems to be restricted to
populations from RS and the Uruguay, with populations from SC showing evidence of a
constant population size (Figure 2b). The constant population size in SC may reflect the
fact that most populations from SC occur in more restricted beaches with several
natural barriers between adjacent populations, while in RS the environment allows more
connectivity between populations and there are more habitats to allow larger
population sizes. The similar expansion times for L. occipitalis and L. wiegmannii
(consisting of both Coastal and Interior populations) might indicate that not only the
formation of the CPRS was important for determining population size, but also that
climatic events affecting all these taxa may have played a role in population
expansions, with habitat availability acting as a limiting factor in the case of the SC
populations. This model would explain the gap between the establishment of the third
depositional cycle (~120 kya) which formed most of the sandbar closing the Patos
lagoon (Tomazelli & Villwock, 2005), and the signal of population expansion which
occur only by ~40kya.

For a species with limited dispersal abilities (Verrastro, 1991), it was surprising that

current natural barriers do not account for a large fraction of genetic variance among
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groups of populations (Table 5). The general low dispersal is indicated for L. occipitalis
by several significant ®sr values (Table 4). Moreover, in Chile, rivers Maipo, Yeso and
Aconcagua were the maijor dispersal barriers for L. monticola (Torres-Pérez et al., 2007),
while for L. ineomaculatus, river Chico was also identified as a putative ancient barrier
to gene flow (Breitman et al., 2011). On the other hand, we observed non-significant ®dsr
values for populations located in opposite margins of the Rio Grande bar, which marks
the exit of the Patos lagoon and which is arguably the strongest natural barrier in RS.
The lack of agreement between natural barriers and genetic structure indexes may
indicate that because the CPRS have been formed along the last 400 kya most of this
barriers were unstable in space or time. Indeed, there are several documented paleo-
channels in the CPRS (Corréa, Aliotta & Weschenfelder, 2004; Weschenfelder, 2005;
Weschenfelder et al., 2008a,b) which seems to have affected the genetic structure of
some organisms (Mdader, 2008). Thus, the changing nature of the natural barriers in this
region may have created a mosaic pattern of genetic divergences which cannot be
easily retrieved from current landscape features. However, for the rodent Ctenomys
flamarioni, another species occurring in the CPRS, there was a good agreement
between current natural barriers and genetic structure (Ferndndez-Stolz, Stolz & Freitas,
2007). Therefore, the origin of each species in the CPRS and how they respond to each
kind of natural barrier and environmental change may affect genetic structure
differently, and it might be difficult fo get general shares phylogeographic even in
recent and relatively homogeneous systems such as the CPRS.

It is important to emphasize that we found a phenotypic L. occipitalis individual
from Uruguayan Castillos population with an introgressed L. wiegmannii mitDNA
haplotype from further south populations (Valizas, Costa Azul, La Paloma). This
introgression occurs close to the southern edge of L. occipitalis distribution and the
northern edge of L. wiegmannii distribution, even though other sampling localities closer
to the distribution limits did not show other individuals with mixed morphology x mtDNA
lineage. Introgression between different species of the genus Liolaemus have been

documented in some studies. Morando et al. (2004) presented the first evidence for

92



infrogression in lizards from temperate South America (of L. darwinii mitochondrial DNA
into L. laurenti and L. grosseorum), and for incomplete lineage sorting (between L.
darwinii and L. laurenti). Morando et al. (2007) found evidence for introgression
between L. bibronii and L. gracilis in the same area that infrogression was hypothesized
in the Liolaemus darwinii complex. Olave et al. (2011), extending the work of Morando
et al. (2007), identified morphological L. bibronii individuals with introgressed L. gracilis
mMIDNA haplotypes, and the reciprocal pattern for one L. gracilis individual. However,
we will not detail this issue because it is not part of the scope of our research, but future
studies are necessary to elucidate this question.

MtDNA is a widely used marker for evolutionary studies, but it has limitations such as
the fact that it's exclusively uniparental inheritance and in most species may tell a
biased history of its dispersal. It is also a single non-recombining locus, and therefore, its
coalescence pattern may not reflect the evolutionary history of the studied species
(Avise & Wollenberg, 1997; Edwards & Bensch, 2009; Toews & Brelsford, 2012). Despite
these limitations, Avila, Morando & Sites Jr (2006) reported that an evolutionary
hypothesis based on mtDNA was corroborated by autosomal markers. Thus, mtDNA is
still a useful marker for understanding species evolution history, even though including
autosomal markers is certainly desired for more complete picture of the evolutionary

processes affecting genetic structure.
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Tables

Table 1 - Number of individuals and tissue vouchers of Liolaemus arambarensis, L. occipitalis and L. wiegmannii by locality. Numbers under the N

column give the number of lizards collected and sequenced from each locality.

