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RESUMO

Utilizando dois bancos de dados mensais (1979-1984; 1996-2011)
constituidos por um regime de amostragens experimentais independentes da
pesca, o objetivo deste estudo foi avaliar a hipétese central de que mudancgas
de longo prazo na abundancia e diversidade de peixes nas zonas rasas do
estuario da Lagoa dos Patos (ZRELP) ocorreram nas ultimas 3 décadas, as
quais foram promovidas por disturbios nos habitats estuarinos e alteragdées no
esforco de pesca na regido. Os padrbes de composi¢cdo e abundancia das
espécies de peixe que utilizam as ZRELP apresentam alta variabilidade anual e
inter-anual, as quais sao reguladas principalmente pelas variagdes ou
flutuagdes da temperatura, salinidade, vazao estuarina e componente
meridional do vento. Os resultados deste estudo revelam que o Modo Anular
Sul (SAM) também parece influenciar a dindmica temporal dos peixes nas
ZRELP, além do EI Nifio Oscilagao Sul (ENOS), e que o tempo de resposta das
espécies em relagao a alguns fatores abidticos (e.g., temperatura e vazao) néo
€ instantaneo. Por fim, o presente estudo revela que mudangas de longo prazo
ocorreram na abundancia e diversidade das espécies nos ultimos 30 anos.
Estas mudancas estiveram provavelmente associadas as alteragcdes nas
condigdes hidroldgicas do estuario promovidas pelos fendmenos ENOS e SAM.
A perda de habitat, especialmente dos vegetados, e a pressdo de pesca
representada pelo esforco de pesca também parecem ter importante papel
sobre as mudangas de longo prazo observadas, principalmente para espécies
como a Brevoortia pectinata, Jenynsia multidentata, Micropogonias furnieri e
Mugil liza. A partir do conjunto de informagdes reunidas, o presente estudo
reforca a hipotese que os padrbes de uso do estuario da Lagoa dos Patos,
especialmente pelos juvenis, estao fortemente vulneraveis as mudangas no
clima e as transformagdes antropicas do estuario, a despeito da alta

variabilidade destes padrdes forcada pelo dinamismo estuarino.

Palavras chave: séries temporais, mudancas de longo prazo, disturbios

do habitat, esfor¢o de pesca, recrutamento, estuario temperado.



ABSTRACT

Using two long-term database (1979-1984; 1996-2011) composed by
experimental fishery-independent sampling survey, the aim of this study was to
evaluate the main hypothesis that long-term changes in fish abundance and
diversity in shallow areas of the Patos Lagoon Estuary (SAPLE) occurred in the
last three decades, which were promoted by estuarine habitats disturbances
and alterations in fishing effort changes in the region. The composition and
abundance patterns of fish species inhabiting SAPLE present high annual and
inter-annual variability, which are mainly regulated by changes or fluctuations in
temperature, salinity, freshwater outflow into the estuary and meridional wind
component. The results show that the Southern Annular Mode (SAM) also
seems to be influencing the temporal dynamics of fishes in SAPLE besides of
the El Nifio Southern Oscillation (ENSO), and that time response of species to
changes in some environmental variables (e.g., temperature and freshwater
outflow) is not in phase. Finally, this study shows that long-term changes
occurred in the species abundance and diversity in the last 30 years. These
changes were probably associated to changes in the estuarine hydrological
conditions promoted by ENSO and SAM phenomena. The habitat loss,
especially of the vegetated ones, and the fishing pressure represented by
fishing effort also seem to have important role on observed long-term changes,
especially to Brevoortia pectinata, Jenynsia multidentata, Micropogonias furnieri
e Mugil liza. From the total information gathered, the present study reinforce the
hypotheses that the fish use patterns in the Patos Lagoon estuary, especially by
juveniles, are highly vulnerable to climate change and to man-induced estuarine
transformations, despite the high variability of these patterns associated with

the estuary dynamics.

Key words: time series, long-term changes, habitat disturbances, fishing

effort, recruitment, temperate estuary.



INTRODUGAO GERAL
1. Dindmica estuarina e suas relagoes com fatores naturais e antrépicos

Dentre os ambientes costeiros, os estuarios sdo fundamentais em pelo
menos uma fase do ciclo de vida de diversas espécies de peixes, muitas das
quais sao recursos marinhos explotados pela pesca costeira e oceanica,
chegando a representar mais da metade das capturas comerciais (Day et al.
1989). A maioria das espécies que ocorrem nos estuarios € de origem marinha,
sendo que a relagdo do ciclo de vida destas espécies com o estuario € muito
similar na maioria dos estuarios do mundo (Able 2005, Elliott et al. 2007).

Em geral, os estuarios sdo dominados por poucas espécies que suportam
a alta variabilidade do ambiente, especialmente aquelas promovidas pela
salinidade, e que encontram nestes ecossistemas as condi¢des favoraveis para o
desenvolvimento dos juvenis e para a reprodugao (e.g., alta oferta de alimento,
protecéo contra predacao e refugio as condi¢des ambientais adversas) (Blaber &
Blaber 1980, Able et al. 2006, Franco et al. 2010, Becker et al. 2011, Camp et al.
2011, Islam et al. 2011, Wasserman & Strydom 2011). Adicionalmente, estas
caracteristicas, que tornam os estuarios tdo atraentes para as espécies
dominantes, sdo aproveitadas por espécies vagantes, as quais proporcionam o
aumento da diversidade deste ecossistema (Garcia et al. 2003b, Able 2005, Elliott
et al. 2007, Francga et al. 2009, Espinoza et al. 2011). Assim, quatro grupos de
espécies podem ser facilmente definidos para os estuarios em relagdo ao uso
deste ambiente (i.e., guildas de uso do estuario): Guilda estuarino-residente,
composta por espécies que completam todo o seu ciclo de vida no estuario,

podendo ser capturadas no ambiente limnico ou marinho de forma acidental, ou



em baixa abundancia; Guilda estuarino-dependente, composta por espécies que
obrigatoriamente usam os estuarios em seus ciclos de vida, principalmente
como juvenis, mas que realizam a reprodugdo em outros ambientes aquaticos
adjacentes (e.g., como zonas marinhas ou limnicas). Nesta guilda estao incluidas
as espécies diadromas que utilizam o estuario apenas como rota de migragao;
Guilda visitantes-marinhos e Guilda visitantes de agua doce, as quais s&o
compostas por espécies de origem marinha ou limnica, respectivamente, que
fazem uso acidental ou oportunistico dos estuarios (Vieira et al. 1998, Garcia et
al. 2001, Able 2005, Able et al. 2006, Elliott et al. 2007).

Os padrbes temporais e espaciais de ocorréncia e abundancia destas
guildas nos estuarios sdo determinados por condicionantes locais (e.g.,
temperatura, no caso de estuarios em zonas temperadas, salinidade e
descarga continental) e remotos (e.g., fenbmenos climaticos) (Vinagre et al.
2007, Martinho et al. 2009, Cloern et al. 2010, MacFarlane 2010, Taylor et al.
2010, Franca et al. 2011, Primo et al. 2011). Por exemplo, a eficiéncia do
transporte passivo e a retengdo de ovos e larvas de espécies de origem
marinha nos estuarios, as quais utilizam este ambiente como zona de bercgario,
estdo fortemente relacionados a hidrodindmica estuarina que é principalmente
regulada pelo balango entre chuvas na bacia de drenagem, vazao do estuario,
ventos predominantes e ciclos de maré (Ramos et al. 2006, Martins et al. 2007,
Whitfield et al. 2008, Dickey-Collas et al. 2009, Reum et al. 2011). Estudos tém
revelado que mudancas na hidrodindamica estuarina promovidas por fenbmenos
climaticos e por intervencdes humanas sido capazes de interferir na quantidade

e qualidade de peixes que conseguem ingressar nos estuarios, o que aumenta



a variabilidade de longo prazo das espécies (e.g., inter-anual e inter-decadal) e
que pode comprometer importantes fases do ciclo de vida das espécies (e.g.,
recrutamento das espécies de origem marinha) (Drake et al. 2002, Whitfield
2005, Widdows et al. 2007, Cloern et al. 2010, Cyrus et al. 2010, Kruger &
Strydom 2010, MacKay et al. 2010, Purtlebaugh & Allen 2010, Zampatti et al.
2010, Feyrer et al. 2011, Piazza & La Peyre 2011). Assim, estes estudos séo
fortes evidéncias de que os padrdes de uso dos estuarios pelas espécies,
principalmente as estuarino-residentes e estuarino-dependentes, podem ser
afetadas pelas mudangas climaticas globais e aos disturbios do habitat
induzidos pelo homem.

Adicionalmente, a pesca também tem sido apontada como um dos
fatores que podem alterar os padrdes temporais das espécies em diversos
ecossistemas marinhos costeiros, inclusive os estuarios (Pauly et al. 1998,
Jackson et al. 2001, Dulvy et al. 2003, Buchsbaum & Powell 2008, Costello et
al. 2010, Odebrecht et al. 2010). Por exemplo, altera¢gdes na abundancia de
recrutas em funcao da reducido do tamanho do estoque desovante, mudancas
nos padroes de abundancia e composicdo das espécies associadas aos
disturbios do habitat promovidas por artes de pesca destrutivas, alteracées na
composicado e abundancia de teias troficas e alteragdbes em aspectos
demograficos das populagbes sdo algumas das respostas das espécies
induzidas pela atividade pesqueira que tem promovido mudangas de longo-
prazo nas comunidades de estuarios e ecossistemas costeiros (Rothschild et

al. 1994, Lenihan & Peterson 1998, Lenihan et al. 2001, Jiang & Carbines 2002,



Savenkoff et al. 2007, Ecoutin et al. 2010, Smith & Scharf 2010, Walsh et al.

2010, Engelhard et al. 2011, Last et al. 2011).

2. Breve histérico das modificagées no Estuario da Lagoa dos Patos e sua
influéncia sobre a ictiofauna

O estuario da Lagoa dos Patos é um sistema temperado-quente
dominado pelos rios que compdem a bacia de drenagem do sistema Patos-
Mirim e esta localizado proximo a um ponto anfidrébmico, o qual faz com que os
efeitos da maré astrondmica na regido sejam negligenciaveis (amplitude média
= 0,47 m) (Mdller et al. 2001). Assim, a hidrodindmica deste estuario é
determinada principalmente pelo aporte de agua doce oriundo da grande bacia
de drenagem que compde o sistema lagunar Patos-Mirim (201.626 km?) (Fig.
1) e pelo regime de ventos predominantes (Moller et al. 2001, Modller &
Fernandes 2010).

Desde o inicio do século 20, este estuario tem sido alvo de constantes
transformagdes em sua morfologia e hidrodindmica devido a expanséo urbana,
industrial e portuaria (Tagliani et al. 2003, Seeliger 2010, Odebrecht et al.
2010). Uma das mais significantes mudangas promovidas pelo homem foi a
construgdo de dois longos (~4 km, cada) molhes convergentes, situados na
boca do estuario, em conjunto com o aprofundamento do canal de acesso (de
3.0 para 14.0 m) entre 1905 e 1915. Isso resultou em um efeito cascata de
alteracdes, desde a circulagdo e nivel de agua do estuario, processos de
erosao e deposicao sedimentar até a distribuicdo das areas rasas e dos seus

habitats vegetados (Marangoni & Costa 2009, Calliari et al. 2010, Copertino



2010, Odebrecht et al. 2010). Recentemente, novas obras de ampliagao dos
molhes e aprofundamento do canal de acesso foram realizadas, as quais
tendem a impor novas alteragdes no regime hidroldgico do estuario, a exemplo
da intensificacdo dos fluxos de vazante (Fernandes et al. 2005).
Adicionalmente, novas obras de expansao da area portudria para a margem
leste deste estuario estdo em fase preliminar de implementagcao e poderao
significar um novo ciclo de mudangas na morfologia do estuario em fungéo da
expansao da ocupagao de suas margens.

O estuario da Lagoa dos Patos apresenta uma morfologia naturalmente
estrangulada, a qual foi reforcada com a construgdo dos molhes convergentes,
restringindo as trocas de agua deste estuario com o Oceano Atlantico a um
estreito canal (Kjerfve 1986) que tem atualmente tem largura minima de cerca
de 600 m na desembocadura e 16 m de profundidade (Fig. 1). Esta morfologia
associada com o seu regime hidrico dominado pelo rio resulta em uma
hidrodinAmica e circulagdo estuarina altamente dependente do regime de
chuvas da regido (Moller et al. 2001, Moller & Fernandes 2010).
Consequentemente, os processos de ocupacao do estuario pelas espécies,
principalmente o transporte passivo de recrutas de origem marinha para dentro
do estuario, também s&o dependentes das quantidades de chuva na regiédo
(Garcia et al. 2003a, Martins et al. 2007, Maller et al. 2009, Odebrecht et al.
2010). Isto faz como que a circulagédo estuarina e os padrées de abundancia
das espécies no estuario da Lagoa dos Patos sejam muito vulneraveis aos
efeitos dos fenbmenos climaticos que sao importantes moduladores da

variagao temporal do regime de chuvas da regido, a exemplo do E/ Nifio



Oscilagao Sul (ENOS) (Garcia et al. 2001, Moller et al. 2009, Odebrecht et al.
2010).

N&o obstante a influéncia de fendmenos ENOS na estrutura e
composicao da assembléia de peixes que habita as zonas rasas do estuario da
Lagoa dos Patos, estudos sugerem que fendbmenos independentes do clima,
tais como a “pressdo de pesca” e a “perda de habitats”, podem estar
modificando a abundéncia e a diversidade dessa assembleia ao longo dos
anos (Odebrecht et al. 2010, Vieira et al. 2010). Por exemplo, a expansao das
condic¢des oligohalinas do estuario (sensu Garcia et al. 2001), em conjunto com
a eutrofizacdo e ocupagdo humana das margens do estuario, tém sido
apontados como alguns dos principais fatores que estdo promovendo
alteragdes na abundancia e distribuicdo de habitats vegetados no estuario da
Lagoa dos Patos (Marangoni & Costa 2009, Copertino 2010, Odebrecht et al.
2010), os quais desempenham importante papel como abrigo, area de
alimentacdo e habitat de diversas espécies de peixes (Garcia & Vieira 1997).
Adicionalmente, analises de séries histdricas demonstram que a producgao
pesqueira no Sul do Brasil vem apresentando claros sinais de sobrepesca
(Reis & D’Incao 2000, Haimovici et al. 2006). Por exemplo, as capturas da
corvina Micropogonias furnieri ttm se mostrado constante ao longo do tempo
devido ao forte incremento do esforco de pesca em resposta a drastica queda
de biomassa do estoque pesqueiro (Haimovici & Ignacio 2005). Varias espécies
que sustentam as pescarias artesanal e industrial do sul do Brasil utilizam as

zonas rasas do estuario da Lagoa dos Patos como area de bergario, como a



corvina M. furnieri, a tainha Mugil liza e o camarao Farfantepenaeus paulensis

(Haimovici et al. 2006, Vieira et al. 2008).

3. Racional, Hipoétese, estrutura e objetivos do trabalho.

Ao contrario dos disturbios naturais ocasionados pelo ENOS, que séo
irregulares e discretos no tempo (agudos), o aumento do esforgo de pesca e a
perda de habitat podem ser entendidos como disturbios crénicos, na medida
em que vem ocorrendo de modo continuado, cumulativo e irreversivel na regiao
(Reis et al. 1994, Haimovici et al. 2006, Miranda el al. 2006, Odebrecht et al.
2010, Seeliger & Odebrecht 2010). No entanto, a influéncia dos efeitos destas
pressdes antropicas nos padroes de abundancia e diversidade das espécies de
peixes em zonas rasas do estuario da Lagoa dos Patos ainda n&o foram

investigadas.

3.1. Hipétese e estrutura do trabalho

Diante do exposto, a hipotese que norteia o presente estudo é que
mudancgas de longo prazo na abundancia e diversidade de peixes nas zonas
rasas do estuario da Lagoa dos Patos ocorreram nas ultimas 3 décadas (1979-
2011), as quais foram promovidas por disturbios nos habitats estuarinos e
alteragbées ao longo do tempo do esforgo de pesca na regido (indicador de
pressao de pesca). Entretanto, devido a complexidade do tema proposto, a alta
variabilidade temporal do estuario, a qual pode estar sendo influenciada por
outros fendbmenos climaticos além do ENOS, a exemplo da Oscilacao Antartica

(ou Modo Anular Sul - SAM), e a interacdo entre os efeitos antrépicos e
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naturais, o presente estudo também contempla outras investigagdes que tem o
objetivo de prover o arcabougo tedrico adequado para avaliar as mudangas de
longo prazo da assembléia de peixes no estuario da Lagoa dos Patos.
Portanto, o presente estudo € composto de quatro capitulos (anexos), os quais
apresentam: a revisdo tedrica sobre os conceitos de disturbios do habitat em
ecossistemas aquaticos (Anexo 01); a dindamica temporal da assembléia de
peixes e crustaceos que utilizam as zonas rasas do estuario da Lagoa dos
Patos, bem como as suas relagcbes com fatores locais (salinidade,
transparéncia, temperatura, vento e chuva), regionais (e.g., chuva e vazao dos
rios) e remotos (e.g., El Nifio Oscilagao Sul e Modo Anular Sul) (Anexos 02 e
03); e os efeitos de fatores naturais e antropicos sobre as mudangas de longo
prazo ocorridas nos ultimos 30 anos na abundancia e diversidade da

assembléia de peixes do estuario da Lagoa dos Patos (Anexo 04).

3.2. Objetivos

Objetivo geral:

Analisar a dinamica temporal da assembléia de peixes em zonas rasas do
estuario da Lagoa dos Patos, suas relagbes com fatores abioticos (locais e
regionais) (salinidade, transparéncia, temperatura, ventos, chuva e vazao dos
rios) e fendbmenos climaticos (E/-Nifio Oscilagdo Sul — ENOS e Oscilagao
Antartica — SAM), bem como avaliar a influéncia de fatores antropicos, como a
“pressao de pesca” representada pelo esforco de pesca e a “perda de habitats”,
sobre as mudangas de longo prazo da abundancia e diversidade desta

assembléia nos ultimos 30 anos.
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Objetivos especificos

1.

Identificar um conjunto padronizado de conceitos relacionados a
disturbios do habitat em ecossistemas aquaticos que sirvam de
orientagdo para estudos que analisam os efeitos da perda de habitats
aquaticos, bem como de outros disturbios, sobre a ictiofauna (Anexo 01);
Analisar se as variagdes na abundancia das espécies relacionadas as
mudangas nos fatores abidticos locais (salinidade, transparéncia,
temperatura, vento e chuva), regionais (chuva e vazao) e remotos (E/
Nifio Oscilagdo Sul e Modo Anular Sul) sdo instantdneas ou séao
defasadas no tempo (Anexos 02 e 03);

Analisar os efeitos dos fatores abidticos sobre as variacbes de médio
(anual) e longo prazo (inter-anual) da abundancia das espécies de
peixes e crustaceos que utilizam as zonas rasas do estuario da Lagoa
dos Patos (Anexo 3).

Identificar e comparar as mudangas de longo prazo na diversidade,
abundancia total e abundancia das espécies de peixes dominantes que
nao sao alvo da pesca, ou que tem capturas negligenciaveis (Atherinella
brasiliensis, Jenynsia multidentata e Odontesthes argentinensis)
(indicadoras dos efeitos da perda de habitat), e das espécies de peixes
dominantes que séo alvo da pesca (Brevoortia pectinata, Micropogonias
furnieri e Mugil liza) (indicadoras dos efeitos da pressao de pesca)

(Anexo 4).
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5. Avaliar os efeitos de fatores naturais (salinidade, transparéncia, vazéo e
os fendbmenos climaticos ENOS e SAM) e de fatores antrépicos (perda
de habitat e esforco de pesca) sobre as mudangas de longo prazo
identificadas para a diversidade e abundancia total das espécies (Anexo

4).

MATERIAL E METODOS
1. Area de estudo, estratégia de amostragens e obtencdo de dados
suplementares.

As amostragens do presente estudo foram realizadas em zonas rasas
(profundidade média < 1,5 m) do Estuario da Lagoa dos Patos (32°S 52°W)
(Fig. 01), com periodicidade mensal e foram oriundas de dois projetos de
pesquisa desenvolvidos pelo Laboratério de Ictiologia da Universidade Federal
do Rio Grande (FURG): Projeto Bio-ecologia dos peixes e decapodes da Lagoa
dos Patos e regido costeira adjacente — BELAP (de 1979 a 1984) e Projeto de
Pesquisas Ecolégicas de Longa Duracdo (ICTIO/PELD CNPg-MCT, 1996-
2011). Amostragens realizadas em dois sitios na regido marinha adjacente
(Praia do Cassino) no periodo de 2000 a 2010 também foram analisadas
(Anexo 2). Estas amostragens tiveram o mesmo desenho experimental
desenvolvido nos sitios estuarinos e também compdéem o banco de dados
ICTIO/PELD.

As amostragens biolégicas foram feitas através de arrastos
padronizados (1979/84: n variavel; 1996/2011: n = 5 arrastos/sitio de

amostragem/més), com uma rede de praia do tipo picaré (9 m de comprimento,



13

13 mm de distancia entre-nés nas asas € 5 mm no centro). Os exemplares
capturados eram fixados em formalina em campo e, em laboratério, eram
identificados ao menor nivel taxondmico possivel, pesados e medidos. A
maioria dos exemplares capturados (cerca de 97%) foram recrutas do ano ou
representantes de espécies de pequeno tamanho (< 15 cm) (Tabela 1). Nas
analises em que todos os individuos coletados foram utilizados, as espécies
infrequentes (frequéncia de ocorréncia < 5% ao longo do periodo alvo da
analise) foram agrupadas nas 4 guildas de uso do estuario da Lagoa dos Patos
proposta por Garcia et al. (2001): estuarino-residente (RESI), espécies que
tipicamente ocorrem e completa todo o seu ciclo de vida no estuario; estuarino-
dependente (DEPE), espécies que se reproduzem no mar ou na agua doce e
que sao encontradas em grande numero durante certos periodos do ciclo de
vida, especialmente durante o recrutamento; visitantes de origem marinha
(MARI) e de agua doce (DOCE), espécies que tipicamente habitam ambientes
marinhos e limnicos, respectivamente, mas que sao encontrados raramente
nos estuarios.

Em conjunto com as amostragens bioldgicas, eram feitas medi¢des das
condigdes da agua (temperatura, salinidade e transparéncia). Dados de vazéo
dos trés principais rios do sistema Patos-Mirim (Jacui, Taquari e Camaqua)
para o periodo de estudo (1979-2011) foram adquiridos com a Agéncia
Nacional de Aguas (ANA - hidroweb.ana.gov.br). A soma das descargas
mensais destes trés rios corresponde a 70% da vazédo de todo a bacia de
drenagem e, portanto, foi utilizada como um indicador do aporte de agua doce

no estuario da Lagoa dos Patos e da vazédo deste estuario (Vaz et al. 2006).
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Dados mensais referentes a precipitagao total local (1990-2010) e da média na
bacia de drenagem (1979-2009) foram obtidos com os Laboratérios de
Meteorologia da FURG e da Universidade Federal do Parana (UFPR),
respectivamente. Valores mensais dos componentes zonal (direcado oeste-
leste) e meridional (diregdo norte-sul) do vento na superficie do mar (32° S; 52°
W) foram obtidos com a Divisdo de Pesquisa Ambiental do Centro de Ciéncias
da Pesca da NOAA (“National Oceanic and Atmospheric Administration” -
http://las.pfeg.noaa.gov/las6_5/servlets/dataset).

Os indices referentes aos fendmenos climaticos ENOS (Nifio 3) e SAM
foram obtidos com o Centro de Predicdo Climatica da NOAA
(http://www.cdc.noaa.gov). O indice Nifio 3 representa a média de
temperaturas na superficie do mar (TSM) na regiao oriental do Oceano Pacifico
Tropical (5°N - 5°S; 150°W - 90°W), e os valores positivos e negativos deste
indice representam os eventos E/ Nifio e La Nina, respectivamente (D’Arrigo et
al. 2005). O fenbmeno SAM é caracterizado por anomalias de presséo de um
sinal centrado na Antartica e pode ser definido a partir de uma fung¢ao ortogonal
empirica (“empirical orthogonal function” — EOF) do campo de presséo ao nivel
do mar ou do campo do componente zonal do vento (Thompson & Wallace
2000). O indice utilizado no presente estudo foi construido projetando as
anomalias de pressdo (em 700mb) ao sul da latitude 20S sobre a principal
variagdo do SAM obtida para o periodo de 1979-2000 (Mo 2000).

A fase positiva (negativa) do fenébmeno ENOS, conhecida como El-Nifio
(La-Nifa) é caracterizada pelo aquecimento (esfriamento) anémalo das aguas

superficiais do leste do Oceano Pacifico Tropical (Glantz 2001). No sul do
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Brasil, os eventos E/-Nifio promovem o bloqueio atmosférico de frentes frias
devido a intensificagdo do jato subtropical, resultando em um aumento
significativo na quantidade e intensidade das chuvas e da vazdo dos rios da
regiao. Este processo se inverte durante os eventos La-Nifia e, entao,
anomalias negativas de chuva s&o registradas no sul do Brasil (Grimm 1998).
Ao contrario do fendmeno ENOS que surge de interagbes entre o oceano e a
atmosfera no Pacifico Tropical, o fenbmeno SAM decorre da dinamica interna
da atmosfera entre médias (~30° S) e altas latitudes (~60° S) (Gong & Wang
1999, Thompson & Wallace 2000). Nestas regides do globo predominam
células de alta e baixa pressao, respectivamente, que promovem o
deslocamento de massas de ar e ventos de médias para altas latitudes (Fig.
2A) (Mann & Lazier 2006). Durante a fase positiva (negativa) do fendbmeno
SAM a pressdo em meédias e altas latitudes aumenta (diminui) e diminui
(aumenta) mais do que o normal, respectivamente, resultando em mudancgas
no padrao de circulacdo de ventos e massa de ar entre médias e altas latitudes
(Thompson & Wallace 2000). Por exemplo, o deslocamento dos ventos em
direc&o ao polo Sul é intensificado (atenuado) durante a fase positiva (negativa)
do SAM em fungédo do aumento (redugéo) da pressdo em médias latitudes (Fig.
2) (Thompson & Wallace 2000). Consequentemente, alteracbes nos padrdes
meteorolégicos ocorrem no hemisfério sul, especialmente nas regides
subtropicais, temperadas e polares (Thompson & Wallace 2000, Hendon et al.
2007). Por exemplo, mudancgas nos padrbes de vento e chuva, na ocorréncia
de tempestades e ciclones sao esperadas nas regides temperada e subtropical

da América do Sul durante a ocorréncia do SAM (Rao et al. 2003, Silvestre &



16

Vera 2003, Vera 2003). Este fendmeno também parece influenciar a circulagao
oceanica ao redor do polo sul, a medida que regula a intensidade da formacéao
de massas de aguas frias nesta regidao (Rintoul & England 2002, Oke &
England 2004), tendo potencial efeito sobre correntes oceénicas que circulam

no Atlantico Sul, a exemplo da Corrente das Malvinas (Garcia et al. in revision).

