Denise Tonetta

DISSERTAGAO DE MESTRADO

PRODUCAO PRIMARIA E RESPIRACAO PELAGICA EM UM
LAGO COSTEIRO SUBTROPICAL (LAGOA DO PERI,
BRASIL): VARIACOES VERTICAL E TEMPORAL E SUAS
RELACOES COM A COMUNIDADE FITOPLANCTONICA

Florianopolis
2012



UNIVERSIDADE FEDERAL DE SANTA CATARINA
DEPARTAMENTO DE ECOLOGIA E ZOOLOGIA
PROGRAMA DE POS-GRADUAGCAO EM ECOLOGIA

Denise Tonetta

PRODUGAO PRIMARIA E RESPIRACAO PELAGICA EM UM
LAGO COSTEIRO SUBTROPICAL (LAGOA DO PERI,
BRASIL): VARIACOES VERTICAL E TEMPORAL E SUAS
RELACOES COM A COMUNIDADE FITOPLANCTONICA

Dissertacdo apresentada ao Programa
de Poés-Graduagdo em Ecologia da
Universidade Federal de Santa
Catarina, como parte dos requisitos
para a obtencdo do titulo de Mestre em
Ecologia.

Orientador: Prof. Dr. Mauricio Mello
Petrucio

Coorientadora: Prof2. Dr2 Roselane
Laudares-Silva

Floriandpolis
2012



Catalogagiio na fonte pela Biblioteca Universitaria
da
Universidade Federal de Santa Catarina

Inclui referéncias

2. La - Brasil, Sul. 3.
4. Produtividade priméaria. 5.
6. Lagoa do Peri (S . I. Petru

, Maur

Mello. II. Universidade Federal de Santa Catarina. Programa de

em Ecologia. III. Titul:




“produgAo primaria e respiragdo pelagica em um lago costeiro
subtropical (Lagoa do Peri, Brasil): variagdes vertical e temporal
¢ suas relagdes com a comunidade fitoplanctonica”

por
Denise Tonetta

Dissertagio julgada e aprovada em sua forma final
pelos membros titulares da Banca Examinadora
(Port. 03/PPGECO0/2012) do Programa de Pos-
Graduagio em Ecologia - UFSC, composta pelos
Professores Doutores:

Banca Examinadora:

P o

Prof. Dr. Mauricio Mello Petrucio
(Presidente/ECZ/UFSC)

bodes oo £

Prof*. Dr'. Roselane Laudares-Silva
(BOT/UFSC)

\Lesie) an Slewt

Prof. Dr’. Vera Lucia de Moraes Huszar
(Museu Nacional/UFRJ)

AroratAapitl |
Prof. Dr. David da Motta Marques
(IPH/UFRGS)

W‘L}d:& ’FM'{’)

Prof®. Pr®. Maria Luizd Fontes
(ECZ/UFSC)

P o P

Prof. Dr. Mauricio Mello Petrucio
Coordenador do Programa de Pés-Graduagao em Ecologia

Florianépolis, 13 de fevereiro de 2012.



A meus pais, Ivo e Marinéz, e a meu
irmdo lvandro.



AGRADECIMENTOS

A Deus por me conduzir pelos caminhos da vida.

A minha familia, meus pais e meu irméo pelo apoio durante toda
minha caminhada.

Minha eterna gratiddo aos queridos amigos do laboratério de
Ecologia de Aguas Continentais, por tornaram os momentos de trabalho
mais doce.

Jamais esquecerei 0s verdadeiros amigos, amizades de longa data,
e amizades recém cultivadas, que de longe ou de perto, me acalentaram
nos momentos de angustia e incerteza.

Ao meu orientador e a minha coorientadora que me apoiaram no
desenvolvimento deste trabalho.

Aos professores integrantes da pré-banca e da banca de avaliagdo
pelas sugestdes e valiosas contribuicdes para a versdo final deste
trabalho.

Aos professores do curso de PoOs-graduacdo em Ecologia da
Universidade Federal de Santa Catarina pelas discussdes em aula.

Aos responsaveis pelo Laboratério de Biologia e Cultivo de
Peixes de Agua Doce, aos funcionarios do Parque Municipal da lagoa do
Peri e da Fundacdo Municipal do Meio Ambiente e aos técnicos
laboratoriais da Universidade Federal de Santa Cataria, pelo suporte
técnico e logistico.

A Coordenacio de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES) e ao Conselho Nacional de Desenvolvimento Cientifico e
Tecnoldgico (CNPq), pelo suporte financeiro.



"Sabemos que o que fizemos foi apenas uma gota
d’agua no oceano... Mas se ndo tivéssemos feito
essa gota faltaria".