Department/State — Province

Species (Country) Locality Voucher N Coordinates
L. arambarensis | Rio Grande do Sul (Brazil) (ITA) Viamao, State Park Itapud UFRGST (2636-2640) 5 2?2(2):13(])]75/\/
(BRI) Barra do Ribeiro UFRGST (795-798, 811, 813-815) 8 2?012§é§\5/\/
(TAP) Tapes UFRGST (431-440) 10 2?:32;2;,
(ARA) Arambaré UFRGST (477-485, 489) 10 2?:33;;3\/
L. occipitalis Santa Catarina (Brazil) (ING) Ingleses Beach UFRGST (460-461, 463-465, 467-469) 8 421573233‘214713\/
(JOA) Joaquina Beach UFRGST (267-274) 8 ig:g?ggi\/
(CAM) Campeche Beach UFRGST 476 1 ig:g;ggi\/
(GAR) Garopaba UFRGST (456-459, 2547-2548) é ig:gg;ii\/
(FSM) Farol de Santa Marta UFRGST (262-266) 5 ig:igééi\/
(MCO) Morro dos Conventos UFRGST (253-254, 256, 258-260) 6 ig:gg?gi\/
Rio Grande do Sul (Brazil) (TOR) Torres UFRGST (245-249, 251-252) 7 ig:igggi\/
(CCA) Capdo da Canoa UFRGST (1542-1544) 3 ig:g;g?i\/
(CID) Cidreira UFRGST (309-310, 448-451, 454-455) 8 28:?8;;3\/
(PAL) Palmares do Sul UFRGST 2212 1 2822%?\%
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L. wiegmannii

Rocha (Uruguay)

Rocha (Uruguay)

Colonia (Uruguay)

Gral. Pedernera - San Luis
(Argentina)

Hucal - La Pampa (Argentina)

Utracdn - La Pampa
(Argentina)

Marcos Judrez — Cérdoba
(Argentina)

(MOS) Mostardas

(SIJN) S&o José do Norte

(RGR) Rio Grande

(TAI) Taim

(SVP) Santa Vitéria do Palmar

(CHU) Chui, Barra do Chui Balneary
(CHY) Chuy, Barra del Chuy Balneary

(STE) Castillos (Forte de Santa Teresa)
(VAO) Vdlizas, left margin of the Valizas Creek

(VAW) Valizas, right margin of the Valizas Creek
(COS) Costa Azul

(LAP) La Paloma

(COL) Campamento Artigas

(SLU) Estédncia El Centendrio

(HUC) National Roud154, 40,1 Km § junction
National Roud 35 (Km 40), 52

(UTR) Nacional Roud 35, Km 257, 6 km N Padre
Angel Buodo

(COR) General Roca, National Roud 35, 56,8 km N

Realicd, 28 km N Huinca Renancd, 15 km S road
junction to Nicolas Bruzzone, 196

UFRGST (292-300, 306)

UFRGST (233-238, 240, 242-244)
UFRGST (239, 276-282)

UFRGST (209-218)

UFRGST (284-288)

UFRGST (289-290)

UFRGST (907-909)

UFRGST 902

UFRGST (906, 3055)

UFRGST (865-870)

UFRGST (841-844, 846, 849-851, 860)

UFRGST (827, 829-830, 832-836)

UFRGST (566-569, 571, 573-575)

UFRGST (1763-1765, 1767-1768, 1770-

1773)
LIAMM (10925-10927)

LIAMM-CNP 3096 (agora BYU 48116)
LIAMM-CNP 3097 (agora MLP.S 2479)

LJAMM-CNP 3200

LJAMM-CNP 13300

31°08'06"S
50°49'50"W
32°07'13"S
52°03'29"W
32°11'57"S
52°10'13"W
32°36'47"S
5225'12"W
33°36'33"S
53°12'14"W
33°44'22"S
53921759 W
33°45'24"S
53°23'15"W
33°58'17"S
53°31'52"W
34°20°01"S
53°47'28"W
34°20°43"S
53947'14"W
34°37'32"S
54°09'03"W
34°39'34"S
54012'31"W
34°26'30"S
57°11°05"W
34°13'51"S
65°56'56"W
38°05'54"S
64°04'11"W
37°14'44"S
64°17'11"W