2. Obtencao de dados bibliograficos (referente a analise do Anexo 01)

Os artigos sobre disturbios do habitat utilizados na revisédo tedérica foram
obtidos a partir da base de dados “Web of Science®”, sendo incluidos nas
analises os artigos publicados no periodo compreendido entre 1945 e 2009. As
buscas realizadas utilizaram palavras-chave em inglés relacionadas ao tema
“‘perda de habitat” (alteragdo, degradacgao, fragmentacgdo, perda, modificagéo,
desconexao) em conjunto com as palavras-chave “habitat” e “peixe” também
em inglés. Um total de 1395 manuscritos foi analisado, sendo que as
informacdes eram extraidas apenas dos resumos, sempre que possivel. Caso
contrario, as informagdes eram obtidas no corpo do texto. Os dados referentes
ao estudo de caso (estuario da Lagoa dos Patos) foram obtidos a partir de
manuscritos publicados em revistas internacionais de ampla circulagéo, teses e
relatorios técnicos depositados na Biblioteca Setorial de Oceanografia da

FURG e a partir de Seeliger & Odebrecht (2010).

3. Padronizagao do esfor¢co amostral
O banco de dados BELAP/PELD analisado no presente estudo é
resultado de diferentes esforgos amostrais que tiveram por objetivo atender a

diferentes focos de investigacdo. O BELAP é composto por dados obtidos em 3
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sitios marinhos e 31 sitios estuarinos, nos quais foram feitas amostragens
compostas de 2 a 6 arrastos, sendo que a maioria delas € composta por 3
arrastos (80%) (Garcia 2004). O material biolégico obtido em arrastos
consecutivos era agrupado como uma unica amostra e o numero de sitios
amostrados em cada més eram diferentes (Garcia 2004). Estas caracteristicas
tornam a matriz BELAP assimétrica e ndo balanceada (Garcia 2004). Em
contraste, um total de 5 arrastos mensais em cada sitio de amostragem foi
realizado durante a execugédo do projeto PELD (1996-2011). Além disso, o
material bioldégico obtido em cada arrasto era acondicionado em sacos
plasticos separados. O banco de dados PELD é composto desde 1999 por 8
sitios (2 marinhos e 6 estuarinos), os quais foram escolhidos dentre aqueles
com maior frequéncia amostral durante o projeto BELAP. No periodo de 1996 a
1999 apenas 5 sitios fixos (1 marinho e 4 estuarinos) eram amostrados com
regularidade mensal (Fig. 1).

Diante destas irregularidades apresentadas pelos bancos de dados,
duas estratégias foram utilizadas com objetivo de padronizar o esforgo
amostral, o que tornou os dados comparaveis:

1) Para as analises realizadas apenas com o banco de dados PELD
(Anexos 02 e 03), foi utilizado apenas o periodo que contemplou o maior
numero de sitios e regularidade na periodicidade mensal de amostragens
(2000-2011), em cada sitio de coleta;

2) Para as analises realizadas utilizando os bancos de dados BELAP e
PELD conjuntamente (Anexo 04), foi adotado o protocolo de padronizagao das

matrizes de dados desenvolvido por Garcia (2004). Em resumo, este protocolo
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consiste em: a) selegédo dos sitios amostrados no banco de dados BELAP que
tinham séries temporais mais continuas e com amostragens em areas
proximas que pudessem ser utilizadas para substituir os sitios sem
amostragens; b) transformagao por sub-amostragem (sorteio) da matriz mensal
do banco de dados BELAP em uma matriz sazonal, com o objetivo de
contornar a total auséncia de amostragens em alguns meses. Como a variagao
espacial entre os sitios amostrados foi negligenciavel (Garcia 2004, Garcia et
al. in revision), a unidade amostral neste ponto passa a ser a combinacao
“sitio*més”; c) selegcado dos sitios amostrados entre 1996 e 2011 que tinha a
maior regularidade na periodicidade mensal e equivaléncia com os sitios
selecionados na etapa “a”, resultando em 5 sitios fixos (Fig. 1); d) exclusdo de
2 dentre os 5 arrastos realizados em cada sitio por més do banco de dados
PELD, igualando o numero de arrastos/sitio/més nos dois bancos de dados; e)
balanceamento por sub-amostragem (sorteio) da matriz PELD em relagdo a
matriz BELAP, similar a etapa “b”. O resultado final deste procedimento € uma
matriz balanceada onde cada ano tem as suas estagdes representadas por
sete réplicas “sitio*més”, sendo que cada uma destas amostras sdo compostas

pela média aritmética de trés arrastos (Garcia 2004).

4. Andlise de dados

Ao contrario do fenbmeno E/ Nifio, ndo existem medidas precisas
disponiveis na regido que representem a acgao de longo prazo dos fatores
antrépicos “pressao de pesca’ e da “perda de habitats” sobre as espécies que
utilizam as zonas rasas do estuario da Lagoa dos Patos. Por exemplo, n&o

existem dados confiaveis sobre a evolugdo do esforgo de pesca na regido, a
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qual seria a melhor aproximacdo do impacto da explotagcdo das espécies
(Haimovici et al. 2006). Assim, torna-se dificil mensurar de forma direta a
importancia dos efeitos desses fatores sobre as mudangas de longo-prazo da
ictiofauna. Portanto, foram escolhidas seis espécies dominantes nas zonas
rasas deste estuario que podem ser possiveis indicadoras das pressdes
antropicas analisadas (“pressdo de pesca’ e “perda de habitat"). Brevoortia
pectinata, Micropogonias furnieri e Mugil liza sao espécies estuarino-
dependentes explorados pelas frotas artesanal e industrial, principalmente as
duas ultimas, e também s&o capturadas acidentalmente (“by-catch”) pelas
pescarias desenvolvidas por estas frotas (Chao et al. 1985, Reis et al. 1994,
Vieira et al. 1996, Vieira et al. 1998, Haimovici et al. 2006). Portanto, estas trés
espécies sao consideradas como espécies-indicadoras do fator “pressao de
pesca”. Atherinella brasiliensis, Jenynsia multidentata e Odontesthes
argentinensis sao espécies associadas a habitats vegetados no estuario da
Lagoa dos Patos (Garcia & Vieira 1997) e sdo pouco capturadas pela pesca,
seja intencional ou acidentalmente (Vieira et al. 1996, Vieira et al. 2010). Por
exemplo, dados obtidos das estatisticas pesqueiras para o periodo de 2000 a
2008 (e.g. CEPERG 2007) mostram que os desembarques anuais do recurso
peixe-rei, no qual estdo incluidas principalmente as espécies do género
Odontesthes, realizados pela frota artesanal estuarina/costeira foram inferiores
a 1,0% do total de peixes 6sseos desembarcados em cada ano por esta frota.
Além disso, estas espécies sdo consideradas estuario-residentes (Chao et al.
1985, Vieira et al. 1998) e, portanto, espera-se que as varia¢gdes de longo prazo

da abundancia delas reflitam os disturbios sobre os habitats estuarinos. A
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especie J. multidentata apresenta caracteristicas, tais como oportunismo no
uso do ambiente e viviparidade, que, provavelmente a torna resiliente aos
disturbios naturais e antropicos (Betito 1999, Garcia et al., 2004). Entretanto,
como ela é uma espécie estuarino-residente, abundante e frequente em zonas
rasas do estuario da Lagoa dos Patos (Betito 1999, Vieira et al. 1998), assume-
se neste estudo que tendéncias de longo prazo (diminuigdo ou aumento) na
abundancia de J. multidentata reflitam a variagdes temporais de longo prazo de

habitat estuarinos, especialmente os vegetados.

SINTESE DOS RESULTADOS

A partir de uma analise de artigos sobre disturbios do habitat disponiveis
na base de dados “Web of Science®” (ANEXO 1) foi possivel propor a seguinte
padronizac¢ao de conceitos:

“‘Perda de habitat” € a conversao, desaparecimento ou reducao de todo
o habitat ou de componentes estruturais e/ou dindmicos que o caracterizam;

‘Degradacdo do  habitat” €&  definido como sendo a
deterioragdo/adulteragdo de componentes (estruturais e/ou dinédmicos) que
caracterizam o habitat em relacéo as condi¢des pristinas;

‘Fragmentacdo do habitat” € entendida como sendo a reducdo ou
interrupcao da conectividade hidroldgica entre segmentos do habitat aquatico.

“‘Desconexao do habitat” (sensu Becker et al. 2007), conceito utilizado
para o disturbio do habitat que envolva a segregacao de sitios utilizados por
espeécies em diferentes fases do ciclo de vida. Por exemplo, processos

permanentes ou temporarios que impegam os juvenis de acessar as areas de



21

bercario ou os adultos de alcancar os sitios de reproducéo e desova devem ser
tratados como processos de “Desconexao do habitat”. No Estuario da Lagoa
dos Patos, a tendéncia de aumento das condi¢des oligohalinas e a converséo
de pradarias de Ruppia maritima para areas dominadas por macroalgas
oportunistas sdo exemplos de perda de habitat, enquanto a intensificacdo dos
fluxos de vazante do estuario, especialmente durante os eventos El Nifio, € um
exemplo de desconexdo de habitat. Estes eventos de disturbio do habitat
identificados nos ultimos 30 anos podem estar interferindo nos padrbes de
abundancia e diversidade das espécies de peixes no estuario da Lagoa dos
Patos, especialmente aquelas de origem marinha.

A partir de uma nova abordagem de analise do tempo de resposta das
espécies em relagdo aos condicionantes ambientais (ANEXO Il) foi possivel
identificar que os efeitos da temperatura sobre a abundancia das espécies no
estuario da Lagoa dos Patos parece ter uma defasagem de 2 meses, enquanto
que a defasagem na regido costeira adjacente (praia do Cassino) é menor.
Estas diferencas no tempo de resposta das espécies em duas areas proximas
no litoral do sul do Brasil refletem, principalmente, o movimento do mar para o
estuario que os recrutas das espécies estuarino-dependentes realizam para
ocupar as areas estuarinas utilizadas por eles como bergario. A partir destas
analises também foi possivel diagnosticar que aproximadamente 1 més é o
tempo de resposta de cada elo envolvido no efeito cascata promovido pelos
eventos El/ Nifio e La Nifa (chuva/vazao e variaveis estuarinas) no sistema
lagunar Patos-Mirim (ANEXO IIl). O tempo de resposta das espécies ao

fendmeno SAM parece ser de 4 meses, porém 0s mecanismos que regulam o
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efeito deste fendbmeno sobre as espécies no estuario da Lagoa dos Patos ainda
precisem ser mais investigados.

Foi possivel observar que o SAM também & um importante modulador
dos padroes de abundancia e de diversidade da assembléia de peixes
analisadas, além do fendmeno ENOS (ANEXO Ill). Os padrées de composi¢céo
e abundancia das espécies de peixe que utilizam as zonas rasas do estuario da
Lagoa dos Patos apresentam alta variabilidade anual e inter-anual, as quais
sdo reguladas principalmente pelas variaveis temperatura, salinidade,
componente meridional do vento e vazao estuarina, as quais estdo fortemente
relacionadas ao metabolismo e a fisiologia dos peixes, e ao hidrodinamismo
estuarino que regula o transporte passivo de recrutas de origem marinha para
dentro do estuario (ANEXO IlII).

As analises das séries temporais ndo continuas de 30 anos (ANEXO V)
revelaram que apenas a transparéncia diferiu significativamente entre os quatro
periodos “semi-decadais” analisados (P01 = 1979/1984, P02 = 1996/2001, P03
= 2001/2006, P04 = 2006/2011). A transparéncia, o indice Nifio 3 e o indice
SAM apresentaram tendéncias linear significativas (diminuicdo e aumento,
respectivamente). De uma forma geral, as condi¢des climaticas nos dois
ultimos periodos foram mais favoraveis para o predominio de condigdes
mixo/euhalinas no estuario quando comparadas aquelas em P01 e PO2.
Diferencas significativas (p < 0,10) entre os quatro periodos analisados
também foram observadas para o indice de distincdo taxondmica média entre
os individuos (A*) e para a abundancia das espécies Atherinella brasiliensis,

Jenynsia multidentata e Micropogonias furnieri, sendo que para estas duas
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ultimas espécies a abundancia foi significativamente menor em P03 e P04 em
comparagao com P0O1. Além destas trés espécies, tendéncias significativas
também foram observadas na série temporal de Brevoortia pectinata

(aumento), Mugil liza (queda) e abundancia total (CPUE - queda).

CONSIDERAGOES FINAIS

O estuario da Lagoa dos Patos € um sistema que concentra o aporte
continental de uma grande bacia de drenagem (201.626 km?) e que apresenta
uma morfologia estrangulada, conectando-se com o mar a partir de um canal
estreito (largura minima atual — 600 m) (Kjerfve 1986). Adicionalmente, este
estuario esta localizado em uma regidao aonde o efeito da maré astronémica é
negligenciavel e os fendmenos climaticos desempenham importante papel na
promog¢ao de anomalias de chuva e vazdo (Grimm 1998, Mdller et al. 2001,
Garcia et al. 2003a, Odebrecht et al. 2010). Em conjunto, estas caracteristicas
tornam o hidrodinamismo e a circulacdo estuarina dependentes,
principalmente, da chuva e descarga dos rios da regido, além do regime de
ventos predominantes (Lima & Castelllo 1995, Mdller et al. 2001, Mdller &
Fernandes 2010). Consequentemente, a variabilidade temporal das espécies
estuarino-relacionadas € também fortemente relacionada as variagdes do
aporte continental de agua doce a medida que o transporte passivo de recrutas
de origem marinha € mediado por fluxos de enchente e vazante do estuario
(Castello & Moller 1978, Garcia et al. 2001, Garcia et al. 2003a, Martins et al.
2007, Moller et al. 2009, Vieira et al. 2010) Portanto, a dindmica temporal da

assembléia de peixes que utilizam as zonas rasas do estuario da Lagoa dos



24

Patos esta extremamente susceptivel aos processos naturais e/ou antrépicos
que promovam mudangas de longo prazo no regime de vazao dos rios e na
hidrodindmica estuarina.

Durante os ultimos 10 anos, houve a predominancia de condicdes
climaticas que favoreceram a salinizacéo do estuario da Lagoa dos Patos (e.g.
fase negativa/neutra do fendbmeno ENOS) e a intrusdo de espécies de origem
marinha, repercutindo, por exemplo, na diversidade taxonbémica e na
abundancia das espécies de peixes que utilizam as zonas rasas do estuario da
Lagoa dos Patos. Por exemplo, a predominancia de condi¢des mixo/euhalinas
do estuario na ultima década diminuiu a probabilidade de co-ocorréncia de
espécies de origem limnica e marinha, que tendem a ser menos relacionadas
taxonomicamente, e favoreceu a co-ocorréncia de espécies de origem marinha,
justificando a reducdo da diversidade taxondmica. O aumento na abundancia
de Brevoortia pectinata e a queda de Micropogonias furnieri também podem ser
atribuidos as mudangas de longo prazo das condigbes estuarinas de
oligohalino para mixo/euhalino. Embora seja uma espécie de origem marinha, a
concentracao de M. furnieri na area de estudo é forcada pela forte vazdo nas
areas profundas e da restricdo do habitat salobro ao baixo estuario durante os
periodos chuvosos. Portanto, a redugcao observada na abundancia de M.
furnieri pode estar associada ao deslocamento dos individuos desta espécie
para outros habitats que se tornaram disponiveis em condi¢gdes mixo e
euhalinas (e.g., alto estuario e canal de acesso).

Embora a modificagdo da condicdo salina do estuario seja um

importante fator que explique as mudangas de longo prazo das espécies, elas
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também podem ser atribuidas aos efeitos antropicos. Além disso, a abundancia
de espécies estuarino-dependentes como a tainha Mugil liza vem caindo,
principalmente nos ultimos 5 anos, quando o padrado inverso, em fungcdo do
aumento da salinidade era esperado. Em resumo, o aumento observado para
Brevoortia pectinata e a queda observada para M. furnieri e de M liza podem
ser explicados pela reducdo do estoque e incremento no esforco de pesca
sobre o estoque desovante, respectivamente. A queda na abundancia de
Jenynsia multidentata parece estar relacionada a perda de pradarias de Ruppia
maritima. Entretanto, novas analises devem ser realizadas para avaliar o
possivel efeito de um sitio de elevada dominancia de J. multidentata que foi
amostrado apenas durante o primeiro periodo de amostragem (P01).

Os resultados observados para as condi¢coes de salinidade do estuario
sdo contraditérios com a hipotese largamente aceita de que existe uma
tendéncia de limnificagdo do estuario da Lagoa dos Patos (i.e., predominio de
condic¢des oligohalinas). Entretanto, a principal discordancia deste estudo com
analises anteriores reflete o tamanho das séries temporais avaliadas. E
importante destacar que o processo de limnificacdo ndao esta condicionado
apenas as condi¢des climaticas da regido, mas refere-se ao efeito sinérgico de
fatores naturais (e.g., aumento de chuva) e antrépicos (e.g. uso indevido e
perenizacdao dos solos, aumento dos fluxos de vazante a partir da
intensificagdo do estrangulamento do estuario) que estdo em curso na regiao.
Portanto, € importante ampliar as séries temporais analisadas no presente
estudo a partir de novas medi¢gdes em campo. Isto permitira uma melhor

compreensao da dindmica estuarina a medida que as variacbes temporais de
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escalas maiores (e.g., inter-decadais) dos fatores naturais que regulam o
estuario sdo esclarecidas.

O efeito sinérgico de fatores naturais e antropicos, como exemplificado
acima com o processo de limnificacédo dificulta isolar a importancia destes dois
conjuntos de fatores sobre a dindmica temporal da assembléia de peixes que
utiliza as zonas rasas do estuario da Lagoa dos Patos. Entretanto, o presente
estudo confirma a hipotese avaliada de que mudancgas nesta assembleia
ocorreram nos ultimos 30 anos e que estas mudancgas tém sido promovidas por
fatores antropicos, como perda de habitat e pressdo de pesca, além de fatores
naturais. Adicionalmente, este estudo também reforca a hipotese que os
padrées de uso deste estuario, especialmente pelos juvenis, estdo fortemente
vulneraveis as mudancas no clima e as transformacdes antropicas do estuario,
a despeito da alta variabilidade destes padrbes forcada pelo dinamismo

estuarino.
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TABELAS

Tabela 1 — Frequéncia numérica (FN) e comprimentos minimo e maximo das
espécies de peixe mais abundante (espécies que, em conjunto,
corresponderam por 99% da abundancia total) nas zonas rasas do Estuario da

Lagoa dos Patos e regidao costeira adjacente no periodo de 1979 a 2011.

Comprimento
Espécie FN (%) Minimo Maximo
Mugil liza 29,33 18 295
Atherinella brasiliensis 15,89 10 325
Mugil spp. 15,19 20 257
Odontesthes argentinensis 8,38 13 337
Brevoortia pectinata 8,34 10 333
Jenynsia multidentata 6,74 13 87
Trachinotus marginatus 6,25 14 373
Platanichthys platana 1,80 15 143
Micropogonias furnieri 1,74 16 210
Menticirrhus sp. 1,22 14 201
Lycengraulis grossidens 0,83 10 248
Eucinostomus melanopterus 0,72 11 123
Eucinostomus lefroyi 0,40 13 73
Harengula clupeola 0,31 19 108
Astyanax sp. 0,31 20 138
Ctenogobius shufeldti 0,26 18 174
Oncopterus darwinii 0,20 12 124
Anchoa marinii 0,19 20 83

Parapimelodus nigribarbis 0,16 16 185
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Figura 1 — Mapa do estuario da Lagoa dos Patos com a localizag&o dos sitios

estuarinos e marinhos amostrados nos 30 anos de estudo (1979-2011).
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Figura 2 — Diagrama esquematico mostrando a circulacdo tedrica dos ventos
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Abstract

Habitat disturbance is a key agent of reduced biodiversity in seas and estuaries, presumably
having even more pronounced effects than overfishing. Although these topics are relatively
intuitive and central to ecology and conservation, conceptual misinterpretations persist,
resulting in an inconsistent use of terminology. Thus, we examined the main differences
between five habitat disturbance types (habitat loss, fragmentation, degradation,
modification and loss of habitat quality) in aquatic environments from data obtained in the
literature to identify the common uses of key terms. Additionally, we reviewed the
concepts of habitat disturbances, which allowed us to suggest the standardization of
definitions, which minimizes confusion related to conceptual misinterpretations and
improving the ability of researchers and managers to identify and evaluate the critical
effects of habitat disturbances on species in aquatic ecosystems. The Patos Lagoon Estuary
was used as case study to illustrate the use of these concepts.

Key words: habitat loss, habitat fragmentation, habitat degradation, habitat split, loss of

habitat quality, concept standardization

1. Introduction

Habitat disturbance is a key agent of reduced biodiversity in aquatic environments,
especially habitat loss, which is exceeded in severity only by overfishing in seas and
estuaries (Dulvy et al., 2003; Kappel, 2005; Reynolds et al., 2005; Costello et al., 2010). In
these marine environments, such a disturbance particularly affects coastal species because
of their higher exposure to human-induced pressures (Kappel, 2005; Airoldi et al., 2008),

resulting in negative economic as well as ecological impacts, as many of these species are
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important fishery resources. However, the number of research studies assessing the types
and effects of habitat disturbances on aquatic environments is still limited (Airoldi and
Beck, 2007).

Though there is a need to increase our knowledge of the processes of aquatic habitat
disturbances, there are both operational and conceptual challenges. Data collection in
submerged environments (Costello et al., 2010), identification of a feasible and robust
metric (Dauvin and Ruellet, 2009), the synergic effects of different habitat disturbances
(Caley et al., 2001) and overlap with other human-induced pressures (e.g., overfishing, in
the case of coastal habitats, Williams et al., 2008) are some of the operational difficulties in
identifying habitat disturbances and their effects on biota.

One major conceptual difficulty is related to the lack of standardization of concepts to
minimize confusion, inaccuracies and ambiguity. For instance, Hall et al. (1997) observed
that only 18% of the articles defined and used habitat-related terms consistently and
according to established definitions. In studies on aquatic ecosystems, confusion soon
arises from the definition of habitat. Aquatic habitats must be understood as a combination
between a structural component (stationary) and the surrounding aquatic environment,
which has dynamic features (Hall et al., 1997; Peterson, 2003), unlike terrestrial habitats,
for which only structural components are emphasized. This approach of aquatic habitats
limits the range of analogies that can be drawn to concepts developed for terrestrial
ecology and can influence results and conclusions, preventing comparisons with other
studies that have different definitions of aquatic habitat Therefore, it is necessary to ensure
that habitat-related concepts are well defined and well understood to allow for the
comparison and dissemination of reported results (Hall et al., 1997; Franklin et al., 2002;

Elliott et al., 2007).
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Bearing in mind that the increasing anthropogenic changes in the aquatic ecosystems
and the need to select the most precise and universal metrics to identify the impacts of
these changes, it is important to further elucidate the phenomena of habitat disturbance by
establishing clear definitions that are adapted to aquatic habitats. Improving the
understanding of such disturbances will minimize the difficulties in assessing them and
improve our ability to overcome them.

Coastal lagoons are dynamic ecosystems that play an important role in the life cycles of
several species and in the development of economic sectors such as fisheries, transport and
industries (Kennish and Pearl, 2010). According to recent estimates, approximately 50—
70% of the world’s human population is concentrated on the coast near estuaries, bays or
coastal lagoons (Nicholls et al., 2007). Thus, these ecosystems are susceptible to the
increasing impacts of land-use alterations and to biodiversity loss associated with human
activities (Borja et al., 2006; Vasconcelos et al., 2007; Kennish and Pearl, 2010). For
example, during the last century, the Patos Lagoon estuary (Brazil) has been affected by
several human activities, including landscape (jetty enlargement, harbor development and
dredging) and hydrodynamic alterations (an increase in the flow and a reduction in the
upstream entrance of saltwater into the estuary) (Odebrecht et al., 2010; Seeliger and
Odebrecht, 2010), strong fishing pressure (Vieira et al., 2010) and the recent invasion of
several exotic species at the Patos-Mirim Lagoon system (Barletta et al., 2010). These
problems, combined with natural stressors, have promoted interannual changes in the
structure and composition of the biota of this estuary (Odebrecht et al., 2010). The Patos
Lagoon estuary is used in this paper as a suitable example to illustrate the application of

concepts related to habitat disturbance.
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1.1 Aim and scope of this review

First, studies on habitat disturbances that affect aquatic biota (habitat loss,
fragmentation, degradation, modification and loss of quality habitat) were reviewed. This
review includes an examination of the current and common uses of terms related to these
disturbances and identification of their underlying concepts. Subsequently, the main
concepts of habitat disturbances are discussed with the aim of suggesting a set of standard
definitions to be used in aquatic habitats, with an emphasis on fish. Finally, we use the

Patos Lagoon estuary to illustrate the applicability of the concepts.

2. Material and methods

The papers on habitat disturbances affecting aquatic biota used in this review were
obtained from the Web of Science® database and searches were conducted using the
following keywords, including variations such as synonyms or plurals: alteration,
degradation, decrease, fragmentation, loss, modification, quality and split combined with
habitat and coupled with fish. We reviewed the articles published between 1945 and 2009.
Because of the large number of references obtained (n = 2,137), only articles and reviews
of the following subject areas were analyzed: Biodiversity Conservation, Biology,
Ecology, Environmental Sciences, Fisheries, Limnology, Marine & Freshwater Biology,
Oceanography, Water Resources and Zoology. This refinement excluded 35% of the
citations, resulting in 1,395 references.

Although the primary foci of this study are estuarine environments and their
ichthyofauna, studies in freshwater and marine habitats and those that evaluated other
aquatic animal groups (e.g., macrobenthos) were also considered. This strategy is justified

by the following facts: (1) estuaries are ecotones influenced by marine and freshwater



50

environments, so a disturbance that has occurred in either of these environments may be
reflected in estuaries; (2) knowledge acquired about the disturbance of marine and
freshwater environments can help us understand the occurrence of these events in estuaries
and (3) some animal groups have life cycles similar to fish species, resulting in similar
responses to environmental impacts.

Information about the papers was obtained by reading the abstract or by consulting the
text of the manuscript if the required information was not available in the abstract. Based
on this information, each paper was classified into 13 major categories comprising a total
of 65 items (Table 1). Patterns of associations between the “habitat”, “habitat disturbance”
and “driving forces” categories were investigated from two-way contingency tables and
correspondence analysis (CA) using the number of citations for each category. These
analyses were performed using only the items that accounted for 90% of total citations to
avoid a disproportionate effect of rare items on the analysis. Correspondence analysis
allows us to identify associations between two or more qualitative descriptors organized in
a contingency table, with the advantage of generating graphs that enable visualization of
these associations. Moreover, this method provides a global view of the data that is useful
for interpreting the results (Legendre and Legendre, 1998). Multivariate analyses were
carried out using the PAST software package (Hammer et al., 2001). The initial goal of this
first procedure was to examine the main characteristics of habitat disturbance (types,
habitat affected and other factors) identified by the scientific literature. In this sense, the
classifications of the articles in each category were faithful to the information submitted by
the authors, even if conceptual disagreements were observed between the papers. Thus, the

adoption of concepts that had been previously established was avoided.
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We recognize that this study is not an exhaustive list of all the works available on the
subject because the database was obtained from a particular combination of keywords and
it was necessary to refine it for analysis. We also recognize that the acquisition of data
from reading the abstracts or entire articles can allow some classification errors. However,
we believe that these restrictions were minimized by the large number of publications
evaluated (n = 1,395).

Whenever possible, the information for the Patos Lagoon estuary used in the case study
was obtained from papers published in international journals that are widely circulated.
However, some data were obtained from documents of limited circulation (e.g., theses and
technical reports) stored in the Oceanography Library of the Universidade Federal do Rio
Grande. We also used information extracted from Seeliger and Odebrecht (2010), which
summarizes the information generated for the estuary of the Patos Lagoon by the Brazilian
Long-Term Ecological Research Program (LTER) and provides an account of the major

transformations undergone by this estuary since the beginning of the 20th century.

3. General Findings

A total of 1,395 papers were analyzed. However, only 335 publications were related to
the scope of this study. The majority of the publications examined were conducted in
freshwater environments, followed by transitional water environments (Fig. 1). Rivers and
streams accounted for a large fraction of the articles (41%), followed by estuaries (13%)
and biogenic reefs, particularly coral reefs (11%). Seagrass meadows were the fifth most
cited (8%), while other vegetated aquatic habitats were poorly represented, including salt

marshes and mangrove swamps (both with five citations).
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Figure 1

Negative effects (n = 291) predominated, followed by null (n = 28), positive (n = 12)
and multiple effects (n = 4). Positive effects of habitat disturbance were mainly seen when
the driving forces of the disturbance promoted (1) an increase in abundance and/or species’
richness as a result of higher habitat heterogeneity (e.g., Rozas, 1992; Horinouchi et al.,
2009), (2) reduced predation pressure (e.g., Altieri, 2008) or (3) an expansion of species
distribution resulting from changes in physical-chemical factors that act as biogeographic
barriers (e.g., expansion of the distribution of the thermophilic species associated with an
increase in temperature; Fang et al., 2004). The factors presented as being responsible for
the null effects included the following: species’ plasticity or tolerance to habitat
disturbance (e.g., Bell et al., 2001b; Palic et al., 2007); connectivity with well-preserved
surroundings, which guarantees population persistence (Roghair et al., 2002; Waits et al.,
2008); and other factors that overshadow a disturbance’s effect upon the habitat being
studied (e.g., fisheries; Turner et al., 1999; Williams et al., 2008).

With the exception of 28 publications that were unable to show any effects and 8 that
evaluated the loss of habitat quality, habitat disturbances were equally cited for rivers and
streams. Studies on habitat fragmentation and modification were most concentrated in
these habitats (Table 2). Habitat loss and habitat degradation were consistently found
among the four most commonly assessed habitats, although 48% of the publications on
estuaries focused on habitat degradation as the main disturbance (Table 2). The main
driving forces of habitat disturbance were, in decreasing order, dams, pollution, urban
development, climatic factors, alteration of hydrological regime and fishing, which

together accounted for 65% of all publications examined.
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Table 2

The majority of the publications on habitat fragmentation were related to assessments
conducted on the effects of river dams (Table 2, Fig. 2). These studies identified negative
effects leading to changes on fish life cycles, especially those that are diadromous (e.g.,
Gosset et al., 2006; Buysse et al., 2008; Lucas et al., 2009), as well as genetic isolation in
populations resulting from the reduction or suppression of connectivity among river

segments situated upstream and downstream from the dam (e.g., Wofford et al., 2005).

Figure 2

Publications about habitat degradation were associated with fishing, pollution and
urban development (Fig. 2). The association between habitat degradation and fishing
activity was most common in studies related to biogenic reefs (Fig. 3), where negative
effects are a consequence of destructive fishing techniques that reduce habitat structural
complexity (e.g., Lenithan and Peterson, 1998; Veale et al., 2000; Lenihan et al., 2001).
The association between habitat degradation and pollution was found mainly in studies
related to estuarine habitats (Table 2, Fig. 3). In this case, the occurrence of bottom-water
hypoxia/anoxia events, in response to a combination of artificial eutrophication processes
and density stratification, influenced the distribution of species with little tolerance to
lower oxygen concentration and the food chain because of predator migration to more
oxygenated sites (e.g., Bell and Eggleston, 2005; Kemp et al., 2005; Powers et al., 2005).

Urban development has a pervasive effect and is usually combined with other driving
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forces of disturbance (e.g., pollution, land reclamation, engineering works, etc.), making it
difficult to analyze urban development as a separate factor.

Habitat loss was most related to climatic factors and alterations of the hydrological
regime (Fig. 2). The association between habitat loss and climatic factors was also most
common in studies related to biogenic reefs (Fig. 3). In this case, and in particular on coral
reefs, reductions in coral cover seemed to be caused by climatic events (e.g., storms and
climatic changes), followed by changes in species richness, mainly of the coral-dwelling
fishes (e.g., Munday, 2004; Bellwood et al., 2006; Wantiez et al., 2006; Feary et al., 2009).
Coral reefs have a high number of site-specific species and symbiotic relationships that are
sensitive to habitat changes, whether natural or man-made, making this habitat an excellent
indicator for climatic disturbances (Munday, 2004; Wilson et al., 2009). These
characteristics of coral reefs, along with an increasing concern with the effects of
anthropogenic CO, emissions on ocean temperature, acidification and water level, have
increased the number of studies identifying climatic factors as one of the main causes of
habitat loss. The association between habitat loss and alterations of hydrological regimes
was found mainly in studies related to rivers (Fig. 3). In this case, these changes promote
the reduction of migratory or rheophilic species in response to the loss of riverine habitat
(e.g., Bunn and Arthington, 2002; Aarts et al., 2004; Navarro et al., 2007; Agostinho et al.,

2008).

Figure 3

Unlike the disturbances mentioned above, studies on habitat modification have not

identified a clear association with driving forces (Fig. 2) due to a homogeneous distribution
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of these studies between these items, especially among dam, climatic factors, pollution,
urban development, alterations of hydrological regimes and fishing. However, in most
cases, this disturbance is presented as being the replacement of structural and/or dynamics
componentes of the habitat, which tends to favor opportunistic, generalist or non-
indigenous species due to disappearance of habitat features that play a inportant role for the
persistence of native and specialist species (e.g., Taylor et al., 2001; Deegan et al., 2002;

Light and Marchetti, 2006; Poulet, 2007).

4. Concept standardization

According to Hall et al. (1997), habitat is defined as the sum of resources and
conditions present in an area that produce occupancy — including survival and reproduction
— by a given organism. In this light, we understand the aquatic habitat as the integration
between two components, as discussed by Peterson (2003): the stationary (structural)
component comprising the physical habitat per se (e.g., the vegetation of a seagrass
meadow, rock or coral colonies in a reef) and the dynamic component comprising
physical-chemical elements of the aquatic environment (e.g., temperature and salinity).
Based on this idea, we can discuss the main concepts of habitat disturbances.

Reduction or interruption of hydrological connectivity and the formation of non-
continuous segments of submerged aquatic vegetation (habitat patchiness) are main proxies
of the fragmentation of aquatic habitat. However, unlike what is observed in studies of
terrestrial ecology, the majority of the studies on habitat patchiness have shown that the
negative response of the fauna was negligible (e.g., Bell, et al. 2001b; Johnson and Heck,
2006; Roth et al., 2008; Macreadie et al., 2009). One hypothesis to explain those findings

is that the hydrological connectivity among vegetated fragments may support species
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dispersion, especially for fauna with greater mobility (Bell et al., 2001b; Johnson and
Heck, 2006). Moreover, the edge effects in submerged fragmented habitat positively
contribute to demersal species by either increasing predator efficiency with a higher prey
exposition (Laurel et al., 2003) or through an increase in the availability of unoccupied
spaces (Caley et al., 2001; Fernandez et al., 2005; Horinouchi et al., 2009). Moreover, it is
important to consider that habitats such as seagrass meadows are naturally distributed in
non-continuous segments (patches).

Although there is a threshold beyond which the artificial fragmentation of such habitats
triggers adverse effects on the fauna (Macreadie et al., 2009; Horinouchi et al., 2009), the
factors mentioned above, among others, minimize or mask the adverse effects of
segmentation of submerged aquatic vegetation. Thus, we consider only hydrological
connectivity as a proxy to assess aquatic habitat fragmentation in this review. Therefore,
based on the definition of hydrological connectivity proposed by Pringle (2001), habitat
fragmentation is defined as the reduction or interruption of water-mediated organism
transport or motion among segments of the aquatic habitat (Pringle, 2003; Layman et al.,
2004; Rypel and Layman, 2008).

Recently, Becker et al. (2007) presented the concept of “habitat split” to explain a
decrease in amphibian richness in areas of the Brazilian Atlantic Forest. According to these
authors, forest-associated amphibians with aquatic larvae are more susceptible to events
that disconnect the habitat of the adult (terrestrial) and nursery areas (water) than the
species that complete their entire life in the terrestrial habitat and do not conduct
reproductive migrations. According to Becker et al. (2007), habitat split is defined as a
human-induced disconnection between habitats used by different life stages of a species.

Similarly, habitat split can be recognized for fish. Our search shows that 48% of the



57

examined studies dealing with habitat fragmentation point to the negative effects of the
disconnection between habitats of adults and juveniles for migratory species, especially
those that are diadromous (e.g., Dodd et al., 2003; Gosset et al., 2006; Isaak et al., 2007,
Buysse et al., 2008; Limburg and Waldman, 2009). Although, habitat fragmentation and
habitat split are understood as a reduction or interruption in hydrological connectivity, both
must be considered as distinct phenomena. In habitat fragmentation, the populations are
able to complete their entire lifecycle within the existing fragments (Fig. 4b). That is, even
in isolation, the populations are kept viable within each fragment of the habitat.
Conversely, the segregation of areas used by different life phases of species (e.g., juveniles
and adults) induced by suppression or changes of hydrological connectivity reduces or
eliminates the chance for a species to complete its biological cycle (sensu Becker et al.,
2007) (Fig. 4a). In general, the effects of habitat split are observed in the short term (e.g., a
drop in abundance of diadromous fishes — Gosset et al., 2006; Limburg and Waldman,
2009) because of the impossibility of the population remaining viable after that its
biological cycle is interrupted, while the effects caused by habitat fragmentation need a
longer period for expression (e.g., loss of genetic diversity due to inbreeding — Wofford et
al., 2005; Wang et al., 2007). Such conceptual distinction incorporates the understanding
that the process of hydrological connectivity disruption interferes in distinct ways and with
varying severity levels upon species with different life histories (e.g., non-migratory versus
migratory). This conceptual distinction helps us understand aquatic habitat disturbances

and their effects on the ichthyofauna.

Figure 4
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Unlike what has been found for habitat fragmentation and habitat split, it is not easy to
establish definitions for habitat degradation and habitat loss, mainly because the
distinctions between the phenomena are not obvious. Several authors approach habitat
degradation and habitat loss as similar phenomena, or even as synonyms (e.g., Turner et
al., 1999; Kappel, 2005; Feary et al., 2007; King and Warburton, 2007; Wilson et al.,
2008). However, Airoldi and Beck (2007) present a useful concept to distinguish between
these disturbances: habitat loss represents a reduction in habitat abundance or distribution,
while habitat degradation represents a decrease in condition.

It is true that habitat degradation may be viewed as an intermediate step of habitat loss
(Caley et al., 2001) or that the reduction in key characteristics of the habitat (e.g., structural
complexity in coral reefs) may translate into a direct process of habitat loss, even if there
are no changes in habitat distribution, especially for species with narrow ranges of
tolerance to alterations (McClanahan and Arthur, 2001; Wantiez et al., 2006; Feary, 2007;
Casatti et al., 2009; Wilson et al., 2009). In this last case, habitat disturbance is understood
as a process of “habitat conversion” (i.e., naturally complex habitats are transformed into
less complex ones) (Airoldi and Beck, 2007). Although habitat conversion might be
considered as a particular case in itself, we understand it as a form of habitat loss, similar
to Airoldi and Beck (2007). This approach is based on the view that the homogenization
process of a habitat implies a loss of structural elements that are crucial for the
maintenance of specific ecological niches and, consequently, for the persistence of the
biodiversity typical of the habitat. In summary, habitat loss is defined as a conversion,
disappearance or reduction of both whole habitat or of structural and/or dynamic
components that characterize it (e.g., reduction of submerged aquatic vegetation — Hughes

et al., 2002; Pihl et al., 2006; warming of cold habitats — Hari et al., 2006; Buisson el at.,
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2008), while habitat degradation is defined as a deterioration/adulteration of conditions of
habitat components (stationary and/or dynamic) in relation to pristine conditions.

The reduction in accessibility to a given habitat may also be understood as habitat loss.
After all, processes that restrict the access (e.g., barriers) to a given habitat prevent species
from using it in spite of being theoretically available. In this sense, this broadening of the
concept of habitat loss may overlap with previously described conceptions of habitat
fragmentation or habitat split, especially the latter. As previously discussed, the reduction
of access of migratory species to reproductive areas characterizes a habitat split, as it
separates the habitats according to different phases of the species’ lifecycle (sensu Becker
et al., 2007) (Fig. 4a). However, the current literature discusses this disturbance as a
process of habitat loss (e.g., Dulvy et al., 2003; Eikaas and McIntosh, 2006). Thus, it is
important to emphasize two points that help us to understand habitat loss and split as
distinct phenomena. First, habitat split exclusively refers to events that prevent individuals
at a critical phase of their lifecycle (e.g., recruitment, reproduction, spawning) from
reaching the key optimum habitat for success in their biological cycle. Conversely, we find
that the reduction in accessibility promotes habitat loss when it affects areas that are no
used during critical phases of the lifecycle (e.g., feeding areas used opportunistically) (Fig.
4c). Although the inaccessible habitat may provide some important resource for the
species, its unavailability may have implications for ecological relationships, such as the
increase in competition resulting from resource reduction, but will not have direct
implications in the species’ lifecycle. The second point is that a disconnection among
habitats may be a short-term, transitory process. For example, a natural or human-induced
event occurring only during the reproduction period may prevent the access by larvae and

juveniles into nursery areas, hindering the completion of the species’ lifecycle and thereby
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qualifying as a habitat split. The result of this event will be recruitment failure, which may
compromise the population persistence if there are no alternative areas to support larval
and juvenile development. That is, although the habitat is available for the species through
time, a momentary event makes it unavailable during a critical phase of the lifecycle.
Studies have registered that physical barriers generated by coastal hydrodynamics (e.g.,
high freshwater outflow and sand bars) or by man-induced changes in hydrological regime
are factors that disconnect the marine and estuarine areas used by adults and juveniles of
estuarine-related species, respectively (Bell et al. 2001a, Whitfield 2005, Zampatti et al.
2010 Feyrer et al. 2011). Thus, this segregation reduces the ability of marine origin
juveniles to enter into the estuary and, therefore, is key factor to recruitment success of
marine origin species.

The definition of habitat quality used in this paper is partially based on Hall et al.
(1997) with the understanding that the habitat quality should be evaluated from a
community or assemblage perspective: habitat quality refers to the ability of the habitat to
provide appropriate conditions for the species to persist from the population to community
level. Despite some limitations of using this definition, two points can be highlighted that
clearly reflect the complexity of the theme. First, both the "ability of the habitat" and the
"appropriate conditions" mentioned in the definition are dynamic elements that are related
to the spatial or temporal scales (Johnson, 2007) and the specific needs of each species.
The indices of biotic integrity (IBI) are good examples of this point. After the release of
the first draft of the IBI by Karr (1981), several adaptations that complemented and
improved the index were suggested for consideration with regard to regional
characteristics, habitat particularity, local biodiversity and taxonomic group analyzed (e.g.,

Harrison and Whitfield, 2004; Ferreira et al., 2007; Blanchet et al., 2008; Henriques et al.,
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2008). The second point refers to the difficulty in identifying what the "appropriate
conditions" of a particular habitat are that, in some cases, are contrary to common sense,
especially those that are naturally stressed. For instance, estuaries have a biota that is well-
adapted to the naturally stressed and highly variable conditions present in these systems,
which are similar to those found in anthropogenically-stressed areas (Elliott and Quitino,
2007).

Despite the operational barriers to assessing habitat quality in an aquatic environment,
there are also difficulties in conceptually separating the loss of habitat quality from other
disturbances, which can generate confusion. For example, both concepts of loss of habitat
quality and habitat degradation refer to the conditions of the environment, suggesting that
they could be used as synonyms. However, habitat degradation refers to the status of
habitat conditions (presence of deterioration), while loss of habitat quality refers to the
functionality of these conditions in the maintenance of biodiversity. There are situations in
which the persistence of biodiversity in the habitat is maintained, even in cases in which
the habitat is adulterated (e.g., [annuzzi et al., 2004; Butler et al., 2005). Other conceptual
confusions regarding the loss of habitat quality, in general, may be a consequence of other
habitat disturbances. For example, the reduction in the ability of one habitat to provide
protection from predators to seagrass-associated species is one of the main results of
seagrass fragmentation (Laurel et al., 2003; Horinouchi, 2007). Only a few studies on loss
of quality habitat in aquatic environmental were identified in this review (Table 2), which
limits our conclusions. However, among papers that cover this subject, it is possible to
identify overlaps with degradation (e.g., Eby and Crowder, 2002; Maret and Maccoy,

2002; Waits et al., 2008) and habitat loss (e.g., Nuraini et al., 2007; Lohse et al., 2008).
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Habitat modification/alteration is a common disturbance in the scientific literature (ca.
23% of the five types of disturbances evaluated in this review). However, the generality of
the terms "modification" and "alteration" covers a lot of different situations, which
prevents to identify a specific definition for "habitat modification" process. Indeed, this
process is assumed for all the disturbances reviewed, i.e., any habitat disturbance process
involves some change or alteration. For instance, in the previous section, we indicated that
several papers on habitat modification examined the process of replacing from one habitat
to another, leading to dramatic changes in the biota due to loss of key elements of habitat
(e.g., change from lotic habitat to lentic — Taylor et al., 2001; changes in vegetation
composition of submerged habitats — Laffaille et al., 2005). However, as discussed above,
the replacement/conversion of habitat is a special case of habitat loss and, in this situation,
habitat modification is synonymous with habitat loss. In general, habitat modification is a
very general term and, in most cases, can be replaced by terms that more precisely qualify
the disturbances analyzed. In this sense, we suggest that the use of the term habitat

modification should be avoided whenever possible.

5. The Patos Lagoon estuary (Brazil) case study

The warm temperate Patos Lagoon estuary (32° S 52° W) is part of the Patos-Mirim
Lagoon system, which receives waters from a 200,000 km” watershed shared between
Brazil’s extreme south and northeastern Uruguay (Fig. 5) (Odebrecht et al., 2010). The
Mirim Lagoon (3,749 km?) and Patos Lagoon (10,360 km?) are linked by the Sio Gongalo
Channel, a 76 km long and 250 m wide natural channel. Most of the Patos Lagoon is
predominantly fresh to oligohaline (Mdller et al., 2001; Odebrecht et al., 2010); only 10%

of the lagoon area is estuarine (971 km?) and the exchange of water with the Atlantic
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Ocean is restricted to a 600 m wide and 16 m deep inlet, fixed by 4 km long jetties that
were constructed at the beginning of the 20th century near the city of Rio Grande
(Odebrecht et al., 2010) (Fig. 5).

The Patos Lagoon estuary is a river-dominated system (Moller et al., 2001) and the
water exchange is controlled by freshwater runoff from the Patos and Mirim drainage basin
and local and non-local wind action, as tides are of secondary importance (mean tidal
amplitude 0.47 m) (Moller et al., 2001; Moller and Fernandes, 2010). Thus, climatic events
(e.g., EI Nirio Southern Oscillation — ENSO cycles) modify the wind and rainfall patterns
in the region and change the flow and salinity regimes of the estuary (Moller and
Fernandes, 2010), resulting in interannual changes in the structure and composition of the

biota of the Patos Lagoon estuary (Garcia et al., 2001; Odebrecht et al., 2010).

Figure 5

Eggs, larvae and juveniles of species of marine origin are passively transported into the
Patos Lagoon estuary by deep channel currents (Sinque and Muelbert, 1997; Moller et al.,
2009; Vieira et al., 2010) and retention and survival of these organisms in the estuary are
dependent on freshwater runoff and prevailing winds (Martins et al., 2007). The large
increase of river outflow during E/ Nifio events (from 2,400 m’ s to 12,000 m® s™) (Vaz et
al., 2006) generates a strong seaward flow that acts as a physical barrier, blocking the salt
water intrusion and the passive transport of eggs, larvae and juveniles, causing a decline in
the recruitment of species of marine origin into the Patos Lagoon estuary (Garcia et al.,
2001; Vieira et al., 2008; Moller et al., 2009; Martins et al., 2007; Vieira et al., 2010 ;

Franzen et al., in press.). Although the ichthyofauna quickly returned to their pre-E! Nirio
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state after the event commenced (Garcia et al., 2003), the high freshwater discharge
disconnect the habitats of the adult and juveniles of the estuarine-dependent species during
the EI Nirio events. This process characterizes a “temporal” habitat split.

The construction of two convergent rocky jetties in the beginning of the 20th century
reduced the width of the inlet mouth of the estuary (from 2.0 km to 0.7 km), reinforcing the
choking of the Patos Lagoon (Fig. 5) and dredging deepened the access channel from 3.0
m to 14.0 m (Cunha and Calliari, 2009; Mdéller and Fernandes, 2010). The alteration of the
cross section increased the speed of the seaward flow and changed the circulation of the
Patos Lagoon as it became more influenced by the river discharge (Méller and Fernandes,
2010), suggesting that the jetties could enhance the temporal dimension of habitat split.

Long-term trends indicate an increase in river discharge of the Patos-Mirim system,
resulting in the “limnification” (sensu Garcia et al., 2001) of the Patos Lagoon estuary
(Moller et al., 2009; Schroeder and Castello, 2010). The result of this process is the
contraction of the brackish water habitat in the estuarine domain (sensu Pritchard, 1967),
leading to a reduction in the abundance and occurrence of marine species (estuarine-
dependent and marine vagrant) in the Patos Lagoon estuary, while the opposite occurs for
the freshwater species (Garcia et al., 2001; Garcia et al., 2003). Hence, the “limnification”
of the Patos Lagoon estuary could be considered as a process of habitat loss for species of
marine origin. This especially occurs as a result of the contraction of a dynamic component
of the estuarine habitat (salinity), similar to the downward displacement of bottom-
dwelling fishes (ca 3.6 m decade™) in the North Sea in response to the warming of surface
waters promoted by climate change (Dulvy et al., 2008).

The estuarization of the adjacent coastal zone of the Patos Lagoon estuary (sensu Able,

2005) may occur simultaneously with the limnification process, especially due to the
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reduction of salinity promoted by the increase of freshwater flow from the lagoon.
Juveniles and sub-adults of estuary-associated species are more exposed to predation
(presence of marine predators), starvation and severe climatic events (cold front passages,
storms) in the open waters of the adjacent coastal zone than in the nursery grounds of the
Patos Lagoon estuary. The favorable salinity range for species can shift up or down in the
estuary and the uncoupling of the dynamics and stationary components of the habitat can
promote the decline in recruitment success and estuarine production (Peterson, 2003).
Thus, although the estuarization of the adjacent coastal zone is an intrinsic process to the
natural variability of the region (Marques et al., 2009; Dumont and D’Incao, 2010), it does
not seem to compensate for the loss of the estuarine habitat promoted by limnification due
to the lack of estuarine features (e.g., shelter and protection from predation in its shallow
embayments) in the adjacent coastal region that are critical for juvenile and sub-adults that
use the estuary.

Numerical simulations show that the current extension of the rocky jetties and
subsequent deepening of the access channel may change the circulation patterns of the
Patos Lagoon estuary (Fernandes et al., 2005). Among the projections described by
Fernandes et al. (2005), we highlight the reduction of the upstream entrance of saltwater
due to an increase in seaward flow. This would enhance the limnification process and
would lead to the loss of brackish water habitat in the estuarine domain (Schroeder and
Castello, 2010). Moreover, this scenario of changes in estuarine hydrodynamics could
increase the dimension of habitat split for estuarine dependent species as the seaward flows
are favored.

Although the jetties of Patos Lagoon are one of the factors that promote habitat loss

and habitat split in the estuary, they have also been identified as promoters of an artificial
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rocky habitat on a large (200 km) sandy beach that is completely destitute of hard substrate
(Condini et al., 2007; Odebrecht et al., 2010). Several species live in this artificial habitat,
such as macroalgae of tropical and subtropical origin (Copertino and Seeliger, 2010),
aquatic mammals (Rosas et al., 1994) and reef-associated fishes, such as the dusky grouper
(Mycteroperca marginata), which is a threatened species and an important resource for the
local artisanal fishery (Condini et al., 2007).

In recent decades, estuarine hydrodynamics, erosion and the process of limnification
have been the main driving forces of the reduction of seagrass meadows, dominated by
Ruppia maritima, and salt marshes in the estuary of Patos Lagoon (Marangoni and Costa,
2009; Copertino and Seeliger, 2010; Odebrecht et al., 2010), but urban, industrial and port
expansion have also promoted reductions in the salt marsh areas (Marangoni and Costa,
2009; Odebrecht et al. 2010). Losses of salt marsh were accompanied by gains in new
areas, resulting in the temporal stability of the habitat in the Patos Lagoon estuary
(Marangoni and Costa, 2009). Moreover, seagrass meadows have recovered, especially
from 2006 to 2008 (Copertino and Seeliger, 2010). However, data indicate a loss of R.
maritima in 2009 and 2010, preventing the recovery of the seagrass meadows in the
estuary (Copertino, 2010).

Both fragmentation and partial losses of submerged aquatic vegetation seem to have
lower impacts on fauna, especially on the larger-sized species (Bell et al., 2001b;
Fernandez et al., 2005; Johnson and Heck, 2006; Macreadie et al., 2009). This happens
when the connectivity between the fragments is sufficient to keep the habitat functioning
as a unit and, in this case, the fragmentation only promotes spatial heterogeneity (Johnson
and Heck, 2006; Macreadie et al., 2009), or when hydrological connectivity allows for the

lost services to be recovered with the displacement of individuals between preserved and
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not preserved areas (Pringle, 2001; Kindlmann and Burel, 2008; Roth et al., 2008). There
are no studies correlating the temporal dynamics of submerged aquatic vegetation to
ichthyofauna in the Patos Lagoon estuary. However, we believe that the partial losses of
salt marshes do not promote adverse impacts on fishes because the estuarine circulation of
Patos Lagoon ensures regular hydrological connectivity between the remaining areas of
salt marshes (Costa and Marangoni, 2010) and because the ichthyofauna of this estuary is
composed predominantly of fish with greater mobility, such as mullets and sciaenids
(Vieira et al., 2010). The same cannot be said for the losses of R. maritima, as certain
species are associated with seagrass meadows (Garcia and Vieira, 1997). Hence, drastic
reductions of this habitat in the Patos Lagoon estuary would negatively affect seagrass-
associated fishes like the pipefish, Syngnathus folletti, which completes its life cycle within
seagrass meadows (Garcia and Vieira, 1997; Garcia et al., 2005) and pink shrimp,
Farfantepenaeus paulensis (Garcia et al., 1996), which provide the largest revenue for
local artisanal fishermen.