34°34'34"S
64°22'36"W
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Table 2 - Measures of genetic variability (n: number of analyzed sequences; H(freq): haplotype (absolute frequency); S: number of polymorphic
sites; Hd: haplotype diversity; n: nucleotfide diversity) and Neutrality Tests related to population expansion (Tajima's D e Fu's Fs) of the Liolaemus
arambarensis, L. occipitalis and L. wiegmannii sampled populations. Populations with less than five sampled individuals were excluded from the
analysis. Locality abbreviations match those in Table 1. All pop - all populations of the species; Groups I-IV — groups resulting from the programs
SAMOVA and BAPS to L. occipitalis (Group I: ING+JOA; Group Il: FSM+MCQO:; Group lll: TOR+MOS+SIN+RGR; Group IV: GAR+CID+TAI+SVP); Ar —
Argentinean populations of L. wiegmannii; Uy — Uruguayan populations of L. wiegmannii; Uy Atlantic — Uruguayan populations of L. wiegmannii
from Atlantic coast.

Species Locality n H(freq) S Hd n (per site) D Fs
L. arambarensis | ITA 5 HI1La(l) H2La(4) 1 0.400 +- 0.237 0.0003 +-0.0004 -0.82 0.09
BRI 8 H5La(1) HéLa(2) H7La(1) H8La(1) H9La(1) H10La(2) 12 0.929 +-0.084 0.0031 +-0.0019  -0.61 -0.92
TAP 10 H3La(10) 0 0 0 0 0
ARA 10 H4La(10) 0 0 0 0 0
All pop 33 17 0.814+-0.044 0.0022+-0.0013 -1.01 -1.31
L. occipitalis ING 8 HIlLo+H2Lo(4) H3Lo(4) 1 0.571+0.095 0.0004 +-0.0005 1.44 0.97
JOA 8 H4lLo(4) H5Lo(2) Hé6Lo(2) 6 0.714+-0.123 0.0020 +-0.0014  0.52 2.15
CAM 1 H7Lo(1) - - - - -
GAR 6 H8Lo(4) 0 0 0 0 0
FSM 5 H9Lo(1) H10Lo(3) H11Lo(1) 0 0.700+-0.218 0.0012+-0.0010 -1.09 0.28
MCO 6 H12Lo+H13Lo(5) H14Lo(1) 2 0.600 +-0.215 0.0005+-0.0005 ~-1.13 -0.86
TOR 7 H15Lo(5) H16Lo(1) H17Lo(1) 12 0.524 +-0.209 0.0040 +-0.0025 0.27 3.60
CCA 3  HI8Lo(2) H19Lo(1) - - - - -
CID 8 H20Lo(2) H21Lo(2) H22Lo(1) H23Lo(1) H24Lo(1) H25Lo(1) 5 0.929+0.084 0.0012+-0.0009 -0.92 -3.37*
PAL 1 H20Lo(1) - - - - -
H26Lo(1) H27Lo(2) H28Lo(2) H29Lo(1) H30Lo(1) H31Lo(1) " "
MOS 10 H32Lo(1) H33Lo(1) 18 0.956 +-0.059 0.0030 +-0.0019 -1.83 -2.73
SIN 10 H28Lo(6) H34Lo(2) H35Lo(1) H36Lo(1) 10 0.644+-0.151 0.0017 +-0.0011 -1.73* 0.76
RGR 8 H37Lo(3) H38Lo(3) H39Lo(1) H40Lo(1) 18 0.786+-0.113 0.0061 +-0.0036 0.71 3.46
TAl 10 H41Lo(7) H42Lo(1) H43Lo(1) H44Lo(1) 17 0.533+-0.180 0.0026 +-0.0017 -2.02** 1.87
SVP 5 H45L0(2) H46Lo(2) H47Lo(1) 3 0.800+-1.164 0.0012+-0.0010 0.70 0.28
CHU 2 H48Lo(2) - - - - -
CHY 3  H49Lo+H50Lo(3) - - - - -
STE 1 H51Lo(1) - - - - -
VAO 2 H41Lo(2) - - - - -
All pop 104 61 0.962+-0.007 0.0080 +-0.0041 -0.46 -7.16
Group | 16 7 0.633+-0.074 0.0022+-0.0014 1.21 4.07
Group I 11 8 0.764+-0.107 0.0017 +-0.0012 -0.83 -0.19
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Group Il 35 31 0.923+-0.029 0.0037 +-0.0021 -1.26  -5.66*
Group IV 29 25 0.870+-0.038 0.0029 +-0.0017 -1.44  -1.41
L. wiegmannii VAW 6  H2Lw(6) 0 0 0 0 0
COs 9 H2Lw(5) H3Lw(4) 1 0.556+-0.090 0.0004 +-0.0005 1.40 1.02
LAP 8 H2Lw(8) 0 0 0 0 0
CoL 8  H4Lw(1) H5Lw(4) HéLw(1) H7Lw(1) H8Lw(1) 9 0.786+-0.151 0.0024 +-0.0016 -0.77  -0.34
SLU 9 HO9Lw(2) H1OLw(3) H11Lw(1) H12Lw(1) H13Lw(1) H14Lw(1) 8 0.889 +-0.091 0.0018 +-0.0012  -1.11 -1.90
HUC 3 HI15Lw(1) H16LW(1) H17Lw(1) - - - - -
UTR 3 HI10Lw(1) H18Lw(1) H19Lw(1) - - - - -
COR 1 H20Lw(1) - - - - -
All pop 47 41  0.756 +-0.066 0.0091 +-0.0047  0.63 4.16
Ar 16 8 0.889 +-0.091 0.0018+-0.0012 -1.11 -1.90
Uy 31 12 0.607 +-0.092 0.0023 +-0.0014 -0.12 0.80
Uy Atlantic 23 1 0.300+-0.105 0.0002 +-0.0003  0.19 0.61