The losses of R. maritima meadows in the Patos Lagoon estuary were accompanied by
increases in the abundance of unattached opportunistic algae (Odebrecht et al., 2010;
Copertino and Seeliger, 2010). The replacement of seagrass by macroalgae ensures the
permanence of a vegetated habitat during the seagrass loss process. However, studies show
that this substitution creates new structural (e.g., lower complexity) and functional (e.g.,
increased exposure to predators and lower supply of food) conditions of the habitat that do
not meet the requirements of seagrass-associated species (Deegan et al., 2002; Hughes et
al., 2002; Wyda et al., 2002). This is a typical example of habitat conversion, where
changes in the structural complexity of the habitat result in a straightforward process of

habitat loss. Thus, both the reduction per se of R. maritima meadows and its conversion in



68

habitats dominated by opportunistic macroalgae are considered as processes of habitat loss
in the Patos Lagoon estuary, especially for seagrass-associated species.

The construction of a floodgate on the Sao Gongalo Channel (upper estuary) (Fig. 5)
has been identified as a major cause of habitat loss in the Patos-Mirim lagoon system
(Seeliger and Costa, 2010). Since the 1970s, this dam has kept the Mirim Lagoon as a
permanent freshwater environment, acting as a barrier hindering the entrance of saline
water and demersal fishes inside the Mirim Lagoon that were common more than three
decades ago (Burns et al., 2006; Albuquerque et al., 2010). Although individuals of some
estuarine-associated species are able to reach the upstream freshwater areas of the dam,
probably during the sluicing process (Burns et al., 2006), their return to the estuarine area
is highly unlikely. For instance, based on otolith chemistry evidence, Albuquerque et al.
(2010) have shown that estuarine species have been locked up for more than 30 years in
freshwater due the construction of the dam. Thus, this dam promotes habitat loss for the
estuarine-associated demersal species as it reduces the oligohaline habitat of the Patos-
Mirim lagoon complex that is often used by these species as a feeding area. It is important
to emphasize that the building of the dam does not promote habitat split or habitat
fragmentation because it does not promote the separation of critical habitats affecting the
life cycle of the species.

Indeed, climatic anomalies, engineering projects (jetties and dam) and the limnification
process promote important changes to estuarine habitats of the Patos Lagoon, resulting in
different effects on the composition and abundance and on population structure and
dynamics of ichthyofauna of the lagoon (Schroeder and Castello, 2010). Also, other
anthropogenic activities such as artificial eutrophication, land reclamation and dredging

seem to contribute to these effects. Thus, the understanding of the effects of habitat
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disturbance in dynamic and heterogeneous ecosystems such as estuaries requires the
knowledge of the species’ life history and the integrated analysis of several disturbances.
Additionally, it is important to note that the driving forces of habitat disturbance can act
synergistically with other human activities, enhancing the adverse effects on the
environment and natural populations. For example, the synergistic action of the E/ Nirio
phenomenon with intense local and oceanic fishing pressure seems to favor the depletion

of estuarine finfish stocks (Vieira et al., 2008; Odebrecht et al., 2010).

6. Concluding remarks

Assessing the effects of habitat loss and other habitat disturbances on the aquatic biota
1s a complex task. For instance, the effects of those disturbances may be masked by their
overlap with other, more acute, man-made impacts. Also, habitat disturbances may act in a
synergistic and cumulative way, increasing the adverse effects on several biodiversity
levels (e.g., genetics, species, community and ecosystem). It is important to underline that,
depending on the development of the process and the species’ responses, some habitat
disturbances considered (degradation, fragmentation and habitat split) may be seen as an
intermediate step in habitat loss. Indeed, it is possible to have a continuum from a natural
and well-preserved habitat to a total loss of the original habitat (Fig 4d). Moreover, the
relevance of a habitat disturbance upon natural populations is related to the function that
the habitat plays in species’ life histories and to requirements specific to each species.
These facts mean that the assessment of habitat disturbances requires considering species’
life histories and their ability to respond to disturbance. Such complexity — along with
hindrances to data collection and the lack of objective concepts adapted to aquatic

ecosystems — hampers the understanding of habitat disturbances and reduces our ability to
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overcome them. As mentioned by Franklin et al. (2002), the lack of precise definitions for
key concepts that are common to ecology and conservation may reduce scientists’ ability
to deal with man-made impacts and discuss them.

This study makes no pretense of reviewing all the literature that might bear on the
question of habitat disturbance, nor is it a definitive work on the topic. However, we
proposed standardization on the habitat disturbances definitions to minimize confusion
related to conceptual misinterpretations, with the goal of improving the ability of
researchers and managers to identify and evaluate the critical effects of habitat
disturbances on species in aquatic ecosystems. Throughout the world, aquatic habitats bear
the brunt of several human activities responsible for important economic sectors. Although
these activities are often required to be kept at minimum levels of impact on habitat
aggression, there is a tendency to expand them, especially in developing countries like
Brazil, where economic and urban development often are not compatible with ecological
objectives. Thus, it is important to increase efforts to better understand the effects of
habitat disturbance and identify alternatives to minimize the adverse effects that human

activities may have on biodiversity.
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Legends
Table 1 - Checklist of the categories considered for classification of data obtained from the

reviewed articles.

Table 2 - The number of papers on habitat disturbance according to habitat types and
disturbance analyzed (habitat degradation — HD; habitat fragmentation — HF; habitat loss —
HL; habitat modification — HM; loss of habitat quality — HQ; multiple disturbances —
Mul_D), published between 1991 and 2009, excluding papers that were unable to show

any effects.

Figure 1 - The number of articles on habitat disturbance published between 1991 and 2009
and the corresponding number of articles for each aquatic environment: Freshwater (FW),

Brackish (BW) and Seawater (SW).

Figure 2 - Ordination diagram of the first two axes of the correspondence analysis
performed on 90% of total citations (accounting for 79.95% of the variance),
demonstrating the associations between habitat disturbances (habitat degradation — HD;
habitat fragmentation — HF; habitat loss — HL; habitat modification — HM; loss of habitat
quality — HQ; multiple disturbances — Mul D) and their selected driving forces (agriculture
— AGRYI; alterations of hydrological regime — HYDRO; climatic factors — CLI; dams —
DAM; deforestation — DEF; fishing — FISH; experimental manipulation — EXP; natural
variability — NV; pollution — POLL; unidentified — UNID; urban development — URB;
multiple driving forces — MUL). The circles highlight the associations discussed in the

text.



88

Figure 3 - Ordination diagram of the first two axes of the correspondence analysis
performed on 90% of the total citations (accounting for 67.70% of the variance),
demonstrating the associations between habitats (estuary — ES; lakes — LK; multiple
habitats — MUL H; reef — RB; river — RV; seagrass — SG; stream — ST) and their selected
driving forces (agriculture — AGRI; alterations of hydrological regime — HYDRO; climatic
factors — CLI; dams — DAM; deforestation — DEF; fishing — FISH; experimental
manipulation — EXP; natural variability — NV; pollution — POLL; unidentified — UNID;
urban development — URB; multiple driving forces — MUL). The circles highlight the

associations discussed in the text.

Figure 4 - Conceptual diagram showing three different habitat disturbances that can occur
in a pristine environment (left). Panel A illustrates the habitat split that is characterized by
disconnection between sites used by different life stages of a species. In Panel B, arrows
indicate the conservation of the life cycle, even with the division of populations into two
segments of the habitat, characterizing the habitat fragmentation. Panel C illustrates the
habitat loss. In this case, the species’ lifecycle is preserved, regardless of the reduction of
habitat. Down arrows between Panels B and C indicate that habitat fragmentation may be

an intermediate step in habitat loss.

Figure 5 - Map of Patos Lagoon estuary showing urban areas, rocky jetties (RJ) and Sao
Gongalo Channel (SGC). The right upper panel shows the drainage basin of Patos Lagoon

(~200,000 km?).
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Table 1

Categories

Year Habitat disturbance Changes in spatial
Source Habitat loss structure

Document type
Article
Review
Environmental
Brackish water
Fresh water
Saline water
Habitat
Biogenic reefs
Continental shelf
Estuaries
Hard-bottom
Lakes
Mangrove and salt
marshes
Anthropogenic structures
River
Sandy beaches
Seagrass

Streams

Habitat degradation
Habitat modification
Habitat fragmentation
Habitat split
Loss of habitat quality
Several

Driving forces
Agriculture
Alterations of
hydrological regime
Aquaculture
Bank regulation
Climatic factors
Dams/weirs
Deforestation
Engineering works
Experimental
manipulation
Fishing

Garbage

Changes in species
composition

Changes in system
productivity

Changes in the food web
(top-down / bottom-up)
Changes in the life
strategy of species
Disease

Increase exposure to
predation

Increase mortality
Interference with the
reproductive cycle

Loss of genetic diversity
Modification in
recruitment patterns
Reduce the resilience of
the system

Restricted distribution of
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Tidal flats and
embayments
Wetlands
Multiple
Other
Habitat importance
Feeding
Growth
Nursery
Spawn
Multiple
Component of habitat
Stationary (structural)
Dynamic (physical-

chemical factors)

Industry

Introduced species

Land reclamation

Mining

Natural vulnerability

Pollution

Port activities

Power station

Traffic Maritime

Urban development
Results

Changes in community

structure

Changes in ecological

interactions

species
Multiple
Effects
Positive
Negative
Null
Multiple
Approach
Experimental
Non-experimental
Ecological level
Population
Community

Ecosystem




Table 2

Habitat Disturbance
Habitat HD HL HM HF HQ MuD Total
River 14 15 13 15 1 6 64
Stream 16 13 16 12 3 3 63
Estuary 19 9 3 4 2 3 40
Reef 15 12 8 1 0 0 36
Seagrass 2 8 5 5 1 0 21
Lake 1 8 4 4 1 0 18
Several 4 2 6 2 0 3 17
Continental Shelf 4 6 2 0 0 0 12
Other 9 10 14 3 0 0 36

Total 8 83 71 45 8 15 307
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ANEXO II

Evaluating the delays in species-environment relationship by a novel multivariate time-

lags approach: fish recruitment as case study

Moraes, Leonardo E.; Paes, Eduardo; Garcia, Alexandre; Moéller Jr., Osmar and
Vieira, Jodo
(Artigo publicado no periodico Marine Ecology Progress Series em acesso

fechado)
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Time-lag analysis in subtropical coastal ecosystems

Evaluating the delays in species-environment relationship by a novel multivariate time-lags
approach: fish recruitment as case study

Moraes, Leonardo E.", Paes, Eduardo?, Garcia, Alexandre’, Méller Jr., Osmar’ and Vieira,
Jodo'.

"Instituto de Oceanografia. Universidade Federal do Rio Grande. Caixa Postal, 474 —
96201-900, Rio Grande (RS) — Brasil.

?|nstituto Socioambiental e dos Recursos Hidricos. Universidade Federal Rural da
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*Corresponding author: lemoraes@furg.br

ABSTRACT

We used long-term juvenile abundance data (2000 — 2010) of dominant species in two
coastal habitats of Southern Brazil to show a novel adaptation of traditional multivariate
analyses, as an alternative for evaluating the lags in species response relative to the
changes in environmental variables. We investigate the hypothesis that the recruitment
response to changes in environmental variables is not immediate. This new approach
consisted of traditional multivariate analysis (e.g., Canonical Redundancy Analysis - RDA)
using an explanatory matrix composed of original and lagged environmental variables, and
the performance of this analysis was assessed by comparison with traditional univariate
time-lag analysis. Both univariate and multivariate time-lag analyses showed similar
results, but the multivariate approach had advantages and is presented as a useful and
uncomplicated alternative to conduct time-lag analysis using a multivariate ecological

dataset. Marine and estuarine recruitment processes were better explained by lagged



97

temperature (predominant lags of 1 and 2 months, respectively), rather than by in-phase
temperature. In contrast, other environmental variables (transparency, salinity and
freshwater outflow) did not show significant delays. Hence, our findings show that the
species response to environmental variables is not immediate, especially temperature.
Rather, the time-lag elapsed between the changes in abiotic factors and juvenile
abundance is mediated by ecological and hydrological processes. Our study reaffirms the
importance of time-lag analyses as a tool that can offer a better understanding of the
temporal dynamics of estuarine and marine recruitment.

KEYWORDS: time-series analyses, delays, young of the year, fish, estuary, surf zone.
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Temporal dynamics of fishes and crustaceans abundance in a subtropical micro-

tidal estuary
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Osmar; Paes, Eduardo.
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Recruitment in estuarine shallow areas

Temporal Dynamics of Fishes and Crustaceans Abundance in a Subtropical
Micro-Tidal Estuary
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Abstract

Estuaries play an important role in the recruitment of fishes and crustaceans,
especially for those of marine origin. Moreover, the occupation and distribution
patterns of those species into the estuaries are influenced by both local and
remote factors. Here, a standardized and continuous 10-year time series of
species abundance was analyzed in order to investigate a) the temporal variability
of fish and crustaceans abundance at shallow areas of Patos Lagoon Estuary, a
subtropical micro-tidal ecosystem in southern Brazil, b) the role of the
environmental factors on this variability and c) the potential consequences of man-
induced changes in the estuarine hydrodynamics on the patterns and relationships

observed for the studied species. The composition and abundance patterns of
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species show high annual and inter-annual variability, which are regulated mainly
by temperature, salinity, meridional wind and changes of estuarine freshwater
outflow. Remote factors such as the Southern Annular Mode (SAM) seems be
another climatic phenomenon that explains the variations of species besides the El
Nino Southern Oscillation (ENSO). The results presented here show that the fish
and crustacean, especially juveniles, are highly vulnerable to estuarine
hydrodynamic. Thus, changes in this hydrodynamic promoted by interplay
between natural and anthropogenic factors, associated with the geomorphology of
the estuary that favors water outflow resulted in a drastic drop in the recruitment of
estuarine-related species, especially those of marine origin. This phenomenon
could lead to further declines of marine stocks in South Brazil, which has been
already observed in recent decades.

Key-words: temporal variability, time series, estuarine hydrodynamic, Southern

Annular Mode, climatic phenomena.

Introduction

Estuaries have been recognized as nursery areas, especially for marine origin
species, which find abundant food supply and shelter for its larval and juvenile
stages in their shallow areas (Blaber & Blaber 1980, Kennish & Paerl 2010).
Additionally, estuaries also have other functions (e.g., migration routes and refuge
areas) for fish and crustacean species from the surrounding ecosystems, which
increases the species diversity and range of ecological relationships in this
ecotone (Able 2003, Cattrijsse & Hampel 2006, Elliott et al. 2007, Franca et al.

2009).
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Estuaries are dynamic environments in both spatial and temporal scales, where
species distribution and abundance are influenced both locally (e.g., temperature,
salinity and hydrodynamics) and remotely (e.g., climatic phenomena) by density-
independent factors that influence metabolism, physiology and transport of the
species (Martino & Able 2003, Martinho et al. 2009, Piazza & La Peyre 2011).
Together, these factors determine the short- and long-term variations of estuarine
assemblages within nursery grounds. Among these controlling factors, the role of
estuarine circulation and coastal hydrodynamics in determining the assemblages
fluctuations into estuaries has been a common focus in recent studies due to its
interface with disturbances linked to climate change and anthropogenic activities
(e.g., Lamberth et al. 2008, Trape et al. 2009, Jenkins et al. 2010, Feyrer et al.
2011, Pollack et al. 2011, Piazza & La Peyre 2011). For instance, the connection
between spawning and nursery areas for migratory species, such as diadromous
fish, should occur in order to ensure the success of their recruitment (Bell et al.
2001, Brown et al. 2004, Zampatti et al. 2010). Thus, changes in estuarine
hydrodynamics associated with climatic or man-induced disturbances that disrupt
the connection between these two critical areas of species lifecycle may result in
recruitment failure of migratory species. The consequences of this disruption to the
adult stock and the diversity and abundance patterns of fish assemblage is
currently largely unknown (Oliveira et al. 2004, Whitfield 2005, Zampatti et al.
2010, Cyrus et al. 2011, Gillson 2011, Piazza & La Peyre 2011).

Cascading effects of climatic events on species abundances have been repeatedly
demonstrated in several coastal habitats, especially those related to EI-Nifio
Southern Oscillation (ENSO), which are characterized by changes in estuarine

and coastal hydrodynamics that result in an array of alterations ranging from
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environmental conditions (e.g., salinity, intensity and direction of currents) to
biological aspects (e.g., food supply, dominance patterns and diversity) (Schmidt &
Luther 2002, Garcia et al. 2004, Meynecke et al. 2006, Martinho et al. 2009,
Piazza et al. 2010, Pollack et al. 2011). The ENSO-related effects on several
components of biota in Patos Lagoon Estuary and its coastal adjacent area also
have been recorded in previous studies (Odebrecht et al. 2010 — for a review).
However, prior studies have neglected so far the potential effects of other large
scale climatic phenomena (e.g., Southern Annular Mode, SAM) on the long-term
variability in fish abundance and diversity in this estuary (Garcia et al. in revision).
Understanding the effects of estuarine environmental factors on species,
assemblages and ecosystem properties can help address practical concerns such
as the ecological and economic implications of the recruitment failure of estuarine
organisms, the abundance decline of dominant species and the conservation
value of biodiversity. Thus, the present study aims to examine how the temporal
dynamic of local and remote environmental variables affect the short- and long-
term variations of species’ distribution and abundance into Patos Lagoon Estuary.
Based on a standardized and experimental 10-years (2000-2010) biological and
environmental time-series, our study aimed at: 1) determining the main temporal
variation modes (inter-annual, annual and sub-annual) contained in the species
and environmental time-series, 2) understanding the effects of selected
environmental variables on the short- and long-term variations of species
abundance, 3) describing the interaction between the effects of selected
environmental variables on the temporal patterns of distribution and abundance of
species, 4) assessing the time-lag elapsed between the changes in environmental

variables and juvenile abundance and 5) identifying the potential consequences of
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man-induced changes in estuarine hydrodynamics on the patterns and

relationships observed between species and environmental variables.

Material and Methods

Study area and sampling surveys

The warm temperate Patos Lagoon estuary is part of the Patos-Mirim Lagoon
system, which receives waters from a 201,626 km? watershed (Seeliger 2001)
shared between Brazil's extreme south and northeastern Uruguay (32° S; 52° W)
(Fig. 1). The Mirim Lagoon (3,749 km2) is connected to the larger Patos Lagoon
(10,360 km?) through a narrow channel (Sdo Gongalo; 75 km long, 250 m wide).
Patos Lagoon is predominantly fresh to oligohaline (Odebrecht et al. 2010). Only
10% of its area is estuarine (Castello 1985) and the exchange of water with the
Atlantic Ocean is restricted to a 0.6 km wide and 16 m deep inlet, fixed by 4 km
long jetties that were constructed at the beginning of the 20" century near the city of
Rio Grande (Castello 1985, Odebrecht et al. 2010) (Fig. 1). The Patos Lagoon
estuary is a river-dominated system and the advance of tidal waves (mean tidal
amplitude 0.47 m) is attenuated by both its geographic location near an
amphidromic point and its long and narrow inlet (Méller et al. 2001).

Biological sampling was carried out at six sites located in shallow waters (mean
depth <1-5 m) (Fig. 1), using a 9-m beach seine (13-mm bar mesh in the wings
and 5-mm in the center 3-m section). Five 300-m? (5 x 60 m?) hauls were
established in each site at a monthly frequency from August 1999 to July 2010.
Before biological sampling, water temperature, water transparency and salinity
were measured at each station. In laboratory, species were identified at the lowest

possible taxonomic level.
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Discharge data from 1999 to 2010 of three rivers (Jacui, Taquari and Camaqua)
placed north of the estuary was obtained from the Brazilian National Agency of
Water (Agéncia Nacional de Aguas, 2010, hidroweb.ana.gov.br). These three
rivers together contribute nearly 70% of the total estuarine freshwater outflow
(Mdller et al. 2009). Thus, the sum of monthly discharge of these three rivers will
be used as a proxy of both freshwater inflow and outflow of Patos-Mirim Lagoon
system (Vaz et al. 2006). Monthly precipitation of the drainage basin of Patos
Lagoon (RAIND) and precipitation of local estuarine site (RAINL) from 1999 to
2010 were obtained from Laboratério de Meteorologia da Universidade Federal do
Parana and Universidade Federal do Rio Grande, respectively. Monthly values of
both zonal (west-east direction) and meridional (north-south direction) components
of sea surface wind (32° S; 52° W) were obtained at NOAA/Southwest Fisheries
Science Center — Environmental Research Division
(http://las.pfeg.noaa.gov/las6_5/serviets/dataset?catitem=30). El Nifo Southern
Oscillation - ENSO (Nino 3) and Southern Annular Mode (SAM) indexes were
obtained at NOAA/National Weather Service — Climate Prediction Centre
(http://www.cdc.noaa.gov). The Nifio 3 represents the average of the sea surface
temperatures (SST) anomalies in the Eastern Tropical Pacific (5°N - 5°S; 150°W -
90°W). Positive or negative values of this index represent events of EI-Nifio and
La-Nina, respectively (D’Arrigo et al. 2005). SAM (or Antarctic Oscillation — AAO)
is characterized by pressure anomalies of one sign centered in the Antarctic and
can be defined as the leading empirical orthogonal function (EOF) of the sea level
pressure field or zonal wind fields (Thompson & Wallace 2000). The SAM index
was constructed by projecting the 700mb height anomalies poleward of 20°S onto

the loading pattern of the SAM. This time series are normalized by the standard
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deviation of the monthly index based on 1979-2000 period (Mo 2000). The positive
(negative) index indicates that atmospheric pressure in the vicinity of the Antarctic
is lower (higher) than normal, while pressure in the mid-latitudes is higher (lower)

than normal (Thompson & Wallace 2000).

Data analyses

All individuals collected were included in the analysis, which are predominantly
represented by young-of-the-year (YOY) or species of small size (< 15 cm).
However, infrequent species (frequency of occurrence < 5% throughout the
period) were pooled into 4 categories similar to the functional guilds used for the
shallow water fish assemblage of the Patos Lagoon Estuary similar to those
proposed by Garcia et al. (2001) (fish: marine and freshwater vagrant - MARINE
and FRESH, respectively; crustaceans: marine vagrant and estuarine resident -
CRUSMAR and CRUSRESI). This procedure was adopted in order to ensure that
the signals of these occasional species, which are often useful in the identification
of rare phenomena, were maintained in the analysis. Species abundance data
(fishes and crustaceans) were expressed in number of individuals per hauls (catch
per unit effort: CPUE). Monthly CPUE for each species were calculated as the
average from the six sampling stations. Environmental variables were log-
transformed, except Nifio 3 and SAM indexes, and biological variables were
Hellinger-transformed (Legendre & Gallagher 2001). Rainfall and freshwater inflow
anomalies were calculated from the both monthly average and deviation standard
obtained from 32-years time series (1978-2010). The wind pattern in the study
area is closely correlated with temperature (Mdller et al. 2001). Therefore, in order

to explore the wind effects on the estuary excluding the temperature signal, a
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partition of the wind components time series was made by linear least squares
fitting the wind components to the temperature. The residual variability of this fit
represents the wind variability not related to the temperature.

Initially, we were interested in dissecting the long-term time series in its temporal
variation components in order to identify the main inter-annual, annual and sub-
annual variation modes contained in the data. With this objective we used the
temporal analysis protocol proposed by Garcia et al. (in revision), which is an
adaptation of the PCNM method (Principal Coordinates of Neighbor Matrices;
Borcard & Legendre 2002), as a way of representing temporal variations at
multiple scales.

The PCNM method was initially proposed for representing the spatial structure of
ecological communities (Borcard & Legendre 2002, Peres-Neto 2006) and
consists in obtaining theoretical variables (PCNM variables) by computing
Principal Coordinate Analysis (PCoA) of a truncated matrix of Euclidean distances
among objects representing sample sites (spatial descriptors - Borcard &
Legendre 2002) or different months (temporal descriptors - Garcia et al. in
revision). The PCNM method results in "n" orthogonal axes (eigenvectors — PCNM
variables), which represent theoretical variables with different periods that may
exist in the original data (Borcard & Legendre 2002, Peres-Neto 2006). We
extracted 89 PCNM variables with known cycles and with same size of original
time-series (132 months), but we only use 65 PCNM variables (1st to 65th), which
correspond to cycles with frequencies greater than four months. The first PCNM
variable represents 1.0 cycle, the second 1.5 cycles, the third 2.0 cycles and so
on. For instance, the tenth PCNM variables represents 5.5 cycles and correspond

to a period of 2 years ((132 months/5.5 cycles)/12). Then, the different temporal
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variation modes (temporal scales) were represented by the following subsets of
PCNM variables: interannual - 1st to 13th PCNM, annual - 14th to 28th PCNM and
subannual - 29th to 65th PCNM. The definition of these subsets was arbitrary, but
the PCNM variables that are in these limits were significant in only 10% of cases
and they explained only few data variation (¥ = 0.03; SD = 0.023). PCNM
variables (temporal descriptors - sensu Garcia et al. in revision) were computed
using the SpaceMaker 2 software (Borcard & Legendre 2004). We used a value of
1.0 as the truncation point in the distance matrix of 132 months.

The PCNM variables were used as explanatory variables (temporal descriptors
matrix) in the temporal variation partitioning protocol of environmental and
biological variables (Garcia et al. in revision) from Canonical Redundancy Analysis
(RDA). The linear trend was also considered as a source of variation and,
therefore, was included in the variation partitioning analysis (Borcard et al. 2011).
Thus, a variable composed of 132 linear ascending values was included in the
temporal descriptors matrix. This variable was transformed into standard deviation
units (Z score), resulting in a variation scale similar to PCNM variables. Since
PCNM variables are linearly independent of one another (orthogonal variables)
(Borcard et al. 2011), there was no need to compute the fraction of variation
explained by the interaction of different PCNM variables, as usually done in the
traditional variation partitioning protocol. Thus, only one RDA was required to
compute the variation of the target variables explained by each PCNM subsets
(inter-annual, annual and sub-annual) (Borcard et al. 2011). This variation (PCNM
R?) was found by the sum of the contributions of significant temporal components

(PCNM variable) cluster into three PCNM subsets, which represent the target
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temporal scales. The residual variation was included in the category of
"unexplained variation".

We also computed separate RDAs constrained by subsets of PCNM variables.
This procedure aimed to produce a temporal model combining the significant
PCNM variables for each subset, which was used to generate the filtered time
series corresponding to the three target temporal scales (inter-annual, annual and
sub-annual). In this study step, we were interested only in the periodic signal
(systematic variability) contained in the dataset. Thus, deterministic change (linear
trend) was previously removed of all time-series by subtracting a linear regression
line (detrending) (Legendre & Legendre, 1998), even when this trend was not
significant. The filtered time series (i.e., excluding unexplained variation and linear
trend) were used to evaluate the relationships between biological and
environmental variables and the time-lag elapsed between changes in
environmental factors and species response.