*P <0.05; ** P <0.001

Species/clades

TMRCA (credible interval) (kya)

Root

L. arambarensis X L. occipitalis

L. arambarensis

L. occipitalis

L. wiegmannii

Loccil
Locci2
Locci3

Locci4

Lwiegl

Lwieg?

104

3720465 (2322144 - 5996010)
2239841 (1349612 —3605126)
147013 (69716 —260026)
335239 (185574 — 554531)
121279 (50364 — 226355

103419 (51634 — 183464

)
101309 (41331 - 194449)
)
)

154789 (83658 — 262143
525981 (290405 — 883878)
133831 (59821 - 244362)
129750 (62664 — 228481)

Table 3 - TMRCAs of mitDNA lineages for Liolaemus arambarensis, L. occipitalis, L. wiegmannii and its major clades. kya — kilo years ago.



Table 4 - Pair-to-pair comparisons of ®@sr values obtained from the distance between haplotypes of the concatenated genes Cytochrome C
Oxidase Subunit 1 (COI) and Cytochrome b (Cytb) for Liolaemus arambarensis, L. occipitalis and L. wiegmannii. Locality abbreviations match
those in Table 1. Populations with less than five sampled individuals were excluded from the analysis.

1 2 3 4
L. arambarensis  1-ITA -
2-BRI 0.430** -
3-TAP 0.976** 0.608** -
4-ARA 0.970**  0.498** 1.000** -

1 2 3 4 5 6 7 8 9 10 11 12

L. occipitalis 1-ING -
2-JOA 0.669** -
3-GAR 0.975*  0.894** -
4-FSM 0.936* 0.857** 0.927** -
5-MCO  0.964** 0.896** 0.971* 0.651* -
6-TOR 0.841* 0.785** 0.720** 0.679** 0.762** -
7-CID 0.919* 0.859** 0.723** 0.811* 0.870* 0.629* -
8-MOS  0.861** 0.815* 0.786** 0.734** 0.798** 0.091 0.727** -
9-SIN 0.914* 0.866** 0.876** 0.822** 0.873** 0.140* 0.807** -0.017 -
10-RGR  0.753** 0.703** 0.612** 0.578** 0.658** 0.067 0.535** 0.089 0.127 -
11-TAl 0.859** 0.807** 0.662** 0.754** 0.815** 0.589** 0.387** 0.684** 0.751** 0.502** -
12-SVP  0.940** 0.863** 0.898** 0.875* 0.924** 0.703** 0.638** 0.779** 0.856** 0.592** 0.279** -

1 2 3 4 5
L. wiegmannii 1-VAW -
2-COS 0.305 -
3-LAP 0.000 0.354 -
4-COL 0.697* 0.714** 0.731** -
5-SLU 0.948* 0.947** 0.955** 0.902** -
*P < 0.05; **P<0.001
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Table 5 - Analysis of molecular variance (AMOVA) among Liolaemus arambarensis, L. occipitalis and L. wiegmannii mtDNA haplotypes from the
concatenated genes Cytochrome C Oxidase Subunit 1 (COIl) and Cytochrome b (Cytb) performed for different hierarchical geographic levels:
L. arambarensis — One group: populations together in one group. L. occipitalis - One group: populations fogether in one group; Seven groups:
considering all populations subdivided into seven groups taking info account the permanent geographical discontinuities in the range; Four
groups: all populations subdivided into four groups resulting from the programs SAMOVA and BAPS. L. wiegmannii — One group: populations
together in one group; Two groups: considering all populations subdivided into two groups taking into account the permanent geographical
discontinuity in the range; Three groups: all populations subdivided into three groups resulting from the programs SAMOVA and BAPS. AG:

among groups; AP/ WG: among populations/ within groups; WP: within populations. Populations with less than five sampled individuals were
excluded from the analysis.

Species Higrorc;hicol level Percentage of variability
(Fixation Index)
One group
L. arambarensis APWG 70.62
WP 29.38
(Dst) 0.71**
One group Seven groups Four groups
AG - 40.65 68.03
AP/WG 76.51 37.11 12.11
L. occipitalis WP 23.49 22.24 19.86
(Pcr) - 0.41* 0.68**
(Psc) - 0.63** 0.38**
(Ps1) 0.77** 0.78** 0.80**
One group Two groups Three groups
AG - 86.24 93.25
AP/WG 90.78 9.01 -0.13
L. wiegmannii WP 9.22 4.75 6.87
(®cr) - 0.86** 0.93**
(Dsc) - 0.65** -0.02*
(Ds7) 0.91** 0.95** 0.93**

*P <0.05 ** P <0.001
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Table 6 - Correlation coefficient (r) between genetic and geographical distances of the Liolaemus arambarensis, L. occipitalis e L. wiegmannii
sampled populations. RS+Uy — populations of L. occipitalis from Rio Grande do Sul and Uruguay; SC — populations of L. occipitalis from Santa
Catarina; Ar — Argentinean populations of L. wiegmannii ; Uy — Uruguayan populations of L. wiegmannii ; Uy Atlantic — Uruguayan populations of
L. wiegmannii from Atflantic coast.

Species r

L. arambarensis All populations 0.364**
All populations 0.345**

L. occipitalis RS+Uy 0.157**
SC 0.825**
All populations 0.949**

L. wiegmannii A 0.137
Uy 0.892**
Uy Atflantic -0.126*

*P <0.05; ** P <0.001
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Figures

Figure 1 - Sampling localities of Liolaemus arambarensis (green triangles), L. occipitalis
(blue circles) and L. wiegmannii (yellow squares). Locality: (ING) Ingleses Beach, (JOA)
Joaquina Beach, (CAM) Campeche Beach, (GAR) Garopaba, (FSM) Farol de Santa
Marta, (COM) Morro dos Conventos, (TOR) Torres, (CCA) Capdo da Canoa, (CID)
Cidreira, (PAL) Palmares do Sul, (MOS) Mostardas, (ITA) Itapud, (BRI) Barra do Ribeiro,
(TAP) Tapes, (ARA) Arambaré, (SIN) Sdo José do Norte, (RGR) Rio Grande, (TAI) Taim,
(SVP) Santa Vitéria do Palmar, (CHU) Chui (Barra do Chui Balneary), (CHY) Chuy (Barra
del Chuy Balneary), (STE) Castillos (Forte de Santa Teresa), (VAQ), Valizas (left margin of
the Valizas Creek), (VAW) Valizas (right margin of the Valizas Creek), (COS) Costa Azul,
(LAP) La Paloma, (COL) Colonia del Sacramento (Campamento Artigas), (SLU) San Luis
(Est@ncia El Centendrio), (COR) Cordoba (Gral. Roca, Ruta Nacional 35), (UTR) Utracdn
(Ruta Nacional 35), (HUC) Hucal (Ruta Nacional 154). Barriers: A - Atlantic Ocean, B -
bar of Laguna, C - Ararangud River, D - Mampituba River, E - Tramandai River, F - bar of
Rio Grande, G — Chui Creek, H — Valizas Creek, | - La Plata River,