The relationships between environmental and biological variables and the time-
lags were evaluated from RDAs, according to the protocol proposed by Moraes et
al. (in revision). This protocol involves the use of an explanatory matrix composed
by original and previously lagged variables, where the latter are generated from
the downward stepwise shift of explanatory variables relative to multivariate
response matrix, with successive lags of “k” units (k = number of lags; i.e., time
interval between successive observations) (Moraes et al. in revision). This
procedure involves the loss of "k" rows in the working matrices in order to keep all
variables with the same number of cases (see Moraes et al. in revision for further
details). Thus, in order to minimize these data losses, we generate only six lagged

variables for each environmental variable from filtered time-series composed by
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annual and inter-annual variation modes. The sub-annual time-series were not
included in the analysis because the variation explained by the temporal cycle was
negligible (X = 0.11; SD = 0.06). The main aim of this analysis was to assess the
immediate young-of-the-year response related to environmental variables. Thus,
time-lags above six months were not considered because they may reflect signs of
remote phenomena or complex relationships that are beyond the scope of this
paper (e.g., density-dependent relationships and adult stock effects on juveniles).
The correlations and time-lags between environmental variables were evaluated
using the cross-correlation method and the significance of each lag was evaluated
by a t-test with n-2 degrees of freedom, where n is the number of samples that
overlap (Legendre & Legendre 1998). This univariate time-lag analysis was
performed using PAST (Hammer et al. 2001). Multivariate analyses were carried
out using the software package CANOCO. We assessed the statistical
significance of marginal and conditional effects (i.e., the independent effect of
each environmental variable to explain the variations of species abundance and
the effect of the selected variable to the model that explains the environment-
species relationships in addition to the total effects of the variables already
selected, respectively) from Monte Carlo permutation test (n = 5000) (Leps &
Smilauer 2003).

Finally, the null model analysis of species co-occurrence and hierarchical
classification was used for identifying species groups based on patterns of species
co-occurrence across landscapes (Azeria et al. 2009). This method involves three
main steps: (1) to compute a dissimilarity matrix between all species pairs in the
original matrix; (2) to calculate the species pair-wise dissimilarity matrix that would

be expected by chance alone; (3) to derive species groups that best suit the data
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from the rescaling obtained in step 2 using a hierarchical clustering. We used the
complement of Bray-Curtis index (1 - BC) to compute a similarity matrix and the
Bootstrapping technique (n = 5000) to create the null matrices by randomizing the
original distribution matrix. For each species pair, we calculated the mean and
standard deviation of the 5000 similarity values. Then, we computed the deviation
of the observed value from mean (SIMgey). Values above 1.96 or below -1.96
represent significant co-occurrence of species, and they will be positive or
negative when the species will be positive or negatively associated, respectively
(Azeira et al. 2009). Then, the SIMye, vValues were rescaled to distances between -
1 and 1, where values close to -1 and 1 indicate the negative and positive co-
occurrence relationships between species, respectively. These new values
composed the similarity matrix used to generate the hierarchical clustering from

unweighted pair-group mean arithmetic linking method (UPGMA).

Results

Examining the environmental factors

Throughout the study period, all environmental variables showed seasonal and
annual variations (Fig. 2-3). Table 1 shows the seasonal mean values of these
variables over the period. Monthly mean salinity shows that Patos Lagoon Estuary
is generally oligo-polyhaline (seasonal mean < 13), with higher values being
recorded during the summer and autumn (Table 1). The main made of variation in
temperature, water transparency, wind components and freshwater inflow into the
estuary is annually structured, whereas climatic indexes (ENSO and SAM) and
salinity display more inter-annual variability (Fig. 3). The local and drainage basin

rainfall time series presented a high unexplained temporal variation (60-65%) (Fig.
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3). Although the explained variation was small (< 7%), salinity, rainfall, freshwater
inflow and ENSO index time-series showed significant linear trends (Fig. 3).

A continuous period of low salinity (¥ = 3.1 £ 2.72) was recorded between late
2000 and early 2004, followed by a period (2004-2009) of predominance of higher
salinity (¥ = 14.2 + 8.81) (Fig. 2). These periods correspond to the predominance
of the positive and the negative anomalies of drainage basin rainfall and
freshwater inflow into estuary, which were recorded in the first and second half of
the study period, respectively (Fig. 2). Some of the positive anomalies of rainfall
and freshwater inflow recorded throughout the study period were associated with
strong EI-Nifio events (NINO 3 > 1.0), especially those occurred in 2002-2003 and
2009-2010, whereas negative anomalies of these variables were associated with
neutral (1.0 2 NINO 3 = -1.0) or La-Nifia events (NINO 3 > -1.0), which were
especially frequent during the period 2004-2009 (Fig. 2).

Results on cross-correlation analysis for environmental variables are presented in
Table 2 and demonstrate the relationships between these variables. Negative
responses of water transparency and salinity to freshwater inflow into estuary had
time-lags from 0 to 1 month, whereas the responses of these three variables to
rainfall (local and drainage basin) and temperature time-series had 1-2 and 2-3
time-lags months, respectively (Table 2). Salinity, water transparency and
freshwater inflow were in phase with the non-temperature-related effects of
meridional wind component. The relationships between three variables and the
non-temperature-related effects of zonal wind component showed a significant 4-
month delay (Table 2).

The ENSO-related correlations values were relatively low. However, the time-lag

analyses showed significant positive correlations of Nifio 3 index with drainage
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basin and local rainfall with lags of 1-2 and 6 months, respectively (Table 2).
Variations in freshwater inflow and salinity relative to the changes in this climatic
index were observed with time-lag of 2-3 months (Table 2). Strong and significant
correlations between wind and ENSO index were observed only for zonal
component, which were observed at lags of 0 and 1 month (Table 3).

The freshwater inflow, transparency and salinity seem to be out phase with SAM
index (i.e., delays of 1-3, 2-3 and 2-4 months, respectively) (Table 2). The time-lag
elapsed between the changes in SAM index and local rainfall was of 5-6 months,
but a salinity-like pattern (i.e., lag of 2-4 months) also emerges from inter-annual
time-series (results not shown). The correlations between SAM index and
drainage basin rainfall were not significant (Table 2). Similar to ENSO index, only
the correlations between SAM index and zonal wind components were important
and showed strongest values at delay of 0 to 3 months (Table 3). This is
consistent with the fact that the impact of SAM (and also ENSO) on the zonal
component of the wind over the region under focus is much stronger than on the

meridional component.

Temporal patterns of species abundance and relationships with environmental
variables

A total of 396,677 fishes and crustaceans individuals, belonging in 78 species,
were caught throughout the study period, but 90% of them belonged to only three
species of estuarine-resident (Atherinella brasiliensis, Jenynsia multidentata and
Odontesthes argentinensis) and three species of estuarine-dependent (Brevoortia
pectinata, Mugil sp. and M. liza). Similar to the salinity, the total relative

abundance (CPUE) also showed lower values during late 2000 to early 2004,
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followed by a period (2004-2009) with predominance of higher values, in
contrasting with the CPUE of freshwater vagrant species (Fig. 2).

The whole set of PCNM variables explains 65% of the variation of all species
(fishes and crustaceans) (Fig. 4). The inter-annual and annual variables account
for 24 and 30% of the variation in the biological data set, respectively, whereas
sub-annual variables explain only 9% of this variation. All species showed
seasonal and yearly variations throughout the study period (Fig. 4). However,
when we pooled the species into guilds of use of the estuary, we observed that the
main modes of variation of freshwater vagrant (FRESH) and marine vagrant
(MARI) species were inter-annual and annual, respectively. In contrast, the
predominant mode of variation of estuarine-resident (RESI) and dependent
(DEPE) guilds were both inter-annual and annual (Fig. 4). Salinity and freshwater
inflow were important environmental variables to describe both inter-annual and
annual variations of species abundance. Temperature, water transparency and
wind (meridional and zonal components) were important variables explaining the
annual variation of species abundance, whereas rainfall (local and drainage basin)
and the climatic indices are important to describe only the inter-annual species
variation in abundance (Table 4).

Results of multivariate time-lag analysis for the relationships between species
abundance and environmental variables are presented in Table 4. Changes in the
species abundance are in phase with water transparency, salinity and meridional
wind component, whereas these changes are better explained by temperature and
zonal wind component with lags of 2 and 3-4 months, respectively (Table 4).
Freshwater inflow, local and basin drainage rainfall were significant explanatory

variables modeling the changes in species abundance at 0-1, 0-2 and 1-3 lags,
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respectively (Table 4). The responses of species abundance to ENSO and SAM
indexes showed delays of 1-3 and 3-5 months, respectively (Table 4).

The RDA performed based on combined inter-annual and annual time series also
showed that 2-month-lagged temperature (TEMP-2) and non-lagged salinity (SAL-
0), freshwater inflow (FLOW-0) and meridional wind component (RVSW-0) are the
most important environmental variables (p < 0.10) influencing the estuarine
community structure (Table 5). The forward selection procedure has not retained
the remaining variables because of their close correlation with environmental
variables already selected (Table 5). Nevertheless, the non-significant variables
were included in the final ordination diagram of the RDA due to their importance in
explaining the mechanisms that regulate the species variations (Fig. 5). The first
two RDA ordination axes account for 65.7% of total explained variance. Among
the significant variables, SAL-0 and FLOW-0 are closely correlated with the first
axis, whereas RVSW-0 is correlated with the second axis and TEMP-2 is
correlated with both first and second axis (Fig. 5, Table 5). The ordination pattern
shows two clear gradients: the first reflects the salinity gradient, which was
regulated mainly by variations in rainfall and freshwater inflow and contrasted
marine and limnic origin species; and the second gradient corresponds to
seasonal changes of the temperature and meridional wind component (Fig. 5).
The strong association (p <0.05) of the estuarine-related species (DEPE:
Lycengraulis grossidens and Micropogonias furnieri; RESI: Platanichthys platana)
with species typically of limnic origin, like Astyanax sp. and Oligosarcus jenynsii, is
confirmed by co-occurrence analysis. The estuarine-resident species Ctenogobius
shufeldti co-occurs with species that are most associated with periods of high

salinity (e.g. Farfantepenaeus paulensis and J. multidentata). However, this
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species is more related to periods of low salinity and the species that are

associated with these periods (Fig. 6).

Discussion

Temporal variations of fish and crustaceans abundance and relationships with
environmental variables

The composition and abundance patterns of fishes and crustaceans species
inhabiting estuarine shallow areas of the Patos Lagoon show high annual and
inter-annual variability, which are regulated by temperature, salinity and changes
in the estuarine freshwater outflow. These patterns probably results from the
influence of these three environmental variables mainly on the metabolism and
physiology of the species and the degree of isolation of estuary from the sea.
The seasonal dynamics of spawning activity and recruitment in subtropical areas
is closely associated with the temperature regime so that there is a match in timing
of larval and favorable environmental conditions increasing the chances of the
recruitment success (Nordstrom et al. 2009, Castillo-Rivera et al. 2010, Martino &
Houde 2010, Kristiansen et al. 2011). The high temperatures and the increase of
primary and secondary production that characterize the subtropical ecosystems
during the warmer months favor the survival of larvae and juveniles, in contrast to
the cold months (Castillo-Rivera et al. 2010, Martino & Houde 2010, Kristiansen et
al. 2011). These conditions of temperature and food supply reduce both the
exposure time to predation due to faster growth of the recruits (“bigger-is-better”
hypothesis) and the death chance by starvation (“match-mismatch” hypothesis)
(Otterlei et al. 1999, Diaz et al. 2011, Fontes et al. 2011, Kristiansen et al. 2011).

Fish and crustacean species of the shallow areas of the Patos Lagoon Estuary
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reproduce predominantly at spring and summer in estuarine, coastal and shelf
waters, except the mullet Mugil liza that reproduce offshore during the autumn
(Chao et al. 1985, Vieira et al. 1998). Thus, the recruitment peaks of the majority
of fishes and crustaceans occur during the warmer months (late spring and early
autumn) and coincide with peaks in abundance of primary producers at the base
food web, showing a close association of peaks in abundance of these consumers
with higher temperatures and food supply (Chao et al. 1985, Vieira et al. 1998,
Garcia et al. in revision, Moraes et al. in revision).

Additionally, the seasonal pattern of species abundance in Patos Lagoon Estuary,
especially those of marine origin, is also associated with the balance between the
seasonality of pressure gradients forced by wind, especially meridional wind
component, and freshwater runoff, which regulates the currents and circulation of
this river-dominated estuarine system (Castello & Moller 1978, Martins et al. 2007,
Moller et al. 2009, Moéller & Fernandes 2010). The northeasterly winds prevail
throughout the year, but the frequency of southwesterly winds increase during
autumn and winter associated with the passage of meteorological fronts (Méller et
al. 2001). The landward current often generated by southern winds favors the
saltwater intrusion and entrance of species of marine origin into Patos Lagoon
Estuary during autumn and winter, in contrast with seaward current forced by
northern winds, especially during the spring when high freshwater runoff intensify
this current (Lima & Castello 1995, Mdller et al. 2009, Franzen et al. in press.).
Both rainfall amount and the balance between precipitation and evaporation
promote the seasonal pattern of freshwater inflow into Patos Lagoon Estuary
(minimum values - from summer to early autumn; maximum values - from late

autumn to early spring). In contrast, rainfall has a more uniform distribution
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throughout the year (Krusche et al. 2003, Vaz et al. 2006, Grimm 2009). The
freshwater inflow effect on the seasonality of marine origin species is quite evident
during the years with rainy summers (e.g., 2000/2001, 2002/2003 and 2009/2010)
(Fig. 2). In these years, the abundance peaks of marine origin species, typical of
warmer months, have not occurred or were weak, even in favorable conditions of
temperature and food supply. Thus, changes in the seasonal patterns of
freshwater flow, especially during the warmer months, is an important driver of
inter-annual variability of fishes and crustaceans recruitment in shallow areas of
the Patos Lagoon Estuary, similar to what was observed in other estuaries in the
world (e.g., Kimmerer 2002, James et al. 2008, Martinho et al. 2009, Martino &
Houde 2010).

The freshwater runoff effect on species in coastal habitats (e.g., estuaries, surf-
zone and continental shelf) is often positive due to transport of allochthonous
organic matter and nutrients into these systems, which promotes the environments
fertilization and increases primary and secondary production (Ciotti et al. 1995,
Kimmerer 2002, Castillo-Rivera et al. 2010, Martino & Houde 2010). However, the
relationship between freshwater runoff and the estuarine-related species can also
be negative, especially for marine origin species, due to effects of this
environmental variable on the salinity control and on the intensity of seaward flow,
which can reduce the ability of larvae and juveniles to enter and stay into the
estuary (Gillson 2011). Temporal changes in the presence and persistence of
physical barriers generated by estuarine and coastal hydrodynamics (e.g., high
estuarine freshwater outflow or sand bars), especially during the recruitment of
marine origin species, have been recorded as factors that promote inter-annual

variations in the abundance and composition of fish in estuaries (Bell et al. 2001,
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Vorwerk et al. 2003, Brown et al. 2004, James et al. 2008, Ramos et al. 2009,
Zampatti et al. 2010). Freshwater inflow plays an important role in the passive
transport and retention of eggs and larvae of marine origin species into Patos
Lagoon Estuary (Castello & Mdller 1978, Garcia et al. 2003a, Martins et al. 2007,
Moller et al. 2009). For instance, positive anomalies of estuarine freshwater
outflow associated with choked morphology of the estuary can generate seaward
currents that are strong enough and able to block the entrance of fish and
crustaceans recruits of marine origin during the rainy years, in contrast to the dry
years (Castello & Moller 1978, Garcia et al. 2001, Garcia et al. 2003a, Modller et al.
2009).

Positive and negative anomalies of rainfall in the Patos-Mirim drainage basin
associated with EI-Nifio and La-Nina, respectively, have dramatic cascading
effects on species abundance and diversity in several trophic levels in Patos
Lagoon Estuary. For instance, the El-Nifio-related positive anomalies of rainfall
increase the freshwater inputs into the estuary, promoting rigorous changes in the
estuarine conditions, both in the physical (e.g., salinity reduction) and biological
features (e.g., changes in dominance patterns and estuarine diversity due to
inhibition of entrance and stay of marine origin species into the estuary) (Garcia &
Vieira 2001, Garcia et al. 2003a, Garcia et al. 2004). These ENSO effects on
estuarine-related species are even more important because of their occurrence
during the peak recruitment (late spring - early summer), a critical stage of the
lifecycle of these species (Grimm et al 1998, 2000, Garcia et al. 2003a, Moller et
al. 2009, Muelbert et al. 2010). Thus, ENSO is a key factor that modulates the
interannual variability of the species that use the Patos Lagoon estuary as nursery

ground (Odebrecht et al. 2010).
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Previous works in the study area often relate the rainfall anomalies effects on
estuary during ENSO events (e.g., Garcia et al. 2003a, Mdller et al. 2009).
However, these anomalies have also been recorded during the neutral phases of
ENSO (Garcia et al. 2003b), similar to what we observed during the period 2000 to
2004, which was characterized by positive anomalies of freshwater inflow and the
oligohaline features into Patos Lagoon Estuary. In this period, only an event El
Nifio (Nifio 3 index > 1.0) was registered in the 2002 spring, suggesting that other
climate forcings must be considered, such as the displacement of the South
Atlantic Convergence Zone (Dumont & D'Incao 2010) and Southern Annular Mode
(SAM) (Garcia et al. in revision).

Recently, Garcia et al. (in revision) suggested that SAM may be one key factor
that explain 2-years variations of diadromous fish in the Patos Lagoon Estuary.
Both annular modes (Northern - NAM and Southern SAM) are the dominant
drivers of short- and long-term climatic variability in mid- and high-latitudes of their
respective hemispheres (Thompson & Wallace 2000, Hendon et al. 2007). For
instance, SAM seems to influence rainfall patterns and the occurrence and
intensity of storms and cyclones in South America, Africa and Australia through its
connection with atmospheric components, such as meridional shift of the
subtropical upper-level jet, variations in the intensity of the polar jet, and
fluctuations in the subpolar westerly winds (Rao et al. 2003, Carvalho et al. 2005,
Harry et al. 2006, Hendon et al. 2007, Mendes et al. 2010, Nicholls 2010, Sun et
al. 2010). Previous studies have registered that the SAM variability has a negative
relationship with rainfall, especially during late spring, and meridional wind
component in southern Brazil (Rao et al. 2003, Silvestre & Vera 2003, Vera 2003),

similarly to observed in the present study. A portion of the SAM-related variability
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of rainfall in this region seems to be explained by the influence of this climatic
phenomenon on the moisture transport and convergence from the Amazon region
and the tropical South Atlantic southward into Southeastern South America
(SESA) (Silvestre & Vera 2003). Additionally, ENSO-related precipitation
anomalies in southern Brazil during spring also seem to be influenced by SAM
variability (Silvestre & Vera 2003). Indeed, the intensity and position of subtropical
and polar jets over SESA that regulate the rainfall distribution in the region seem
to be influenced by SAM besides ENSO (Vasconcellos & Cavalcanti 2010). We do
not know the mechanisms that determine the association between SAM and
occupation patterns of fishes and crustaceans into the Patos Lagoon Estuary or
what role SAM plays in controlling these patterns. However, since
rainfall/freshwater inflow and prevailing winds control the estuarine and coastal
circulation, which determine the abundance patterns into Patos Lagoon Estuary,
and since rainfall and winds variability in the region seem to be related by SAM, a
positive correlation is expected between the SAM and salinity, water transparency
and saline-associated species, in contrasting with freshwater-associated species.
The potential effects of SAM-related variations of Southwestern Atlantic Ocean on
water circulation and biological production in the Oceanic Subtropical
Convergence Zone also seem to influence the abundance of estuarine species in
Patos Lagoon (Garcia et al. in revision) and, therefore, should be taken into

account in future investigations.

Time-lags multivariate analyses
The cause-effect relationships between environmental variables and biotic

components involving climatic phenomena are complex and change over time.
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Additionally, there is not a 1-to-1 relationship between the strength of climatic
phenomena and theirs effects. This might explain the low values found for some
correlations/relationships, even using a method of filtering the data (PCNM) that
enabled to highlight the relationships between the variables, since the noise
contained in the data as unexplained variations were removed from the time-
series. Notwithstanding, the time-lags results suggest a cascading effect between
ENSO events, rainfall, freshwater inflow and estuarine variables (i.e., salinity,
transparency and abundance species) with an interval of ca. 01 month in the
dependent variables response to each predictor variable (Fig. 7). Changes in SAM
also seems cascade to climatic and estuarine variables, but the exact effects of
the SAM on Patos Lagoon Estuary should be the focus of future work due to the
many complex interactions.

Changes in strength (weakened and enhanced) of subtropical jet stream over
South Brazil that occur during ENSO events are responsible for rainfall anomalies
in the drainage basin of the Patos-Mirim system (Grimm et al. 1998, 2000, Garcia
et al. 2003a). These changes respond quickly to sea surface temperatures
anomalies and associated convection anomalies in the central-east Equatorial
Pacific Ocean that characterize the ENSO events (Grimm & Silva Dias 1995).
Thus, a quick rainfall response (probably lag of 01 month) in the Patos-Mirim
system to ENSO events was expected, especially using sea temperature-related
indexes, such as the Nifio 3. Therefore, the delay of ca. 2 months for relationships
between ENSO events and species abundance could be explained taking into
account the 1-month delay that also was observed for rainfall/freshwater inflow
effects on the species response (Fig. 7). As mentioned earlier, the mechanisms

that determine the association between SAM and variables obtained in the Patos
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Lagoon Estuary are still unclear, in contrast with the ENSO-related relationships.
The SAM seems to affect several local (e.g., rainfall, winds) and large-scale (e.g.,
oceanic and atmospheric circulation, EI-Nifio) factors that influence the fishes and
crustaceans species in the estuary, resulting in a complex dynamic that is difficult
to analyze and that limits our understanding about the SAM-related delays.
However, the 2-4-months delays for freshwater inflow response to SAM, combined
with 0-1-month delay observed in the relationship between freshwater inflow and
species response, seems to be a reasonable hypothesis to explain the 3-5-months
delay observed for SAM-related changes in the species abundance (Fig. 7). This
time-lag observed for species seems to be consistent because similar SAM-
related delay was also recorded for other estuarine variables (e.g., salinity and
water transparency) and the local meteorological patterns (e.g., winds and local
rainfall), especially when the time-lag analyses were performed using only inter-
annual time-series (results not shown). The few literature available recorded
similar results for delays of the climate response to SAM. For instance, regional
response of the climatic variations in South China to NAM/SAM also showed 2- to
3-months delay (Gong et al. 2009).

The main tributaries of the Patos-Mirim system are located about 300 km from the
Patos Lagoon Estuary (Fig. 1). Thus, a delay in the response of estuarine
variables to rainfall and freshwater inflow into the large drainage basin of Patos
Lagoon (~200,000 km?) is expected. The rainfall effects on the estuary appear to
have a delay slightly larger than the freshwater inputs effects (1-2 months delay).
The surface runoff in coastal plains where the soil is predominantly sandy, such as
in the drainage basin of the Patos-Mirim system, is closely related to the temporal

distribution of rainfall and soil saturation, among other factors. For instance,
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surface runoff tends to be immediate and more intense during heavy rainfall and /
or when the soil is saturated, in contrast to periods that the low precipitation or the
unsaturated soil favors the underground recharge process, which slows the flow
(Bissonnais et al. 2005, Armand et al. 2009). Thus, it is difficult to establish clearly
the lags related to precipitation effects on the surface runoff and on estuary from
rainfall time-series that have important long-term variations and that summarize
the variability of a large area. As previously mentioned, the regional climate is
humid and the precipitation rate has a uniform distribution throughout the year,
which make the soils usually close to the saturation level (Moser 1990, Grimm
2009). Thus, we believe the elapsed time between rainfall and freshwater inflow
into estuary is less than the value found in this study (i.e., 1-2-months delay).
Probably, these two variables are in phase or have a time-lag smaller than 01
month and, therefore, the response time of estuarine variables to the rainfall
should also be smaller (ca. 0-1-month delay). Previous analysis suggests that the
turn-over of the estuarine water in the Patos Lagoon varies around 20 days (data
not published), which seems to converge with our results on the time-lags between
estuarine variables (e.g., salinity, water transparency and species abundance) and
freshwater inflow (lag of 0-1 month). We highlight that the freshwater inflow data
from Mirim Lagoon, located south of the Patos-Mirim system (Fig. 01), was not
used in the present study because they were not available. The sum of the
discharge of the three rivers studied represents 70% of all freshwater input into
Patos Lagoon Estuary (Vaz et al. 2006). However, the freshwater inflow-related
time-lags found in this study may be masked by the more immediate effects of Sao

Gongalo Channel on the estuary, which is near to the study area (Fig. 01).
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The strongest relationships between temperature-dependent time-series of both
wind components (zonal and meridional) and estuarine variables (salinity, water
transparency and species abundance) appear with a lag of 2-3 months. However,
this delay seems to be associated with high negative correlations between the
seasonal patterns of the wind and the temperature. Previous study has shown that
the responses of dominant species in Patos Lagoon Estuary to changes in
temperature also have 2-months delay (Moraes et al. in revision), which was
confirmed in the present study. As mentioned early, the temporal patterns of the
wind in the study area is predominantly seasonal. Thus, after removing the
temperature effect from both wind components, we confirmed that the wind effects
on estuary is immediate, maybe with a lag of few days as observed by Maller et al.
(2001), especially when we considered only the effects of meridional wind
component. Indeed, winds from the south quadrant, which are frequents during
autumn and winter, promotes the rise of coastal level sea and favors the landward
currents. As soon as the intensity of the southern winds is attenuated, the strength
of seawater pumping into estuary is reduced (Lima & Castello 1995, Moller et al.

2001, Maller et al. 2009).

Co-occurrence patterns

The majority of fish and crustaceans species that use the shallow areas of the
Patos Lagoon Estuary have marine origin and the relationships between this
estuary and their lifecycle is similar to what occurs in other estuaries in the world
(Vieira et al. 2010). Roughly, these species can be clustered in four life-history-
related groups: estuarine-resident (RESI), typically occurring and breeding in

estuaries; estuarine-dependent (DEPE), marine or freshwater spawning species
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found predictably in large numbers in estuaries during certain periods of their life-
cycle; and marine-vagrant (MARINE) and freshwater-vagrant (FRESH), typically
inhabiting marine and freshwater environments, respectively, while rarely
occurring in estuaries (Garcia et al. 2001).

This study confirms that the temporal occurrences of species abundance are
associated to species life-history. However, the estuarine-resident species C.
shufeldti and P. platana, and the estuarine-dependent L. grossidens and M.
furnieri skip the pattern. The positive correlation of these species with periods of
high flow and their close association with the FRESH species suggest that a
similar process drives the occurrence patterns of these four estuarine-related and
limnic origin species in the Patos Lagoon Estuary.