108



1,00E+07

1,00E+06

> 7%
"q‘) 1,00E+05 v R TS e i
=2 i i .. R

1,00E+04

T I T
240 300 360 420 480

1,00E+03 |
60 120 180

Time (Ky)

a
Figura 2a - Bayesian Skyline Plot showing the change in population size (Nef x generation time (g)) at time (Ky) in Liolaemus arambarensis (red

line), L. occipitalis (green line) and L. wiegmannii (blue line). Solid lines represent the median, and dashed lines the confidence intervals.
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Figura 2b - Bayesian Skyline Plot showing the change in population size (Nef x generation time (g)) at time (Ky) in Liolaemus occipitalis: all

populations (green line), populations from SC (orange line) and populations from RS plus Uruguay (grey line). Solid lines represent the median,

and dashed lines the confidence intervals.
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Figura 2c - Bayesian Skyline Plot showing the change in population size (Nef x generation fime (g)) at fime (Ky) in Liolaemus wiegmannii: all
populations (blue line), populations from Argentina (purple line) and populations from Uruguay (pink line). Solid lines represent the median, and
dashed lines the confidence intervals.
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Figure 3 - Bayesian free of haplotypes of the concatenated mitochondrial genes
Cytochrome C Oxidase Subunit 1 and Cytochrome b of Liolaemus arambarensis (red),
L. occipitalis (green) and L. wiegmannii (blue). Thicker branches have posterior
probability values (PP) between 0.9 and 1.0.
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H5La

H9La

H10La 2 H7La

H4lLa

Figure 4a - Haplotype relationships obtained according to the Median-Joining
algorithm for Liolaemus arambarensis (n = 33): Barra do Ribeiro population (red circles),
Arambaré population (yellow circles), Itapud population (blue circles), Tapes
population (green circles). A single mutation between haplotypes (H) is not indicated;
more than one mutation is indicated by a black rectangle together with the number of
existing mutations.
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Figura 4b - Haplotype relationships obtained according to the Median-Joining algorithm for Liolaemus occipitalis (n = 104): SC confinental
populations (green circles), SC island populations (blue circles), Uruguayan populations (yellow circles), RS populations (red circles). A single

mutation between haplotypes (H) is not indicated; more than one mutation is indicated by a black rectangle together with the number of
existing mutations.
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Figura 4c - Haplotype relationships obtained according to the Median-Joining algorithm for Liolaemus wiegmannii (n = 47): L. occipitalis from STE
population (yellow circle), Uruguayan populations (blue circles), Argentinean populations (red circles). A single mutation between haplotypes
(H) is not indicated; more than one mutation is indicated by a black rectangle together with the number of existing mutations.
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V. Discussao Geral

Neste estudo foram feitas inferéncias sobre os padrdes filogeogrdficos de trés
espécies do género Liolaemus: L. arambarensis, L. occipitalis e L. wiegmannii. Para isso
foram caracterizadas a variabilidade genética e a diferenciacdo geogrdfica de cada
uma das trés espécies. Procurou-se discutir os principais aspectos da histdria evolutiva
de cada uma delas, da distribuicdo espacial das principais linhagens filogenéticas
encontradas, e também inferir os principais fatores que teriam influenciado a
divergéncia genética observada. E importante ressaltar que cada uma das
localidades de coleta foi considerada como sendo uma populacdo (embora ndo
tenha sido seguido d risca o conceito ecoldgico de populagdo).

Os principais dados obtidos foram descritos e discutidos de forma independente
em cada um dos capitulos precedentes. A seguir serdo apresentados os principais
pontos discutidos ao longo do trabalho.

No Capitulo | sobre L. occipitalis procurou-se tratar a diversidade genética da
espécie num contexto de conservacdo da mesma. Nossos resultados sugeriram um
complexo padrdo de ocupacdo da espécie em sua atual drea de distribuicdo, com
sinais de expansdo populacional recente somente ao sul do rio Mampituba. Resultados
de vdrios dos testes realizados nos mostraram a auséncia de relacdo entre a estrutura
populacional e as atuais barreiras geogrdficas da drea de ocorréncia de L. occipitalis.
A auséncia de hapldtipos compartiihados entre as populacdes ao sul e ao norte do rio
Mampituba, porém, nos sugere que esta talvez seja uma das Unicas barreiras
geogrdficas atuais que influenciou a estrutura genética observada na espécie.