The strong seaward flow generated during rainy periods, especially during El Nifio
events (from 2.400 m®/s to 12,000 m®/s), drag the freshwater species from the
limnic area of the Patos Lagoon to lower estuary, in contrast to dry period (e.g.,
La-Nina events), when the distribution of limnic origin species is restricted to the
northern reaches of the Patos Lagoon (Garcia et al. 2001, Garcia et al. 2003b,
Vieira et al. 2010). The M. furnieri, L. grossidens, C. shufeldti and P. platana are
eurihaline species that also have been registered in both marine and limnic
surroundings of Patos Lagoon Estuary (Castello 1986, Chao et al. 1985, Pereira
1994, Burns et al. 2006, Petry & Schulz 2006, Milani & Fontoura 2007). Thus, the
co-occurrence between freshwater and estuarine-related species in shallow areas
of Patos Lagoon Estuary seem to be explained by the longitudinal flow-forced
displacement of species from the northern of lagoon towards the lower estuary,
similar to what occurs with limnic origin species. The estuarine-dependent M.

furnieri is a dominant species in the deeper water (about 16 m) of the navigational
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channel of the Patos Lagoon Estuary (Castello 1986, Chao et al. 1985, Pereira
1994), and the occurrence of this species in estuarine shallow areas can also be
explained by an active transverse displacement of individuals from deep waters
towards shallow areas. In this case, the individuals would seek out the sheltered
areas to avoid the flow-forced high turbulence in the estuarine deeper areas. The
positive correlation between C. shufeldti and the freshwater inflow into estuary can
also be related to an amphidromous lifecycle common to gobies. In this cycle, the
estuarine and marine areas are used for feeding and growth only during early
recruitment (McDowall 2007). I.e., adults of C. shufeldti live in the limnic region of
the Patos Lagoon and the juveniles are passively transported lower estuary by the
freshwater inflow. During periods of strong river discharge, the adults can also be
moved to the lower estuary, similar to the process described for other limnic

species. However, further studies are needed to elucidate this issue.

Concluding remarks

Patos Lagoon Estuary is an important nursery ground for juvenile marine fish and
crustaceans along the South Brazilian coast and, similarly to other subtropical
estuaries, the temperature and salinity are the main factors that regulate the
abundance and occupation patterns of species in the Patos Lagoon Estuary, due
to the influence of these environmental variables on metabolism, physiology and
life cycle of species. Therefore, all the climatic factors that regulate the temporal
changes in these variables and in the freshwater inflow into the estuary (which
also affects those organisms) play important roles in regulating the temporal
variability of the estuarine features and species abundance, especially on

interannual scales.
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Excessive amounts of freshwater inputs combined with the estuarine chocked
morphology result in strong seawards currents that can block the entrance of
eggs, larvae and juveniles of marine origin species. This negative effect of
freshwater inflow on the biota of the Patos Lagoon Estuary promotes drastic drop
in the total production of estuarine fish and crustaceans with an impact on adult
populations and the coastal marine ecosystem that is not yet well understood.
Since its construction in the beginning of 20th century, a pair of rocky jetties
located at the mouth of the Patos Lagoon Estuary reinforced the chocked
morphology of this estuary. Recently, works of jetties extension and deepening of
access channel heightened further this funnel-like morphology. The effects of this
man-induced habitat change are yet unclear, but numerical simulations have
shown that these man-made interference may change the circulation patterns of
the Patos Lagoon estuary, reinforcing the seaward currents and reducing the
upstream entrance of saltwater into estuary. If computer forecasts will be
confirmed, the limnification process of Patos Lagoon (sensu Garcia et al. 2001)
can be intensified leading to the loss of brackish water habitat in the estuarine
domain and the habitat split process (i.e., disconnection between the adult habitat
and nursery areas, sensu Becker et al. 2007) may be more frequent leading to
constant failures in the recruitment of marine origin species (Schroeder & Castello
2010, Moraes et al. in revision2.).

Included in this scenario are also the main modes of climate variability of the
South Hemisphere (ENSO and SAM), which drive changes in the estuarine and
marine ecosystems in South Brazil and seem to be undergoing alterations linked
to climate change (Patz et al. 2005, Stammerjohn et al. 2008, Forcada & Trathan

2009, Hunt & Elliott 2011). Therefore, the human activities seem to play a role in
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habitat changes in Patos Lagoon Estuary, directly and indirectly, additionally to
natural effects of the climatic variations. The biophysical interplay of natural and
anthropogenic factors may increase further declines of marine stocks in South
Brazil, as has been observed in recent decades (Schroeder & Castello 2010,

Moraes et al. in revision2).
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Table 01 — Seasonal values of mean and standard deviations (Mean+SD) of each

environmental variable in the Patos Lagoon Estuary between August 1999 and

July 2010.
Summer Autumn Winter Spring

TEMP (°C) 26.7 + 1.86 19.6 £ 3.83 15.4 + 2.33 22.3+2.93
U-SW (m/s) -2.4 +£0.59 0.48 + 0.81 -0.11+0.79 -2.5+0.99
V-SW (m/s) -0.8+1.34 0.60 + 1.34 -0.24 +1.87 -1.03+1.24
TRANS (m) 0.61+0.25 0.53+0.23 0.44 +0.24 0.29+0.14
SAL 13.0+9.48 12.9+9.60 6.4 +5.03 55+7.60
RAINL (mm) 109.2+87.52 138.1+79.54 1157+64.57 112.2+58.67
RAIND (mm) 119.5+51.63 131.0+53.01 126.8+48.28 153.5+61.61
FLOW (m%s)) 957.5+ 958.6 £ 715.93 1602.2 + 2016.9 £

1057.15 961.53 1154.80
NINO3 -0.15+0.89 -0.07 £ 0.37 0.02 £ 0.55 -0.05+0.89
SAM 0.13+0.77 0.00 £ 0.98 -0.04 £ 1.00 0.06 +1.20

a) TEMP — temperature; U-SW - zonal component of surface wind; V-SW — meridional component

of surface wind; TRANS — water transparency; SAL — salinity; RAINL — local rainfall; RAIND —

drainage basin rainfall; FLOW — freshwater inflow; NINO3 — ENSO index; SAM — SAM index.
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Table 02 — Cross-correlations between environmental variables in the Patos
Lagoon Estuary (1999-2010). Values are Pearson’s correlation coefficients and
bold values represent the maximal correlation between the response and

explanatory variables. The lags are showed in months.

Lags TEMP RUSW RVSW FLOW RAIND RAINL NINO3 SAM

SALINITY (SAL)

0 NS -0.21**  0.41™ -0.86™ -045" -0.51" -0.26*  0.22*
1 0.29" -0.33"" 0.34™ -0.84" -0.51" -0.56"" -0.31" 0.33"
2 0.41™  -0.477 0.22* -0.67" -0.53" -0.55"" -0.34" 0.41"
3 0.43"  -0.59™ NS -0.47""  -049" -050" -0.33" 0.45"
4 0.34" -0.65" NS -0.21*  -0.41™  -041™  -0.29°  0.46™
5 NS -0.63" NS NS -0.29"  -0.29° -0.22* 043"

6 NS -0.52"™ NS 0.19* -0.18* NS NS 0.39™

WATER TRANSPARENCY (TRANS)

0 0.18* NS 0.59" -0.73"" -0.32" -041™ NS 0.25**
1 0.45™ NS 0.45" -0.71"" -0.40"™ -0.47" NS 0.32"
2 0.60" -0.20* 0.25° -0.53" -0.42" -0.44" NS 0.35™

3 0.59™ -0.34™ NS -0.24**  -0.37""  -0.34" NS 0.36™

4 0.44™  -0.42" NS NS -0.25**  -0.18* NS 0.32"
5 NS -0.39""  -0.22**  0.39" NS NS NS 0.27**
6 NS -0.25°  -0.20**  0.58"" NS NS NS 0.21*

FRESHWATER INFLOW (FLOW)

0 -0.32" NS -0.41" - 0.62""  0.56" 0.21*  -0.24**

1 -0.52""  0.23" -0.28" - 0.71""  0.60™ 0.31" -0.30°
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2 -0.59" 041" NS - 0.72" 058" 0.36"  -0.32"
3 -0.51""  0.55™ NS - 0.64™ 050" 037"  -0.29"
4 -0.31"  0.61™ NS - 0.50"™ 037" 0.34"™ -0.25%
5 NS 0.57™ NS - 0.32" 0.22* 0.26**  -0.18*
6 0.24**  0.43" NS - NS NS NS NS
LOCAL RAINFALL (RAINL)
0 -0.30" 0.28"  -0.19* - 0.66™" - NS NS
1 -0.27**  0.33" NS - 0.66"" - NS NS
2 -0.18*  0.36" NS - 0.61™ - NS NS
3 NS 0.37" NS - 0.53™ - NS NS
4 NS 0.34™ NS - 0.42" - NS -0.21*
5 0.19* 0.29"  -0.20* - 0.32" - NS -0.25**
6 0.23**  0.21** -0.29™ - 0.25** - 0.18*  -0.26**
DRAINAGE BASIN RAINFALL (RAIND)
0 -0.25*  0.21**  -0.23" - - 0.66™" NS NS
1 -0.23**  0.28"  -0.19** - - 0.60™ 0.20* NS
2 NS 0.32"  -0.17* - - 0.50™ 0.21* NS
3 NS 0.32"  -0.17* - - 0.39™ NS NS
4 NS 0.28"  -0.20* - - 0.28** NS NS
5 NS 0.21**  -0.25" - - 0.20* NS NS
6 NS NS -0.32" - - NS NS NS

a) Ns — non-significant values; * p < 0.10; ** p < 0.05; " p <0.01; ™ p < 0.001.

b) TEMP — water temperature; RUSW and RVSW - residual zonal and meridional wind component,

respectively (non-temperature-related); NINO3 — ENSO index; SAM — SAM index.
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Table 03 - Cross-correlations between climatic indices (NINO3 and SAM) and

residual zonal (RUSW) and meridional (RVSW) wind component in the Patos

Lagoon Estuary (1999-2010). Values are Pearson’s correlation coefficients and

bold values represent the maximal correlation between the response and

explanatory variables. The lags are showed in months

Lags NINO3 SAM

RUSW RVSW RUSW RVSW
0 0.42** 0.15* -0.35™ -0.14*
1 0.40™ NS -0.37" -0.15*
2 0.36"" NS -0.37" NS
3 0.31"" NS -0.34™ NS
4 0.27° NS -0.28" NS
5 0.23** NS -0.20** NS
6 0.19** NS NS NS

a) Ns — non-significant values; * p < 0.10; ** p < 0.05; " p <0.01; ™ p < 0.001

Table 04 — Marginal or independent effects (R2) of environmental variables with

different time-lags on the main temporal variation modes of species abundance in

the Patos Lagoon Estuary (1999-2010). Bold values represent the maximal

correlation between the response and explanatory variables. The lags are showed

in months.
Lags TEMP RUSW RVSW TRANS SAL FLOW RAIND RAINL NINO3 SAM
INTER-ANNUAL VARIATIONS
0 NS 0162+ NS 0.146* 0.278+ 0.239+ NS 0.214+ 0.122* NS
1 NS 0.146+ NS 0.151* 0.275+ 0.236+ NS 0.216+ 0.127* NS
2 NS 0.122** NS  0.148** 0.259** 0.226+ 0.123* 0.205** 0.135** 0.104*
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3 NS NS NS  0.138* 0.233** 0.211** 0.124* 0.191** 0.137** 0.118**
4 NS NS NS  0.122* 0.201** 0.193** 0.126* 0.173* 0.137** 0.123**
5 NS NS NS NS  0.167* 0.174* 0.126** 0.154* 0.134* 0.119*
6 NS NS NS NS NS 0.155** 0.126** NS 0.131** NS
ANNUAL VARIATIONS
0 NS NS 0.198* 0.241+ 0.251+ 0.262+ NS NS NS NS
1 0.256"" NS NS 0.222** 0.223** 0.259+ NS NS NS NS
2 0.280"™ NS NS 0.178* NS 0.210* NS NS NS NS
3 0.264** 0.129* NS NS NS NS NS NS NS NS
4 NS  0.126* NS NS NS NS NS NS NS  0.055*
5 NS NS 0.189** 0.204** 0.186* 0.183* NS NS NS NS
6 NS NS 0.189* 0.230+ 0.214** 0.231** NS NS NS NS
INTER-ANNUAL + ANNUAL VARIATIONS
0 NS NS  0.094* 0.182+ 0.248+ 0.228+ NS 0.108" 0.067* NS
1 0.169" NS NS 0.170+ 0.233+ 0.225+ 0.093* 0.121** 0.071** NS
2 0.183* NS NS  0.133* 0.190** 0.186** 0.100* 0.116** 0.071** 0.058*
3 0.160** 0.068** NS  0.100* 0.139** 0.138** 0.100* 0.093* 0.068** 0.069**
4 NS 0.076** NS NS  0.099* 0.107* NS  0.085* 0.063* 0.072**
5 NS 0.070** NS NS NS 0.099* NS 0.079* NS 0.066**
6 NS NS NS 0.100* NS 0.096* NS NS NS NS

a) Ns — non-significant values; * p < 0.10; ** p < 0.05; * p < 0.01.

b) TEMP — water temperature; RUSW and RVSW - residual zonal and meridional wind component,

respectively (non-temperature-related); TRANS — water transparency; SAL — salinity; RAINL — local

rainfall; RAIND — drainage basin rainfall; FLOW — freshwater inflow; NINO3 — ENSO index; SAM —

SAM index.
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interannual and annual temporal variation modes of species abundance in the

Patos Lagoon Estuary (1999-2010). Each abiotic factor was represented in the

environmental matrix for only a variable, which indicated the main delay identified

from multivariate time-lag analyses. F represents the pseudo-F statistic. Bold

values indicate the environmental variables that showed significant conditional

effects (p < 0.10).

Bi-plot scores

Marginal Conditional ~ Pseudo-F p-value Axes 1 Axes 2

SAL_0 0.2476 0.2476 40.80 0.0043 -0.9140 -0.2555
TEMP_2 0.1828 0.1080 20.60 0.0100 -0.6993 0.5113
RVSW_0 0.0941 0.0760 16.31 0.0342 -0.1694 -0.7789
FLOW_0 0.2283 0.0366 8.32 0.0739 0.8835 -0.0452
TRANS_0 0.1819 0.0320 6.74 0.1507 -0.7573 -0.0091
NINO3_2 0.0706 0.0288 6.35 0.2600 0.4050 -0.0423
RAIND_2 0.0999 0.0275 6.61 0.2361 0.5170 0.1198

SAM_4 0.0724 0.0265 6.08 0.1904 -0.4371 -0.1932
RUSW_4 0.0757 0.0229 5.73 0.2743 0.4198 -0.2144
RAINL_1 0.1208 0.0171 4.42 0.5272 0.5552 0.1558
Summary Axes 1 Axes 2
Eigenvalues 0.285 0.116
Species-environment percentage 0.975 0.857
Cumulative percentage variance of species data 28.5 40.1
Cumulative percentage variance of species-environment relation 46.7 65.7

a) Non-lagged environmental variables: Salinity (SAL_0), freshwater inflow (FLOW_0), residual

meridional wind component (RVSW_0), water transparency (TRANS_0).
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b) Lagged environmental variables: 1 month delay — local rainfall (RAINL_1); 2 months delay —
water temperature (TEMP-2), ENSO index (NINO3_2), drainage basin rainfall (RAIND_2); 4

months delay — SAM index (SAM) and residual zonal wind component (RUSW).
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Fig. 01 — Map showing the sampling sites located in the Patos Lagoon Estuary.
The right upper panel shows the drainage basin of Patos-Mirim Lagoon System

(~200,000 km2).
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four fish guilds (RESI — estuarine-resident, DEPE — estuarine-dependent, MARI —

marine vagrant, FRESH — freshwater vagrant) in Patos Lagoon Estuary.
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Fig. 03 — Amount of variation in the environmental time-series explained by linear
trend (A), interannual cycles (B), annual cycles (C) subannual cycles (D) in Patos
Lagoon Estuary (1999-2010). White bars (E) represent the unexplained variation.
TEMP — temperature; U-SW - zonal component of surface wind; V-SW —
meridional component of surface wind; TRANS — water transparency; SAL —
salinity; RAIND — drainage basin rainfall; RAINL — local rainfall; FLOW —

freshwater inflow; NINO3 — ENSO index; SAM — SAM index.
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Fig. 04 — Amount of variation of species abundance explained by linear trend (A),
interannual cycles (B), annual cycles (C) subannual cycles (D) in Patos Lagoon
Estuary (1999-2010). White bars (E) represent the unexplained variation.
Estuarine-resident species (RESI: ATHBRA - Atherinella brasiliensis, CTESHU -
Ctenogobius shufeldti, JENMUL - Jenynsia multidentata, ODOARG - Odontesthes
argentinensis, PLAPLA - Platanichthys platana, CALSPP - Callinectes sp.,
CRUSRESI - occasional resident crustaceans); Estuarine-dependent species
(DEPE: BREPEC — Brevoortia pectinata, LYCGRO — Lycengraulis grossidens,
MICFUR — Micropogonias furnieri, MUGSPP — Mugil sp., MUGLIZ — Mugil liza,
FARPAU - Farfantepenaeus paulensis); Marine vagrant species (MARI: EUCMEL
- Eucinostomus melanopterus, MARINE — occasional marine fishes, MENSPP —
Menticirrhus sp., TRAMAR - Trachinotus marginatus, CRUSMAR — occasional

marine crustaceans); Freshwater vagrant species (FRESH: ASTSPP — Astyanax



sp., FRESH - occasional freshwater fishes, OLIJEN - Oligosarcus jenynsii,

PALARG - Palaemonetes argentinus); ALLSPP — all species.

0.8

-1.0

180

| TEMP_2

FARPAU

MUGSPP

\\\\\

ASTSPPOLIJEN
#"LYCGRO
G
" MICFUR
7~ , CALSPP
o~ . Ve -

RAINL_1
JCTESHU G ApiA
FRESH

RVSW_0

\\\\\
- .

“y.- . ODOARG
CRUSRESI

-1.0

1.0

Fig 05 - Canonical redundancy analysis (RDA) ordination diagram based on the

relative abundance (CPUE) of the all species and the distribution of the

environmental variables in the Patos Lagoon Estuary (1999-2011). Correlations of

fish species and environmental variables with each axes are represented by the

length and angle of the arrows. Original and lagged environmental variables are

represented by the following codes: a) original - Salinity (SAL_0), freshwater

outflow (FLOW_0), residual meridional wind component (RVSW_0) and water



181

transparency (TRANS_0); b) 1 month delay - local rainfall (RAINL_1); ¢) 2 months
delay) - water temperature (TEMP-2), ENSO index (NINO3_2), drainage basin
rainfall (RAIND_2); d) 4 months delay - SAM index (SAM_4) and residual zonal
wind component (RUSW_4). Estuarine-resident species (RESI: ATHBRA -
Atherinella brasiliensis, CTESHU - Ctenogobius shufeldti, JENMUL - Jenynsia
multidentata, ODOARG - Odontesthes argentinensis, PLAPLA - Platanichthys
platana, CALSPP - Callinectes sp., CRUSRESI — rare resident crustaceans);
Estuarine-dependent species (DEPE: BREPEC — Brevoortia pectinata, LYCGRO —
Lycengraulis grossidens, MICFUR — Micropogonias furnieri, MUGSPP — Mugil sp.,
MUGLIZ — Mugil liza, FARPAU - Farfantepenaeus paulensis); Marine vagrant
species (MARI: EUCMEL - Eucinostomus melanopterus, MARINE — occasional
marine fishes, MENSPP — Menticirrhus sp., TRAMAR - Trachinotus marginatus,
CRUSMAR - rare marine crustaceans); Freshwater vagrant species (FRESH:
ASTSPP — Astyanax sp., FRESH - rare freshwater fishes, OLIJEN - Oligosarcus

jenynsii, PALARG - Palaemonetes argentinus).
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Fig. 6 - Dendrogram showing two species groups in Patos Lagoon Estuary (1999-
2010) as classified by co-occurrence-based hierarchical clustering (sensu Azeira
et al. 2009). Original values of deviation matrix (from -9.95 to 9.95) were rescaled
to values between -1 and 1. Alphabetic codes refer to species or genera. Rare
species were grouped into the four use guilds of the estuary (Freshwater vagrant
fishes - FRESH, Estuarine-dependent fishes - DEPE, Estuarine-resident species —
RESI (fish) and CRUSRESI (crustaceans), Marine vagrant species - MARI (fish)

and CRUSMAR (crustaceans)).
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biological variables identified in the Patos Lagoon Estuary during 1999-2010. The
numbers indicate the most likely time-lags for each relationship and the sign (+ or -
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dashed arrows indicate the direct and indirect effects, respectively.
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Mudancgas de longo-prazo na assembleia de peixes das zonas rasas em um

estuario subtropical no Sul do Brasil

Moraes, Leonardo E; Garcia, Alexandre; Vieira, Joao.
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Mudancgas de longo-prazo na assembléia de peixes das zonas rasas em um
estuario subtropical no sul do Brasil.
(Long-term changes in the fish assemblage in a warm-temperate Brazilian

estuary)

Resumo

Usando séries temporais de 30 anos da abundancia de peixes coletados no
estuario da Lagoa dos patos, este estudo mostra as principais mudangas na
estrutura da assembléia de peixes nas zonas rasas deste estuario, principalmente
na abundancia e diversidade taxonémica. Mudancas estruturais na assembléia
de peixes estiveram relacionadas principalmente a um aumento acentuado na
abundancia de Brevoortia pectinata e o decréscimo de Jenynsia multidentata e
Micropogonias furnieri. As mudancgas de longo-prazo observadas tanto para B.
pectinata e M. furnieri pode estar associado a atividade de pesca, e a mudanca de
J. multidentata parece estar relacionada principalmente aos disturbios antropicos,
especialmente a perda de habitat. Mas, em geral, as mudancas globais na
estrutura da comunidade, provavelmente, estiveram associadas a uma mudanga
nas condi¢des hidrologicas do estuario de oligohalinas para um status
mixohaline/euhalinas mais permanente nos ultimos 10 anos, devido a
predominéancia das fases neutra e negativa do ENSO (E/ Nifio Oscilagao Sul) e da
fase positiva do SAM (Modo Anular Sul), as quais favorecem a salinizagao do
estuario. As mudancgas no recrutamento dos peixes ligadas as alteragdes nos
padrdes hidrologicos do estuario, promovido por fenémenos climaticos, e aos
impactos da pesca e dos disturbios do habitat reforcam a hipotese de que o

recrutamento de peixes no estuario da Lagoa dos Patos é fortemente vulneravel a
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mudangas climaticas globais e as transformagdes do estuario induzidas pelo
homem.
Palavras-chave: séries temporais, hidrodinamica estuarina, esforco de pesca,

disturbios do habitat, mudancgas climaticas, estuario da Lagoa dos Patos.

Abstract

Using a 30-year time series of fish abundance collected at Patos Lagoon Estuary,
this study shows the major changes in the structure of the fish assemblage in the
shallow areas of this estuary, especially in the species abundance and taxonomic
diversity. Structural changes in fish assemblage were related mostly to a sharp
increase in the abundance of Brevoortia pectinata and decrease of Jenynsia
multidentata and Micropogonias furnieri. Both the long-term change observed to
M. furnieri and B. pectinata could be associated to fishing activity, and the change
of J. multidentata seems be related mostly to man-induced disturbances,
especially habitat loss. But, in general, the overall changes in the community
structure were probably associated to a shift in the estuarine hydrological
conditions from oligohaline to more permanent mixohaline/euhaline status
observed in the last ten years probably due to predominance of neutral and
negative phases of ENSO (E/ Nifio Southern Oscillation) and positive phase of
SAM (Southern Annular Mode), which favor the estuary salinization. The changes
in fish recruitment linked to shift in estuarine hydrological patterns, promoted by
climatic phenomena, and to the impacts of fishing and habitat disturbances
reinforce the hypotheses that fish recruitment in Patos Lagoon Estuary is strongly
vulnerable to global climatic changes and man-induced transformations of the

estuary.
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disturbances, climatic change, Patos Lagoon Estuary.

Introducgao

Estuarios sdo ecossistemas de grande importancia para muitas espécies,
principalmente as de origem marinha, as quais os utilizam como area de bergario
(e.g., espécies estuarino-dependentes), zona de reproducgao (e.g., espécies
estuarino-residentes) ou como rotas de migragao (e.g., espécies diadromas)
(Blaber & Blaber 1980, Able et al. 2006, Franco et al. 2010, Becker et al. 2011,
Camp et al. 2011, Franga et al. 2011, Wasserman & Strydom. 2011). Entretanto,
diversas agdes antropicas sobre estes ecossistemas (e.g., pesca, degradagéo do
habitat e alteragbes na hidrodinamica) tém promovido fortes alteragdes na
abundancia e diversidade das comunidades estuarinas e marinhas (Jackson et al.
2001, Drake et al. 2002, Dulvy et al. 2003, Whitfield 2005, Widdows et al. 2007,
Savenkoff et al. 2007, Ecoutin et al. 2010, Kruger & Strydom 2010, Zampatti et al.
2010, Feyrer et al. 2011, Last et al. 2011, Piazza & La Peyre 2011).

O estuario da Lagoa dos Patos tem sido alvo de constantes mudangas em
sua morfologia e hidrodinamica devido a expansao urbana, industrial e portuaria
da regiao, desde o inicio do século 20 (Tagliani et al. 2003, Seeliger 2010,
Odebrecht et al. 2010). Uma das mais significantes mudangas promovidas pelo
homem neste estuario foi a construgdo de dois longos (4 km, cada) molhes
convergentes entre 1910 e 1915, situados na boca do estuario em conjunto com o
aprofundamento do canal de acesso (3.0 para 14.0 m), a qual resultou em um

efeito cascata de alteragdes, desde a circulagao e o nivel de agua do estuario,
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processos de erosdo e deposicao sedimentar, até a distribuicdo das areas rasas e
habitats vegetados (Marangoni & Costa 2009, Calliari et al. 2010, Copertino 2010,
Odebrecht et al. 2010).

Com a construgao destes molhes, o estrangulamento da Lagoa dos Patos
foi reforgado, intensificando os fluxos de vazante e tornando a circulagao
estuarina mais dependente das descargas fluviais (Fernandes et al. 2005, Mdller
& Fernandes 2010). Assim, a dindmica ambiental e biolégica de todo o estuario
tornou-se mais vulneravel aos efeitos de fendbmenos climaticos que regulam os
padrdes de chuva, vazao dos rios e ventos na regido (Odebrecht et al. 2010). Por
exemplo, as fortes descargas dos rios associadas as anomalias positivas de
chuva durante os eventos E/ Nifio reduzem a salinidade estuarina, carreiam
espécies de origem limnica para o baixo estuario e aumentam fortemente a vazéo
estuarina (de 2.400 m*/s para 12.000 m®/s) (Garcia et al. 2003b, Vaz et al. 20086).
Esta forte vazao estuarina forma jatos intensos na boca do estuario, gerando uma
barreira fisica que impede a entrada de espécies de origem marinha no estuario
(Garcia et al. 2001, Garcia et al. 2003a, Vieira et al. 2008, Martins et al. 2007,
Moller et al. 2009, Odebrecht et al. 2010). O extremo oposto pode ser observado
durante os eventos La Niria (Garcia et al. 2001, Odebrecht et al. 2010).