As populacdes ao sul do rio Mampituba compreendem dois grupos haplotipicos
com claros sinais de expansdo, e que, provavelmente, representam hapldtipos
remanescentes de um pool génico maior. Ao longo da Planicie Costeira do Rio
Grande do Sul (PCRS), onde coexistem estes dois grupos haplotipicos, destaca-se a

parte central da regi@o como um possivel centro de origem e de expansdo da

116



espécie. Resultados que sustentam esta hipdtese sdo a alta diversidade apresentada
pelas populacdes do local, e o fato de que os hapldtipos mais frequentes e
amplamente espalhados na PCRS sdo encontrados nestas populacdes. Em relacdo ds
populacdes ao norte do rio Mampituba, observou-se que nenhum dos dois grupos
haplotipicos nos quais elas se dividem apresentaram os mesmos sinais de expansdo
que os grupos ao sul do rio. O grupo de populacoes da ilha de Santa Cataring,
particularmente, apresentou em diversas andlises realizadas evidéncias de isolamento
genético, podendo, desta forma, ser considerado como uma importante fonte de
diversidade genética para L. occipitals.

De forma geral, pode-se dizer que a variabilidade genética e a distribuicdo
geogrdfica observadas entre as populacdes de L. occipitalis foram moldadas em boa
parte pela evolucdo geoldgica da costa uruguaia, galcha e catarinense, bem como
pelas pressdes antréopicas ao longo de sua drea de ocorréncia. No entanto, essa
mesma pressdo antroépica que possivelmente ajudou a moldar o atual cendrio
genético da espécie estd, sem duvida, entre as principais causas do desaparecimento
de muitas de suas populacdes. Sabe-se que muitas das dreas onde as populacdes de
L. occipitalis ocorrem est@o desaparecendo e gerando descontinuidades em sua
distribuicdo, o que terd um impacto imenso sobre a espécie em termos de perda de
diversidade genética. Alertando para o estado alarmante de conservacdo das dunas
costeiras do extremo sul do Brasil, também existem outros estudos com diferentes
espécies que habitam a mesma drea de L. occipitalis (Ferndndez-Stolz et al., 2007;
Mader, 2008).

O Capitulo Il aborda de forma comparativa aspectos dos padrdes filogeograficos
de L. arambarensis, L. occipitalis e L. wiegmannii, inferindo possiveis datas de origem do
ancestral comum de cada uma delas (TMRCA), de suas atuais linhagens mitocondriais,
e da divergéncia entre elas.

Nossos resulfados demonstram a existéncia de uma estruturacdo filogenética
dentro de cada uma das frés espécies estudadas. E de acordo com nossas

estimativas, os TMRCAs das espécies, dos clados intra-especificos e das divergéncias
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entre as espécies caem no Pleistoceno, embora o intervalo de confianca para a
divergéncia enfre L. arambarensis e L. occipitalis atinja o Plioceno também. Observou-
se, intferessantemente, que a separacdo das linhagens que deram origem a estas duas
espécies teria ocorrido muito antes dos eventos climdticos pleistocénicos que
originaram a PCRS hd ~400 kya, sugerindo que a linhagem que originou L. occipitalis
seja muito mais antiga do que a unidade geomorfolégica onde a maioria de suas
populacoes € encontrada atualmente. A similaridade entre os valores de TMRCAs
encontrados para os diferentes clados e para L. arambarensis sugere que L. occipitalis
e L. wiegmannii possam ter mantido um tamanho populacional efetivo similar para
suas subpopulagcdes em um modelo de metapopulacdo geograficamente
estruturado; enquanto que a distribuicdo restrita de L. arambarensis fez com que o
tamanho efetivo da espécie fosse similar dquele encontrado em uma subpopulacdo
genética de espécies mais amplamente distribuidas.

Embora existam populacdes de L. occipitalis localizadas fora da PCRS, a
divergéncia entre seus clados ocorreu proximo do inicio da formacdo desta unidade
geomorfoldgica. Entretanto, é possivel que estas datas indiquem o estabelecimento
de populacdes geograficamente divergentes que sejam associadas ao inicio da
formacdo e expansdo da planicie costeira. Para L. wiegmannii, a divergéncia de seus
dois subclados (populacdes da costa uruguaia e populacdes da Argentfina) pode
estar associada com a formagdo do sistema do rio da Prata.