Associado com as mudancgas nos habitats do estuario da Lagoa dos Patos,
existe um significante incremento no esforgo de pesca e “by-catch” ao longo dos
anos que vem atuando em ambas as fases marinha e estuarina do ciclo de vida
de varias espécies que utilizam este estuario como area de bergario,
especialmente a partir da década de 80 (Reis et al. 1994, Vieira et al. 1996,
Haimovici & Ignacio 2005, Haimovici et al. 2006, Miranda et al. 2006, Dumont &

D’Incao 2010). Similar ao que ocorre em outros locais do globo (e.g. Ecoutin et al.
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2010, Smith & Scharf 2010, Walsh et al. 2010, Last et al. 2011), existem fortes
evidencias que a sobrepesca tém promovido drasticas quedas na biomassa e
mudangas nos parametros populacionais das espécies-alvo no Sul do Brasil (e.g.,
truncamento da estrutura de tamanhos, mudanca da idade de primeira
maturacéo) (Reis et al. 1994, Haimovici & Ignacio 2005, Haimovici et al. 2006,
Miranda et al. 2006, Cardoso & Haimovici 2011).

A partir de séries temporais obtidas como parte de um programa de
monitoramento de longo-prazo com amostragens experimentais independente da
pesca, o objetivo do presente estudo foi investigar as mudangas ocorridas na
assembleia de peixes das zonas rasas do Estuario da Lagoa dos Patos em um
periodo ndo continuo de 30 anos (1979-2011) e avaliar quais foram as relagdes
destas mudancas com fatores naturais e antrépicos, mas especificamente a

hidrodindmica estuarina, a perda de habitat e a pesca.

Material e Métodos
Area de Estudo

Este estudo foi realizado no estuario da Lagoa dos Patos (32° S 52° W), o
qual corresponde a 10% da area total da laguna (10.360 km?) (Fig. 1). Este
estuario é um sistema dominado pelo rio onde os efeitos da maré astronémica é
negligenciavel (média da amplitude = 0,47m) e as trocas e circulagao de agua sao
controladas pela vazao dos rios que compdem a bacia de drenagem do sistema
Patos-Mirim (201,626 km?) e pelos ventos dominantes (ventos de nordeste ao
longo de todo o ano, com alta frequiéncia de ventos de sudoeste durante o outono
e inverno) (Moller et al. 2001, Moéller & Fernandes 2010). A morfologia da Lagoa

dos Patos é estrangulada (Kjerfve 1986) e as trocas de agua com o Oceano
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Atlantico estao restritas a um canal que, atualmente, tem a largura minima de 600
m na desembocadura e 16 m de profundidade (Fig. 1), o que torna a
hidrodindmica estuarina e os padroes de uso do estuario pelas espécies
altamente dependente do regime de chuvas da regido e, consequentemente, dos
fendbmenos climaticos que regulam estes regimes (E/ Nifio Oscilagdo Sul — ENSO
e Modo Anular Sul — SAM) (Garcia et al. 2003a, Martins et al. 2007, Moller et al.

2009, Odebrecht et al. 2010, Moraes et al. in prep.).

Estrategia Amostral

Os peixes foram amostrados mensalmente durante dois periodos continuos
(1979-1984; 1996-2011) usando uma rede de arrasto de praia (comprimento — 9
m, malha nas laterais - 13 mm, malha na panagem central — 5 mm). As
amostragens biolégicas (n = 3 arrastos/sitio/més) foram realizadas em 31 sitios
aleatorios (profundidade média <1.5 m) no primeiro periodo (1979-1984),
localizados sempre nas proximidades dos 4 sitios fixos (n = 5 arrastos/sitio/més)
que foram amostrados durante o segundo periodo (1996-2011). Medicdes de
temperatura, transparéncia e salinidade da agua foram tomadas coincidentemente
nas visitas mensais a cada sitio.

Dados de vazao dos trés principais rios do sistema Patos-Mirim (Jacui,
Taquari e Camaqua) para o periodo de estudo (1979-2011) foram adquiridos com
a Agéncia Nacional de Aguas (ANA - hidroweb.ana.gov.br). A soma das
descargas mensais destes trés rios corresponde a 70% da vazéo de todo a bacia
de drenagem e, portanto, foi utilizada como um indicador da vazao de agua doce
do estuario da Lagoa dos Patos (Vaz et al. 2006). Os indices referentes aos

fendmenos climaticos ENSO (Nifio 3) e SAM foram obtidos no Centro de Predi¢cao
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Climatica da NOAA (“National Oceanic and Atmospheric Administration” -
http://www.cdc.noaa.gov).

O indice Nino 3 representa a média de temperaturas na superficie do mar (TSM)
na regido oriental do Oceano Pacifico Tropical (5°N - 5°S; 150°W - 90°W), e os
valores positivos e negativos deste indice representam os eventos E/ Nifio e La
Nina, respectivamente (D’Arrigo et al. 2005). Os eventos El Nifio (La Nifia) séo
caracterizados pelo aumento (reduc¢ao) da precipitagdo sobre a bacia de
drenagem do sistema Patos-Mirim e pelo aumento (redugéo) na vazéo dos rios da
regido, resultando no maior (menor) aporte de agua doce no estuario da Lagoa
dos Patos (Grimm et al. 1998, Garcia et al. 2001, Garcia et al. 2003a, Maller et al.
2009). O fenbmeno SAM é caracterizado por anomalias de pressao de um sinal
centrado na Antartica e pode ser definido a partir de uma funcéo empirica
ortogonal (“empirical orthogonal function” — EOF) do campo de pressao ao nivel
do mar ou do campo do componente zonal do vento (Thompson & Wallace 2000).
O indice utilizado no presente estudo foi construido projetando as anomalias de
pressao (em 700mb) ao sul da latitude 20°S sobre o principal variagdo do SAM
obtida para o periodo de 1979-2000 (Mo 2000). O fenbmeno SAM exibe uma fase
negativa com a pressao atmosférica relativamente mais alta sobre as
proximidades do continente Antartico e mais baixa em médias latitudes (cerca de
45S), e uma fase positiva em que este padrao se in verte (Thompson & Wallace
2000). O SAM influéncia os padrdes de chuva e ventos, e a ocorréncia e
intensidade de tempestades e ciclones na América do Sul, Africa e Australia (Rao
et al. 2003, Carvalho et al. 2005, Harry et al. 2006, Hendon et al. 2007, Mendes et
al. 2010, Nicholls 2010, Sun et al. 2010). Este fenbmeno parece também

influenciar a circulagdo oceanica ao redor do polo sul, a medida que regula a
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intensidade da formacao de massas de aguas frias nesta regido (Rintoul &
England 2002, Oke & England 2004), tendo potencial efeito sobre correntes
oceanicas que circulam no Atlantico Sul, a exemplo da Corrente das Malvinas
(Garcia et al. in revision). Ao contrario do fendbmeno ENSO, os efeitos do SAM
sobre o sistema Patos-Mirim e regido costeira adjacente ainda ndo sao bem
conhecidos. Entretanto, existem evidéncias de que o aumento e a reducao de
chuvas nesta regido estdo associados as fases negativa e positiva do SAM,

respectivamente (Silvestre & Vera 2003, Vera 2003, Moraes et al. in prep.).

Analise dos Dados

O esforgo amostral foi constante ao longo de todo o periodo, mas em
alguns anos do periodo 01 (1979/84 = P01) nem todos os sitios e meses foram
amostrados, resultando em uma matriz assimétrica e ndo balanceada. Assim, um
procedimento prévio foi utilizado para balancear as duas matrizes de dados
(1979-1984; 1996-2011). Este procedimento consistiu em: 1) selecao dos sitios
amostrados em P01 que tinham séries temporais mais continuas e com
amostragens em areas proximas que pudessem ser utilizadas para substituir as
lacunas; 2) transformagao por sub-amostragem (sorteio) da matriz mensal de P01
em uma matriz sazonal. Este procedimento teve o objetivo de contornar a
auséncia de amostragens em alguns meses durante PO1. Como a variagao
espacial entre os sitios amostrados foi negligenciavel (Garcia et al. in revision), a
unidade amostral neste ponto passou a ser “sitio*més”; 3) Para a matriz de dados
referente ao segundo periodo (1996-2011), foi inicialmente feita a exclusao de 2
dentre os 5 arrastos que eram realizados em cada sitio fixo por més, igualando

em trés o numero de arrastos/sitio/més nos dois bancos de dados; 4)
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balanceamento por sub-amostragem (sorteio) da matriz do segundo periodo em
relagcdo a matriz de P01, similar a etapa 2. O resultado final deste procedimento é
uma matriz balanceada onde cada ano tem as suas estagdes representadas por
sete amostras “sitio*més”, sendo que cada uma destas amostras sdo compostas
pela média aritmética de trés arrastos.

Para testar a hipétese de mudancgas de longo-prazo, as analises
inicialmente foram focadas nas sete espécies mais abundantes (95% da
abundancia total de recrutas marinhos e estuarinos) que utilizam o estuario da
Lagoa dos Patos como bergario. As tainhas Mugil sp. e M. liza, a savelha
Brevoortia pectinata e a corvina Micropogonias furnieri, especialmente estas trés
ultimas, sado importantes espécies-alvo da frota pesqueira da regiao (Reis &
D’Incao 2000, Vieira et al. 2010) e, portanto, foram consideradas como
indicadores das altera¢des do esforgo de pesca ao longo dos 30 anos de estudo.
O barrigudinho Jenynsia multidentata e o peixe-rei Atherinella brasiliensis ndo tem
interesse comercial e as capturas do peixe-rei Odontesthes argentinensis podem
ser consideradas nulas ou negligenciaveis. Por exemplo, dados obtidos das
estatisticas pesqueiras para o periodo de 2000 a 2008 (e.g. CEPERG 2007)
mostram que os desembarques anuais do recurso peixe-rei, no qual estao
incluidas outras espécies do género Odontesthes, realizados pela frota artesanal
estuarina/costeira foram inferiores a 1,0% do total de peixes 6sseos
desembarcados em cada ano por esta frota. Estas trés espécies também néo sao
capturadas acidentalmente (“by-catch”) na pesca do camarao (Vieira et al. 1996).
Portanto, elas foram consideradas como sendo indicadores dos efeitos antrépicos
de disturbios do habitat. As demais espécies foram incluidas nas analises

multivariadas e de diversidade. Com o objetivo de reduzir o ruido das espécies
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raras (Frequéncia de ocorréncia — FO% < 1% ao longo de todo o periodo de
estudo) nas analises multivariadas, elas foram somadas em 3 categorias
(estuarino-residente — RESI, marinho vagante — MARI e agua doce vagante
DOCE) correspondentes as guildas de uso do estuario (Garcia et al. 2001).

Como a resolugao taxonémica foi maior nos anos mais recentes, foi
necessario considerar algumas espécies dentro de taxa mais abrangentes
(principalmente, Género), particularmente para as raras e/ou de origem limnica
que tém eventuais indefinicbes sobre o seu status taxonédmico (e.g., Astyanax sp.,
Cheirodon sp.). Isso possibilitou as comparagdes entre os anos. Atualizagoes e
informacdes complementares sobre o status taxondmico de cada espécie foram
obtidas pela base de dados eletronica FishBase (Froese & Pauly 2011).

Os dados de abundéancia (total e por espécie) foram expressos em numero
de individuos por arrasto (captura por unidade de esforgo: CPUE). CPUEs
sazonais foram calculadas como sendo a média das sete amostras “local*més”
contidas em cada estagao do ano. Com base na média das freqliéncias numérica
(FN%) e de ocorréncia (FO%) para cada ano, as espécies foram classificadas em:
abundante e frequente (quando FN% e FO% especifica estiveram acima da
média); abundante e infrequente (quando apenas FN% especifica estava acima
da média); pouco abundante e frequente (quando apenas FO% especifica estava
acima da média); presente (quando FN% e FO% especifica estiveram abaixo da
média) (Garcia et al. 2001).

Quatro indices relacionados a diferentes aspectos da diversidade foram
calculados. Dois indices sao classicos e medem a riqueza (d — Margalef) e a
equitabilidade das espécies (i.e., a uniformidade na distribuicao dos individuos

entre as espécies - EVAR) (Magurran 2004). Os outros dois indices também se



195

referem a riqueza e equitabilidade (média da distingao taxondmica entre espécies
A" e entre individuos A*, respectivamente), mas incorporam as informagdes sobre
relagcdes entre as espécies (e.g., relagdes taxondmicas e relagdes troficas) e,
portanto, tornam as medigdes de diversidade mais informativas (Clarke & Warwick
1998, 2001).

Para comparar as mudancgas de longo prazo ocorridas entre o passado e a
€época mais recente, as amostragens obtidas entre 1996 e 2011 foram divididas
em trés grupos iguais de cinco anos (periodos “semi-decadais”). Naturalmente
esta divisdo é arbitraria e parcialmente direcionada pela disponibilidade dos
dados, mas ela tornou possivel obter conjuntos de dados balanceados e
comparaveis com P01 (1979-1984). Embora este procedimento possa ter gerado
alguma falta de independéncia indesejada entre os periodos, assumi-se com este
procedimento que a alta variabilidade inter-anual do recrutamento das espécies &
suficiente para tornar esta falta de independéncia negligenciavel. Nao existe um
tratamento controle obvio no tempo amostrado, mas P01 refere-se a um periodo
com menos disturbios (e.g., menor ocupacao urbana e portuaria, menor esforgo
de pesca) relacionados aos fatores antropicos e, portanto, ele é visto como sendo
um periodo de referéncia.

A hipétese nula de auséncia de diferengas na abundancia (total e
especifica), diversidade e fatores abioticos entre os quatro periodos (P01 —
1979/84, P02 — 1996/2001, P03 — 2001/06 e P04 — 2006/11) foi testada usando
PERMANOVA aninhada duas-vias, com o fator ano (aleatério e com cinco niveis
correspondentes aos cinco anos amostrados em cada periodo) estando aninhado
no fator periodo (fixo e quatro niveis). Para os dados de abundancia, a

PERMANOVA foi realizada com uma matriz de similaridade gerada pelo indice
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Bray-Curtis, com os dados previamente transformados pela raiz quarta. Uma
constante que representa 1% da média por amostra da abundancia total foi
somada em cada amostra, com o objetivo de evitar a exclusdo de amostras que
resultassem em duplos-zeros, os quais nao podem ser computados pelo indice de
Bray-Curtis (Anderson 2001, Anderson et al. 2008). Para os dados de diversidade
e fatores ambientais, a PERMANOVA foi realizada a partir de uma matriz gerada
pelo indice de distancia Euclidiana, sendo que os dados abidticos foram
previamente log-transformados. Comparacdes a posteriori (para p < 0.10) foram
feitas com a estatistica t gerada pela PERMANOVA. Um teste de homogeneidade
da dispersdo multivariada (PERMDISP) entre os periodos foi também realizado
usando as variaveis ambientais, com a mesma matriz de distancia utilizada pela
PERMANOVA. Uma Analise de Componentes Principais (PCA) utilizando os
fatores ambientais foi realizada para identificar quais destes fatores estruturaram
as diferencas observadas na homogeneidade entre os grupos. A significancia
estatistica dos resultados obtidos pela PERMANOVA e PERMDISP foi acessada
a partir de um procedimento de permutagao dos residuos a partir do modelo
reduzido (n = 9000) (Anderson 2001). Uma Analise de Variaveis Candnicas (CVA)
foi realizada para complementar a PERMANOVA multivariada realizada com as
espécies. Similar a PCA, os eixos CVA sdo combinacgdes lineares das variaveis
originais e representam a maxima separagao entre os grupos, o que permite
avaliar quais variaveis foram responsaveis pelas separagdes observadas
(Hammer et al. 2001).

Finalmente, as tendéncias observadas nos dados foram resumidas pelo
coeficiente de inclinagdo de uma regressao linear (método dos minimos

quadrados; Zar, 1996). A significancia estatistica destes coeficientes foi
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determinada a partir de um procedimento de permutagdo com reposicao para
gerar o modelo nulo (n = 5000).
Calculos e testes foram realizados utilizando os softwares PAST (Hammer

et al 2001), PERMANOVA+ for PRIMER-E (Anderson et al. 2008).

Resultados
Variaveis ambientais

Os quatro periodos “semi-decadais” apresentaram variabilidade inter-anual
significativa para todos os fatores ambientais analisados, exceto temperatura
(Tabela 1). Apenas a transparéncia apresentou tendéncia linear significante
(Tabela 2) e diferengas na média entre os quatro periodos, sendo que as maiores
médias foram registradas em P03 e P04, em contraste com P01 e P02 (Tabela 1,
Fig. 2). Embora nado tenha sido observadas diferengas entre os periodos para os
dois indices climaticos (Nifio3 e SAM), eles apresentaram tendéncia linear
significativa, a qual foi de reducao para o indice Nifio3 e de aumento para o indice
SAM (Tabela 2, Fig. 2).

A analise conjunta dos fatores abidticos nao revelou diferengas
significantes entre os centroides dos quatro periodos (Tabela 1), em contraste
com a dispersao dos grupos (p = 0.0064) que foi significativamente menor em P03
comparado com os demais periodos, sugerindo que em P03 as condi¢des
ambientais do estuario foram mais homogéneas (Fig. 3B). A partir da Analise de
Componentes Principais (PCA), foi possivel observar que parte destas diferencas
parece ser explicada pela variabilidade ambiental promovida pelos eventos

climaticos, especialmente pelo gradiente condicionado pelo fendmeno ENSO (Fig.
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3A). Em conjunto, os dois eixos principais da ACP concentraram 84,6% da

variagao total dos fatores abiéticos analisados.

Abundancia e diversidade das espécies de peixes

Nove espécies foram regularmente capturadas ao longo de todo o periodo
de estudo, dentre as quais apenas quatro (os peixe-rei Atherinella brasiliensis e
Odontesthes argentinensis, e as tainhas Mugil sp. e M. liza) apresentaram um
padrdao de dominancia consistente ao longo do tempo (Tabela 3). A savelha
Brevoortia pectinata teve uma crescente mudanca de posi¢céo entre os periodos,
deixando de ocupar o oitavo lugar entre as espécies mais abundantes em P01
para ocupar a segunda posigdo em P04 (Tabela 3). O contrario foi observado
para as espécies Jenynsia multidentata e Micropogonias furnieri, as quais
deixaram de ocupar a terceira e sexta posi¢des, respectivamente, em P01 para
ocupar a sexta e nona posicoes entre as espécies abundantes em P04 (Tabela 3).
Estes resultados sao confirmados pela analise de tendéncias que mostra uma
tendéncia de declinio significativa para a abundancia total (CPUE) e as capturas
de J. multidentata, M. furnieri e M. liza (Tabela 2), enquanto que B. pectinata foi a
unica espécie que mostrou uma tendéncia de incremento significativa (Tabela 2).

A analise utilizando as espécies conjuntamente revelou que a abundancia
das espécies também mostraram variabilidade inter-anual significativa (Tabela 4).
A abundancia de Atherinella brasiliensis, Jenynsia multidentata e Micropogonias
furnieri foram extremamente diferentes entre os quatro periodos analisados
(Tabela 4). A abundancia média mais alta destas espécies foi registrada em P02 e
também em P01 para as duas ultimas (Fig. 4). Os resultados da PERMANOVA

nao revelaram diferengas significativas entre os periodos para a CPUE total e a
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abundancia e Brevoortia pectinata. Entretanto, o teste a posteriori mostra que P01
e P04 sao significativamente diferentes entre si (p = 0.058 e p = 0.0034,
respectivamente), com os valores médios mais altos da CPUE e B. pectinata
sendo registrados em P01 e P04, respectivamente (Fig. 4).

Os resultados da PERMANOVA incluindo todas as espécies também
demonstraram diferencas altamente significativas nas abundancias entre os
periodos amostrados (Tabela 4). Os resultados obtidos a partir da CVA confirmam
estes resultados (Fig. 5). As espécies dominantes Atherinella brasiliensis,
Brevoortia pectinata, Jenynsia multidentata, Micropogonias furnieri € Mugil sp. séo
as variaveis descriminantes mais importantes dos dois principais eixos da CVA,
0s quais explicam 62.05% da variagao (Fig. 5). De acordo com estas analises, as
maiores abundancias de B. pectinata e Mugil sp. estiveram relativamente mais
associadas a periodos recentes (2001-2011), e A. brasiliensis, J. multidentata e
M. furnieri eram relativamente mais abundante entre 1979-2001 (Fig. 5).

Os resultados obtidos para os indices de diversidade mostram que nao
houve mudancas significativas entre periodos nos indices classicos de riqueza (d
— Margalef) e equitabilidade (EVAR) (Tabela 5). Entretanto, uma tendéncia linear
significativa foi observada para os dois indices de diversidade taxondmica (A* e
A+) (Tabela 2) e diferengas significativas entre os periodos foram observadas
para o indice que mede a distingdo taxonémica média entre os individuos (A*),
sendo que os valores deste indice foram maiores no passado (1979-2001) do que
nos anos mais recentes (2001-2011) (Fig. 06). Estes resultados sugerem que, em
meédia, os individuos de peixes que coexistiram estiverem taxonomicamente mais

relacionados nos ultimos 10 anos do que em P01 e P0O2.



200

Discussao

Este estudo fornece evidéncias das mudangas de longo-prazo na
assembléia de peixes que utilizam as zonas rasas do estuario da Lagoa dos
Patos como area de bercgario. Poucas espécies apresentaram padrdes evidentes,
tanto na diregdo como na magnitude das mudancgas entre os quatro periodos
“semi-decadais” analisados. Entretanto, os resultados apresentados demonstram
mudancas altamente significantes na diversidade taxondmica e na abundéancia de
espécies dominantes a despeito das poucas diferencas temporais apresentadas
pelos fatores abidticos, sugerindo que as mudangas observadas podem também
estar ligados as forgantes ndo-naturais (e.g., impactos de atividades antropicas ou

fendmenos climaticas).

Condigbes ambientais

Embora nao tenham sido observadas diferengas entre os periodos ou tendéncias
de longa-duracao significativas para a temperatura, a salinidade e a vazao,
observa-se uma predominancia de condigdes, possivelmente climaticas, que
favoreceu a salinizacao do estuario da Lagoa dos Patos, especialmente entre
2001 e 2011. Durante este periodo é possivel observar tendéncia de predominio
das fases neutras/negativas e positiva dos fendmenos ENSO e SAM,
respectivamente, as quais favorecem a salinizagcao do estuario devido, por
exemplo, a redugao da precipitagdo na bacia de drenagem do sistema Patos-
Mirim (Garcia et al. 2001, Garcia et al. 2003a, Odebrecht et al. 2010, Moraes et al.
in prep.). Este resultado contradiz a hipotese de limnificagado do estuario da Lagoa
dos Patos (i.e., expansao das condi¢des oligohalinas), a qual foi proposta como

uma previsao das condi¢des estuarinas em funcédo da tendéncia de aumento das
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descargas fluviais em toda a bacia de drenagem do Sistema Patos-Mirim, devido
ao aumento dos volumes de precipitacao e, principalmente, devido as agoes
antropicas que vém aumentando o escoamento superficial (e.g., desmatamentos,
impermeabilizagdo dos solos, urbanizagao, e prolongamento dos molhes)
(Fernandes et al. 2005, Moller & Fernandes 2010, Schroeder & Castello 2010).
Entretanto, a principal discordancia deste estudo com analises anteriores (e.g.,
Marengo 2006, Mdller et al. 2009) reflete a diferenga no conjunto de dados
analisados. Por exemplo, as séries temporais utilizadas no presente estudo séo
mais curtas, o que limita a extrapolacao dos resultados sobre tendéncias de maior
duracado como as apontadas pelos estudos anteriores. Além disso, a atualidade
destas séries permitiu incorporar as variagdes mais recentes que tendem a
favorecer a salinizagao do estuario.

Os eventos El Nifio podem ser imediatamente sucedidos pelos eventos La
Nifia (Glantz 2001). Ou seja, condi¢des contrastantes podem ocorrer em um curto
periodo no estuario da Lagoa dos Patos em resposta ao fenébmeno ENSO (Garcia
et al. 2001). Por exemplo, a salinidade média do estuario registrada para as
primaveras de 1998 (E/ Nifio) e de 1999 (La Nifia) (Periodo 02) foi de 4,4 (dp =
3,95) e 11,3 (dp = 13,95), respectivamente. Portanto, a sucessao de curto prazo
das diferentes fases do fendbmeno ENSO ou mesmo dos regimes de enchente e
vazante do estuario (ENSO-independentes) pode promover condi¢des
heterogéneas no ambiente. Como mencionado anteriormente, durante a ultima
década (2001-2011) houve a predominancia de fases neutras a negativas do
fendmeno ENSO, que tendeu a favorecer a menor pluviosidade na regiao e maior
constancia de aguas com caracteristicas salobras a marinhas no baixo estuario e

que parece explicar a maior homogeneidade ambiental observada em P03 (2001-
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2006), em contraste a P01 e P02, por exemplo, que foram marcados por eventos
El Nifio de alta intensidade e duragao (1982/83: xninos = 2,32 + 0,61 — 10 meses;

1997/98: xnino3 = 2,75 £ 0,71 — 12 meses).

Padrées de abundancia e ocorréncia das espécies.

Mudangas em processos fisicos e hidrodinadmicos que regulam a salinidade
€ a entrada passiva de ovos e larvas de peixes de origem marinha em estuarios
podem resultar em mudancgas na abundancia das espécies que utilizam os
habitats rasos estuarinos (Hare et al. 2005, Whitfield et al. 2008, Dickey-Collas et
al. 2009, Martinho et al. 2009, Zampatti et al. 2010, Feyrer et al. 2011, Piazza &
La Peyre 2011, Reum et al. 2011). Embora exista alta variacao inter-anual, a
abundancia de ovos e larvas de espécies estuarino-dependentes (e.g., Brevoortia
pectinata e Micropogonias furnieri) no estuario da Lagoa dos Patos tende a ser
maior durante periodos de alta intrusdo e permanéncia de aguas marinhas
(Garcia et al. 2001, Garcia et al. 2003a, Martins et al. 2007, Moéller et al. 2009,
Muelbert et al. 2010, Odebrecht et al. 2010). A relagao positiva entre a
abundancia de recrutas nas zonas rasas e o status do estuario préximo ao
euhalino também sao observadas para espécies estuarino-residentes (e.g.,
Jenynsia multidentata) (Garcia et al. 2001, Garcia et al. 2004, Moraes et al. in
prep.). Assim, parte da tendéncia de aumento observada para B. pectinata pode
ser atribuida a mudancga nas condi¢des hidroldgicas do estuario de oligohalina
para o status mixohalino/euhalino mais permanente que foi observada nos ultimos
anos. O mesmo nao parece ser aplicado para J. multidentata e M. furnieri que tém
uma forte tendéncia de queda na abundancia. Entretanto, a ocorréncia desta

ultima espécie em zonas rasas (< 1,0 m) do baixo estuario tende a estar mais
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associadas a periodos de alta descarga dos rios e baixa salinidade,
provavelmente em fungcao da concentracido dos individuos em zonas rasas ser
forcada pela forte vazao nas areas profundas e da restricao do habitat salobro ao
baixo estuario durante os periodos chuvosos (Moraes et al. in prep.). Assim, as
menores abundancia de M. furnieri em aguas rasas do baixo estuario podem estar
associadas ao deslocamento dos individuos para habitats que se tornam
disponiveis em condigdes mixo e euhalinas (e.g., alto estuario e canal de acesso).