Para L. arambarensis verificou-se a inegdvel importdncia da populacdo de Barra
do Ribeiro em termos de conservacdo do pool génico da espécie, bem como a
hipdtese de que esta seria a populacdo que serviu como “fonte” para a fundacdo
das demais. Nossas estimativas sugerem que ndo hd evidéncias de expansdo
populacional recente para a espécie, implicando em uma antiga estabilidade numa
dinédmica de fonte-sumidouro, a qual pode ser caracteristica de L. arambarensis.

Em relacdo a estrutura filogenética de L. wiegmannii, nossos dados sustentam uma
forte divergéncia entre uma linhagem filogenética argentina e uma uruguaia,

separadas pelo rio da Prata, também existindo uma estruturacdo dentro do clado
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uruguaio considerando a populacdo de Colonia (costa platense) e as frés populacoes
da costa Atlé@ntica. Embora com suporte modesto, nossos dados sugerem que 0s
haplétipos de Colonia sdo parafiléticos em relacdo dgqueles do grupo das populacdes
atlé@nticas, indicando uma possivel rota de migracdo sudoeste-nordeste ao longo da
recente costa Atlantica. Observou-se na populacdo argentina de San Luis niveis de
diversidade similares aos da populacdo uruguaia de Colonia, mas ambas
apresentaram-se muito mais diversas do que qualgquer populacdo da costa Atldanfica.
Similarmente ao observado para L. arambarensis, isto poderia indicar um efeito
fundador durante a colonizacdo da costa AtlGntica uruguaia ou que estas
populacdes com menor diversidade mantém um tamanho efetivo menor do que as
populacdes de Colonia e de San Luis. Nossos dados sugerem um sinal de expansdo
populacional recente para L. wiegmannii, mas ndo foi possivel demonstrar se este sinal
foi exclusivo para as populacdes uruguaias ou argentinas.

Liolaemus occipitalis, como j& apresentado no Capitulo |, estrutura-se em quatro
grupos haplotipicos bem definidos (dois ao norte e dois ao sul do rio Mampitubal),
embora suas relacdes filogenéticas ndo possam ser inferidas com certeza. Além de
acrescentarmos novas informacdes ao j& apresentado no Capitulo | sobre L.
occipitalis, no presente capitulo foram feitas inferéncias em relacdo aos TMRCAs da
espécie e de suas linhagens mitocondriais, bem como sua histéria demogrdfica.

Observou-se em L. occipitalis evidéncia de expansdo populacional hd ~40 kya,
entretanto, esta parece restrita ds populacdes do RS e Uruguai, com as populacdes
catarinenses demonstrando estabilidade em relacdo ao seu tamanho. Talvez este
quadro reflita o ambiente ocupado pelos diferentes grupos populacionais, com as
praias catarinenses mais restritas e com diversas barreiras naturais enfre populacoes
adjacentes, e as praias do RS permitindo uma maior conectividade entre as
populacdes e com maior disponibiidade de habitats permitindo famanhos
populacionais maiores.

Também se discutiu o fato de uma populagcdo catarinense (Garopaba) apresentar

uma haplétipo de um clado do RS e Uruguai (Locci4), sendo esta populacdo
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claramente distante geograficamente das galchas e uruguaias, e este hapldtipo ser
notavelmente distinto dos demais deste clado. Uma hipdtese para este curioso padréo
é que os clados de L. occipitalis estavam mais amplamente distribuidos, com Locci4
tornando-se extinto co sul de SC, mas ndo na populacdo de Garopaba. Esta
explicacdo hipotética baseia-se na instabilidade da PCRS na provdvel época de
surgimento do ancestral comum mais recente de L. occipitalis (~330 kya), sendo que
esta instabilidade pode ter desempenhado um importante papel na dindmica de
extincdo/re-colonizacdo que afetou a distribuicdo dos clados ao longo da drea de
distribuicdo da espécie. Esta instabilidade natural e a natureza mutante da regido de
ocorréncia da maioria das populacdes de L. occipitalis também sdo levantadas como
hipdtese para explicar a auséncia de relacdo entre as barreiras geogrdficas naturais
existentes na drea e a estruturacdo populacional.

O intervalo existente entre a expansdo observada em L. occipitalis e L. wiegmannii
(~40 kya) e o terceiro ciclo deposicional que implantou as restingas que delimitaram a
Laguna dos Patos (~120 kya), pode indicar que ndo somente a formacdo da PCRS foi
importante na determinacdo do tamanho populacional, mas também os eventos
climdticos que afetaram estes taxa, com a disponibilidade de habitat limitando a

expansdo em SC.
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