Embora as fortes tendéncias observadas para as espécies, principalmente
Brevoortia pectinata (aumento) e Micropogonias furnieri (Queda) podem ser
explicadas por variagdes naturais do clima, o efeito potencial de fatores
antropicos, nominalmente a degradagao do habitat e a pesca, ndo podem ser
completamente ignorados. De fato, fortes mudancas das espécies parecem ter
ocorrido em cenarios com poucas variagdes dos fatores abidticos ou em cenarios
favoraveis em que se esperariam respostas diferentes das que foram observadas.

O decréscimo significativo na abundéancia de Jenynsia multidentata, uma
espécie associada a vegetacao (Garcia & Vieira 1997), parece sugerir mudancgas
na disponibilidade e/ou funcionalidade dos habitats vegetados submersos. De
fato, a abundéancia de pradarias de fanerégamas marinhas (Ruppia maritima) vem
diminuindo nos ultimos anos devido as mudancgas na hidrodinamica estuarina, aos
processos de erosio e a conversao destes habitats para areas dominadas por
macroalgas oportunistas, em contraste com a estabilidade das areas de marismas
que tém apresentado um saldo nulo entre as perdas e os ganhos (Marangoni &
Costa 2009, Copertino 2010, Odebrecht et al. 2010).

Os individuos de J. multidentata utilizam as pradarias de R. maritima como

importantes areas de alimentacao, refugio e areas de reproducao (Garcia & Vieira
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1997, Garcia et al. 2004, Mai et al. 2007). Entretanto, eles também parece ter
altas abundancias associadas as macroalgas que invadiram as areas antes
dominadas por R. maritima (Moraes obs. Pess.), sugerindo que a conversao de
habitats vegetados, que vem ocorrendo no estuario da Lagoa dos Patos, nao
parece afetar negativamente a abundancia desta espécie de peixe. Porém,
habitats utilizados oportunisticamente em funcdo da auséncia do habitat tipico da
espécie tendem a nao prover todos os requerimentos da espécie, impedindo que
ela alcance o seu 6timo (Deegan et al. 2002, Wyda et al., 2002).

Existe um limite acima do qual os disturbios do habitat passam a
desencadear efeitos adversos sobre uma espécie mesmo que elas sejam
resilientes (Horinouchi et al. 2009, Macreadie et al. 2009). Entretanto, a
viviparidade, o ciclo de vida curto e a tolerancia as altas variagbes ambientais
tipicas de ambientes estuarinos (e.g., salinidade, oxigénio) sado algumas
caracteristicas que conferem resiliéncia as espécies do género Jenynsia (Betito
1999), o que pode permitir que estas espécies suportem disturbios do ambiente
(e.g., perda e degradacao). Assim, nao era esperado encontrar mudancas tao
marcantes na abundancia da espécie, como foram observadas no presente
estudo. Uma limitagao dos resultados apresentados que ndo podem ser
ignoradas, é que algumas amostras obtidas durante P01 foram realizadas em um
sitio (BS — Fig. 1) que parece ter densidades maiores de J. multidentata que os
demais sitios amostrados. Assim, o particular efeito destas amostras pode estar
influenciando os resultados observados para esta espécie e, portanto, devem ser
avaliados com cuidado. Por exemplo, analises da probabilidade de ocorréncia de
J. multidentata (resultados n&o apresentados), a qual reduz este efeito indesejado

da abundancia, ainda revelam uma tendéncia de queda entre os trés periodos
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estudados, porém nao significativa, sugerindo que os efeitos das mudancgas de
longo prazo do estuario da Lagoa dos Patos sobre J. multidentata parecem nao
existir ou sdo mais sutis do que os dados brutos de abundancia revelam.
Entretanto, estas analises ndo sao adequadas para testar a hipétese de
mudangas da abundancia das espécies, e a inclusdo do sitio B5S nos programas
de monitoramento ecoldgico de longo-prazo do estuario da Lagoa dos Patos pode
ser uma alternativa para responder adequadamente esta pergunta. Este vicio
amostral que pode existir nos dados referentes a J. multidentata nao se aplica as
demais espécies analisadas no presente estudo, pois ja foi demonstrado que a
variagao espacial das espécies dominantes nas zonas rasas do estuario da Lagoa
dos Patos é negligenciavel (Garcia et al. in revision).

Existe uma forte relacao positiva entre a abundancia do recrutamento de
especies do género Brevoortia e 0 aumento da producéo primaria devido ao
habito fitoplanctéfago destas espécies (Friedland et al. 2006, Love et al. 2006).
Em geral, esta relagcdo esta associada ao aumento do aporte de nutrientes no
sistema (Dalyander & Cerco 2010, Lynch et al. 2010) embora exista um limite
para a resposta positiva das espécies de Brevoortia (Brandt & Mason 2003,
Shimps et al. 2005). O aporte in natura de esgoto domésticos em toda a bacia de
drenagem do sistema Patos-Mirim e as emissdes atmosféricas de fabricas de
fertilizantes no entorno do estuario da Lagoa dos Patos s&o alguns dos agentes
que tem favorecido os processos de eutrofizagao artificial deste ecossistema
(Abreu et al. 2006, Niencheski & Baumgarten 2007, Baumgarten 2010, Odebrecht
et al. 2010). Entretanto, existe uma forte tendéncia de oligotrofizacdo deste
estuario em fungao do intenso consumo e ciclagem de nutrientes em zonas mais

ao norte da Lagoa dos Patos (Abreu et al. 2010). Assim, a oferta de alimento nao
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parece ser uma variavel que explique o aumento na abundancia de B. pectinata
no estuario da Lagoa dos Patos, embora esta relagao ainda precise ser melhor
investigada.

As tendéncias significativas de aumento e de queda na abundancia de
Brevoortia pectinata e Micropogonias furnieri, respectivamente, duas espécies
exploradas comercialmente no sul do Brasil, podem também ser atribuidas aos
impactos da pesca. Os indicadores de que a abundancia de juvenis de M. furnieri
em zonas rasas do estuario da Lagoa dos Patos declinou entre os periodos
amostrados sao consistentes com a percepg¢ao de incremento de longo-prazo da
pressao de pesca sobre a espécie. O aumento do esfor¢o de pesca na regido
parece ser uma das principais razdes para as mudancas que tém sido observadas
na biomassa e parametros populacionais dos estoques de cianideos no sul do
Brasil (e.g., M. furnieri — Haimovici & Ignacio 2005, Cynoscion guatucupa —
Miranda & Haimovici 2007, Macrodon atricauda — Cardoso & Haimovici 2011) os
quais apresentam claros sinais de sobrexplotagcao (Haimovici et al. 2006). Assim,
embora seja dificil estabelecer uma relacao recrutamento-estoque para as
especies, a crescente reducio do estoque adulto desovante de M. furnieri pode
estar reduzindo a quantidade de recrutas dentro do estuario da Lagoa dos Patos.
Além disso, picos nos desembarques de camarao capturados no estuario da
Lagoa dos Patos pela frota artesanal (e.g., durante eventos La Nifia - Moller et al.
2009) coincidem com bons anos de recrutamento de M. furnieri neste estuario, o
que pode gerar altas mortalidades de recrutas de M. furnieri como “by-catch” da
pesca do camarao (Vieira et al. 1996).

Um processo oposto ao observado para M. furnieri relativo ao esfor¢co de

pesca parece estar acontecendo com Brevoortia pectinata. Até o inicio da década
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de noventa esta espécie estava entre os dez recursos-alvo mais importantes da
frota artesanal que operava no estuario da Lagoa dos Patos e regiao costeira
adjacente (Reis et al. 1994). Entretanto, as baixas capturas registradas a partir
deste periodo (Antero-Silva 1990) associado com o baixo preco de primeira
comercializagdo (e.g., 2007: U$$ 0,15/kg; CEPERG 2007) parece ter
desestimulado a exploracao do recurso. Por exemplo, dados obtidos das
estatisticas pesqueiras (e.g., Antero-Silva 1990, CEPERG 2007) revelam que os
desembarques médios atuais (2000-2008) de B. pectinata realizados por toda a
frota pesqueira da regido (artesanal e industrial) representam menos de 10% das
capturas médias histoéricas (1945-1989) que foram registradas apenas para a frota
artesanal. Assim, embora exista mortalidade por pesca nao registrada nas
estatisticas de desembarque (e.g., captura acidental) e o desconhecimento sobre
a relagao recrutamento-estoque para esta espécie também seja uma limitagéo, a
forte tendéncia de aumento do recrutamento de B. pectinata observada no
presente estudo pode ser também atribuida a reducao do esfor¢o de pesca sobre
a espécie que pode estar levando ao aumento do estoque desovante.

A tainha Mugil liza € uma espécie que também tem sido alvo de um
constante aumento da presséo de pesca. Por exemplo, a partir da década de 90 o
colapso dos estoques de sardinha-verdadeira (Sardinella brasiliensis) promoveu o
redirecionamento do esfor¢o de parte da frota industrial do sul do Brasil para a
exploracao de tainhas (Miranda et al. 2006) e, mais recentemente, houve o
aumento da demanda pela captura de fémeas maturas para a extracao de
gbnadas destinadas a producgéo de “caviar” (CEPSUL 2007). Os juvenis de M. liza
suportam grandes variagdes de temperatura e salinidade, e podem ser

encontrados em abundancia no estuario da Lagoa dos Patos ao longo de todo o
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ano (Chao et al. 1985), exceto em periodos de E/ Nifio quando a forte vazao do
estuario reduz drasticamente a entrada dos individuos desta espécie no estuario
(Garcia et al. 2003a, Vieira et al. 2008). Assim, a significante tendéncia de queda
do recrutamento de M. liza que foi observada a despeito da alta tolerancia desta
espécie as condicdes ambientais e do predominio de caracteristicas mixo a
euhalinas no estuario que favorecem a espécie, principalmente nos ultimos cinco
anos, pode ser um indicio dos efeitos da pressao de pesca sobre esta espécie.
Entretanto, a alta variabilidade temporal do recrutamento desta espécie dificulta a
identificacdo de padrdes claros e, portanto, novos acompanhamentos desta

espécie devem ser feitos no estuario da Lagoa dos Patos.

Diversidade

A acgao de fatores abidticos como filtro ambiental que permite apenas a
coexisténcia de espécies que compartilham um particular atributo ecologico e a
homogeneidade do ambiente sdo alguns dos fatores que promovem a reducao da
diversidade taxondmica em diversos grupos animais e vegetais (Ramos Miranda
et al. 2005, Gido et al. 2009, Leibold et al. 2010, Bond et al. 2011, Farias & Jaksic
2011, Venn et al. 2011). Similar ao que foi discutido para a abundéancia das
especies, as mudancgas das condi¢cdes hidroldgicas do estuario também parece
explicar a tendéncia geral de reducao da diversidade taxonémica nos ultimos 10
anos. Esta mudanca provavelmente favoreceu a ocorréncia e abundancia de
especies de origem marinha que sao taxonomicamente mais relacionadas com as
especies estuarino-relacionadas, em detrimento das espécies de origem limnica.
Assim, estes resultados reforcam a idéia de que houve uma tendéncia de

salinizagao do estuario na ultima década. O uso de indices classicos (e.g., H' e
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Evar) demonstrou que a maior diversidade de peixes em zonas rasas do estuario
da Lagoa dos Patos era observada durante o E/ Nifio devido ao aumento de
espécies de origem limnica e a drastica redugao da dominancia tipica nos
estuarios das espécies estuarino-relacionadas (Garcia & Vieira 2001). Entretanto,
estes indices nao tiveram o mesmo desempenho apresentado pelos indices de
diversidade taxonémica em capturar as mudancas estruturais ocorridas na
assembléia de peixes estudada ao longo de 30 anos, confirmando a importancia
do uso dos indices taxondmicos em monitoramentos de longo-prazo ja relatada
em outros estudos (Clarke & Warwick 1998, Warwick et al. 2002, Ramos Miranda
et al. 2005, Leonard et al. 2006).

A reducao da diversidade taxondmica também tem sido relacionada a
fatores antropicos, os quais promovem a exclusao de espécies e/ou 0 aumento da
abundancia de espécies tolerantes aos disturbios, que geralmente tendem a ter
algumas similaridades em caracteristicas funcionais que se expressam em forte
relacdo taxonémica (Ramos Miranda et al. 2005, Stobart et. 2009). Conforme
mencionado anteriormente, as espécies de peixes que utilizam o estuario da
Lagoa dos Patos estao expostas a diversos impactos antrépicos. Entretanto, a
ictiofauna estudada foi estavel o longo do tempo, caracterizada pela persisténcia
temporal das espécies mais abundantes com poucas alteragdes na importancia
destas espécies para a estrutura e composigcao da assembleia. Esta estabilidade
era esperada em funcao do forte dinamismo estuarino que funciona como filtro
ambiental para as espécies (Garcia et al. 2003a, Vieira et al. 2010). Dentre as
espécies dominantes, apenas Brevoortia pectinata, Jenynsia multidentata e
Micropogonias furnieri mostraram mudangas importantes e consistentes, mas elas

sempre estiveram entre as 10 espécies mais abundantes. Conseqlientemente, a
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reducdo observada da diversidade taxondmica, especialmente em termos da
distingao taxondmica média entre os individuos (A*), pode estar relacionada aos
fatores antrépicos que tém promovido as mudangas de longo-prazo nos padrdes
de abundancia e ocorréncia destas trés espécies, nominalmente as perdas de
pradarias de fanerégamas marinhas e a pressao de pesca.

Embora sejam mais informativos, os indices de diversidade taxondmica
também resumem as variacdes de multiplas espécies em um unico valor, o que
dificulta identificar quais espécies e processos estédo dirigindo as mudancgas
captadas por estes indices. Assim, a incorporac¢ao de informacdes a respeito do
habito e dos requerimentos das espécies (e.g., guilda tréfica, guilda de uso do
estuario) podera servir de suporte para confirmar quais fatores promoveram as
mudangas de longo prazo na diversidade taxondmica de peixes no estuario da

Lagoa dos Patos.

Consideragoes finais

As espécies marinhas e estuarinas tém demonstrado claros padrbes de
esgotamento ao longo de todo o mundo, devido a sobrepesca e aos disturbios
sobre os habitats marinhos e estuarinos promovidos, direta ou indiretamente, por
fatores antrépicos (e.g., uso de artes de pesca destrutivas, ocupacdes humanas,
mudancas climaticas globais) (Jackson et al. 2001, Dulvy et al. 2003, Costello et
al. 2010). Usando séries temporais obtidas no estuario da Lagoa dos Patos, este
estudo demonstrou que existe uma clara mudancga de longo prazo na diversidade
taxondmica e na abundancia das espécies de peixes que utilizam as zonas rasas
do estuario da Lagoa dos Patos como area de bercgario. A perda de pradarias de

fanerégamas marinhas e a pressao de pesca sao os principais fatores que podem
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estar promovendo estas transformacoes, além das mudancgas naturais nas
condigdes de salinidade do estuario (de oligohalino para mixo/euhalino). Embora
estes resultados sobre as condi¢des halinas do estuario parecam contraditorios
em relagao a estudos prévios, eles reforcam as hipéteses de que os fenbmenos
climaticos sdo importantes moduladores da assembléia de peixes no estuario da
Lagoa dos Patos (Garcia et al. 2001, Garcia et al. 2003a, Odebrecht et al. 2010,
Vieira et al. 2010, Garcia et al. in revision, Moraes et al. in prep.) e, portanto, que
esta assembléia esta extremamente susceptivel aos cenarios de extremos
projetados dentro do contexto das mudancgas climaticas globais e as mudangas no
estuario promovidas pelo homem que intensifiguem os efeitos do clima
(Odebrecht et al. 2010, Schroeder & Castello 2010, Moraes et al. in prep.).

Os anos de referéncia (1979/84) utilizados no presente estudo
correspondem a um periodo posterior as importantes obras de engenharia que
promoveram fortes e rapidas alteragdes na hidrodinamica e morfologia do estuario
da Lagoa dos Patos (e.g., construgdo dos molhes — 1905/15, ampliacdo da area
portuaria — 1973), o que impede qualquer inferéncia sobre os impactos destes
empreendimentos na assembléia de peixes analisada. Entretanto, novas
mudancas na hidrodindmica e morfologia do estuario sao esperadas em fungao
do atual ciclo de obras ja em andamento na regido como parte de agdes publicas
para crescimento da economia do Brasil. Por exemplo, a intensificagdo dos fluxos
de vazante e a retragao do limite a montante da entrada de agua salgada no
estuario sao efeitos esperados em fungao das recentes modificacdes realizadas
nos molhes e no canal de acesso (Fernandes et al. 2005). Caso as previsdes se
confirmem, o estuario podera voltar para um novo ciclo de baixas salinidades e

fortes vazbes que parece aumentar a diversidade taxonémica local, mas que
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representa a drastica redugéao na abundancia de varias espécies de origem
marinha que dominam as zonas rasas do estuario da Lagoa dos Patos, em fungéo
da desconexao do habitat estuarino em relagdo ao habitat marinho (Moraes et al.

in revision).
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TABELAS

Tabela 1 — Analise de variancia com permutacdo (PERMANQOVA) das variaveis
ambientais do estuario da Lagoa dos Patos (temperatura, salinidade,
transparéncia), da bacia de drenagem do Sistema Patos-Mirim e indices
climaticos (El Nifio Oscilagdo Sul - ENSO e Modo Anular Sul — SAM) (1979 a
2011) para os fatores “periodo” e “ano(periodo)”. Graus de liberdade (gl), soma de
quadrados (SQ), quadrado médio (QM), valor do falso-F (F). Valores em negrito

representam os valores significantes (p < 0.10).

Fonte de Variacao gl SQ QM F p-valor

Salinidade (SAL)
Periodo 3 0.7354 0.2451 0.2567 0.8490
Ano(Periodo) 16 15.2795 0.9550 5.1646 0.0001
Transparéncia (TRANS)
Periodo 3 1.2796 0.4265 3.6974 0.0339
Ano(Periodo) 16  1.8457 0.1154 2.0513 0.0102



Temperatura (TEMP)
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Periodo 3 51.0458 17.0153 2.4749 0.1098
Ano(Periodo) 16 110.000 6.8750 0.2991 0.9959
Vazio de agua doce (VAZAO)
Periodo 3 0.1680 0.0560 0.0995 0.9586
Ano(Periodo) 16  9.0039 0.5627 5.8163 0.0001
indice climatico Nifio 3 (NINO3)
Periodo 3 14.2125 4.7375 0.4454 0.7322
Ano(Periodo) 16 170.167 10.6354 25.830 0.0001
indice climatico SAM (SAM)
Periodo 3 7.1500 2.3833 1.4020 0.2778
Ano(Periodo) 16 27.2000 1.7000 1.7572 0.0390
Todas as variaveis ambientais
Periodo 3 14253 47.511 2.7442 0.0114
Ano(Periodo) 16  277.01 17.31  1.4510 0.0244

Tabela 2 — Coeficiente de inclinagao e significancia da tendéncia linear das

variaveis ambientais e biolégicas (espécies e diversidade) analisadas para o

periodo de 1979 a 2011.

Variaveis Coeficiente p-valor
Ambientais
Salinidade 0.01606 0.2282
Transparéncia 0.08072 0.0010
Temperatura 0.00219 0.5085
Vazao de agua doce -1.13712 0.4617
indice climatico NINO3 -0.00317 0.0474
indice climatico SAM 0.00198 0.0469
Espécies
Atherinella brasiliensis -0.19438 0.0045
Brevoortia pectinata 0.24455 0.0051
Jenynsia multidentata -0.24250 0.0001
Micropogonias furnieri -0.03298 0.0000
Mugil sp. 0.06398 0.4101
Mugil liza -0.36898 0.0034
Odontesthes argentinensis 0.00235 0.4019
Abundancia total (CPUE) -0.58473 0.0065
Diversidade
Riqueza (d - Margalef) 0.0022 0.1087



EVAR
A*
A+

0.0008
-0.0660
-0.0434

0.5461
0.0074
0.0286
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Tabela 4 - Analise de variancia com permutacao (PERMANOVA) da abundancia
das espécies capturadas em zonas rasas do estuario da Lagoa dos Patos durante
o periodo de 1979 a 2011 para os fatores “periodo” e “ano(periodo)”. Graus de
liberdade (gl), soma de quadrados (SQ), quadrado médio (QM), valor do falso-F

(F). Valores em negrito representam os valores significantes (p < 0.10).

Fonte de Variacao o] SQ QM F p-valor

Atherinella brasiliensis
Periodo 3 684.01 228.00 2.8014 0.0607
Ano(Periodo) 16 1302.214 81.3884 3.8954 0.0001
Brevoortia pectinata
Periodo 3 144.09 48.029 1.9452 0.156
Ano(Periodo) 16 395.05 24.69 1.2577 0.2234
Jenynsia multidentata
Periodo 3 399.79 133.26  7.4861 0.0016
Ano(Periodo) 16 284.82 17.801 1.3699 0.1466
Micropogonias furnieri
Periodo 3 34.577 11.526 16.907 0.0002
Ano(Periodo) 16 10.907 0.68169 0.5742 0.8998
Mugil sp.
Periodo 3 182.88 60.961  0.5391 0.6639
Ano(Periodo) 16 1809.4 113.08 3.914 0.0002
Mugil liza
Periodo 3 401.08 133.69 1.2137 0.3439
Ano(Periodo) 16 1762.5 110.15 24574 0.002
Odontesthes argentinensis
Periodo 3 97.233 32.411 1.0151 0.4087
Ano(Periodo) 16 510.87 31.929 3.0154 0.0002
Abundancia total (CPUE)
Periodo 3 4479.1 1493 1.0987 0.3789
Ano(Periodo) 16 21746 1359.1  5.1756 0.0002
Todas as espécies
Periodo 3 2303.07 767.69 20.532 0.0001
Ano(Periodo) 16 598.24 37.39 1.4703 0.0007

Tabela 5 - Analise de variancia com permutacdo (PERMANOVA) dos indices de
diversidade de peixes (Riqueza: Margalef(d) e Distingdo taxonémica média das

espéecies A+; Equitabilidade: EVAR e Distingdo taxondémica média dos individuos
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A*) nas zonas rasas do estuario da Lagoa dos Patos durante o periodo de 1979 a
2011 para os fatores “periodo” e “ano(periodo)”. Graus de liberdade (gl), soma de
quadrados (SQ), quadrado médio (QM), valor do falso-F (F). Valores em negrito

representam os valores significantes (p < 0.10).

Fonte de Variacao gl SQ QM F p-valor
Margalef (d)
Periodo 3 26.064 8.688 0.8856 0.4613
Ano(Periodo) 16 156.973 9.811 2.4476 0.0022
EVAR
Periodo 3 50.829 16.943 0.6583 0.5778
Ano(Periodo) 16 411.771 25.736  3.8914 0.0001
A+
Periodo 3 897.105 299.035 1.4241 0.2620
Ano(Periodo) 16 3359.771 209.986 1.3234 0.1656
A*

Periodo 3 14.881 4.960 2.4362 0.0641
Ano(Periodo) 16 32.578 2.036 0.9171 0.5502
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FIGURAS
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Fig. 1 — Mapa do estuario da Lagoa dos Patos mostrando os locais de
amostragem. Painel superior direito mostra a bacia de drenagem do Sistema

Lagunar Patos-Mirim (~200.000 km?).
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Fig. 2 — Valores médios (quadrado), erro padrao (caixa) e intervalo de confianga
95% das variaveis ambientais do estuario da Lagoa dos Patos (temperatura,
salinidade, transparéncia), da bacia de drenagem do Sistema Patos-Mirim (vazao
de agua doce) e indices climaticos (El Nifio Oscilagao Sul - ENSO e Modo Anular
Sul — SAM) para os quatro periodos de estudo. (P01), Periodo 02 (P02), Periodo
03 (P03) e Periodo 04 (P04) correspondem aos anos 1979 a 1984, 1996 a 2001,

2001 a 2006, 2006 a 2011, respectivamente.
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Fig. 3 — Diagrama de ordenacgao da Analise de Componentes Principais (PCA) e
meédia da dispersao (xdesvio padrdo) das amostras em relagcdo ao centrdide em
cada periodo analisado (1979-2011), baseados em seis variaveis ambientais
(TEMP - temperatura, SAL - salinidade, TRANS — transparéncia, VAZAO - vazao
de agua doce, NINO3 — indice climatico Nifio3 e SAM — indice climatico SAM).
Periodo 01 (P01), Periodo 02 (P02), Periodo 03 (P03) e Periodo 04 (P04)
correspondem aos anos 1979 a 1984, 1996 a 2001, 2001 a 2006, 2006 a 2011,

respectivamente.
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Fig. 4 - Valores médios (quadrado), erro padrao (caixa) e intervalo de confianca

95% da abundancia total (CPUE) e das sete espécies dominantes (Atherinella

brasiliensis — ATHBRA, Brevoortia pectinata — BREPEC, Jenynsia multidentata —

JENMUL, Micropogonias furnieri— MICFUR, Mugil sp. — MUGSPP, Mugil liza —
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MUGLIZ, Odontesthes argentinensis — ODOARG) no estuario da Lagoa dos Patos
para os quatro periodos de estudo. (P01), Periodo 02 (P02), Periodo 03 (P03) e
Periodo 04 (P04) correspondem aos anos 1979 a 1984, 1996 a 2001, 2001 a

2006, 2006 a 2011, respectivamente.
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Fig. 5 — Diagrama “bi-plot” da Analise de Variaveis Canénicas (CVA) realizada a
partir da abundancia das espécies capturadas nas zonas rasas do estuario da
Lagoa dos Patos durante 1979 a 2011. Periodo 01 (P01), Periodo 02 (P02),
Periodo 03 (P03) e Periodo 04 (P04) correspondem aos anos 1979 a 1984, 1996

a 2001, 2001 a 2006, 2006 a 2011, respectivamente.
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Fig. 6 - Valores médios (quadrado), erro padrao (caixa) e intervalo de confianca

95% dos indices de diversidade de peixes (Riqueza: Margalef (d) e Distingéao

taxondmica média das espécies (A+); Equitabilidade: EVAR e Distingao

taxondmica média dos individuos (A*)) nas zonas rasas do estuario da Lagoa dos

Patos para os quatro periodos de estudo. (P01), Periodo 02 (P02), Periodo 03

(P03) e Periodo 04 (P04) correspondem aos anos 1979 a 1984, 1996 a 2001,

2001 a 2006, 2006 a 2011, respectivamente.