(Madre Tereza de Calcutd)



RESUMO

Lagos costeiros sdo ambientes que apresentam caracteristicas
particulares quanto a sua dindmica, estado tréfico, morfologia e
interacdo das comunidades bioldgicas. Em geral, sdo ambientes rasos
submetidos & intensa a¢do dos ventos. A lagoa do Peri localizada na ilha
de Santa Catarina (27°44’S e 48°31°W) ¢é um sistema costeiro
subtropical de agua doce com 5,7 km? de érea e 4,2 m de profundidade
média. De acordo com a literatura, apresenta homogeneidade horizontal
e vertical para clorofila a e nutrientes, caracteristica oligotréfica para a
concentracdo de nutrientes e presenca de cianobactérias. Com o objetivo
de verificar a ocorréncia de autotrofia e heterotrofia na lagoa do Peri,
determinaram-se as taxas de producdo primaria (bruta e liquida) e de
respiracdo fitoplancténica através de incubacfes em garrafas claras e
escuras durante 24 horas no outono, inverno, primavera e verao.
IncubagBes em garrafas claras e escuras, também foram conduzidas
bimensalmente, em quatro profundidades em uma estacdo central da
lagoa, para avaliar a variacdo vertical das taxas de produgdo priméria
(bruta e liquida) e de respiracdo bem como sua relagdo com a
comunidade fitoplanctdnica. Condigdes de heterotrofia foram
encontradas no outono, quando as maiores taxas de respiracdo
ocorreram devido ao aumento da disponibilidade de matéria organica e
fésforo total. Condicdes de autotrofia ocorreram no verdo devido as
maiores taxas de producdo priméria liquida, favorecida pelas maiores
temperaturas e luz. As taxas de producdo primadria, respiracdo e a
densidade dos grupos fitoplanctonicos, em geral, ndo apresentaram
variacdo vertical, em funcdo da homogeneizacdo promovida pelos
ventos incidentes na lagoa do Peri. CondicGes limitantes de luz e
nutrientes, para o crescimento fitoplancténico, foram os fatores
atribuidos as menores taxas de producdo primaria encontradas neste
ambiente em relacdo a outros ambientes tropicais e subtropicais. A
densidade fitoplanctonica e condi¢des de temperatura e luz favoreceram
a producdo primaria na primavera e no verdo. Cyanobacteria e
Chlorophyta foram os grupos mais importantes da comunidade
fitoplancténica, em termos de densidade e diversidade, com destaque
para Cylindrospermopsis raciborskii que dominou na maior parte do
periodo de estudo. Assim, a lagoa do Peri apresentou alternancia entre
periodos autotroficos e heterotroficos em funcdo das diferentes
condi¢cdes ambientais e as taxas de producdo primaria foram menores
que em outros ambientes, variando em funcdo das varidveis bidticas e
abidticas.



Palavras-chave: Lago costeiro subtropical. Metabolismo aquatico.
Producdo priméaria. Respiracdo. Fitoplancton. Cylindrospermopsis
raciborskii.



ABSTRACT

Coastal lakes are environments with distinct characteristics when it
comes to dynamics, trophic state, morphology, and the interaction of
biological communities. They are generally shallow environments
subjected to intense winds. Peri lagoon located on the island of Santa
Catarina (27°44'S and 48°31'W) is a subtropical coastal system of
freshwater with an area of 5.7 km? and average depth of 4.2 m.
According to literature, it is horizontally and vertically homogenous for
chlorophyll a and nutrients, oligotrophic characteristics for nutrient
concentration and presence of Cyanobacteria. In order to verify the
occurrence of autotrophy and heterotrophy in the Peri lagoon, primary
production (gross and net) and respiration rates were determined by
incubating in light and dark bottles over a period of 24 hours in the fall,
winter, spring and summer. Incubations in light and dark bottles were
also conducted every two months, at four depths in the central part of
the lagoon, in order to evaluate the vertical variation in primary
production rates (gross and net) and respiration and the relationship to
the phytoplankton community. Heterotrophic conditions were found in
autumn, where the highest rates of respiration were found due to an
increased availability of organic matter and total phosphorus.
Autotrophic conditions occurred in the summer due to higher rates of
net primary production, favored by higher temperatures and light
availability. In general, the primary production rates, respiration and
phytoplankton group density, did not show vertical variation due to the
homogenization promoted by winds in the Peri lagoon. Light and
nutrients limitation were attributed to the lower rates of primary
production found in this environment than other ones. However,
phytoplankton density, temperature and light conditions favored the
primary production rates in spring and summer. Cyanobacteria and
Chlorophyta were the most important groups of the phytoplankton
community in terms of density and diversity, especially
Cylindrospermopsis raciborskii, which was dominant during the
majority of the study period. Thus, the Peri lagoon had alternating
autotrophic and heterotrophic periods due to different environmental
conditions and the primary production rates were lower than other
tropical environments, depending on biotic and abiotic variables.
Keywords: Coastal subtropical lagoon. Aquatic metabolism. Primary
production. Respiration. Phytoplankton. Cylindrospermopsis
raciborskii.
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1 INTRODUCAO GERAL

Lagos costeiros sdo ambientes aquaticos Iénticos que se
distribuem ao longo da costa, podendo receber influéncia direta ou
indireta do ambiente marinho (Kennish e Paerl, 2010). Sua conexdo com
0 mar pode ser feita por um ou mais canais ou podem estar separadas
deste por barreiras (Kjerfve, 1994). Ocupam, no mundo todo,
aproximadamente 13% da costa. Ao redor dos continentes ocupam
17,9% da Africa, 17,6% da América do Norte, 13,8% da Asia, 12,2% da
América do Sul, 11,4% da Australia e 5,3% da Europa (Barnes, 1980).
No Brasil, os lagos costeiros estdo distribuidos desde o Sul até o
Nordeste, sendo em maior nimero no Rio de Janeiro e no Rio Grande do
Sul (Esteves, 1998).

Esses ambientes apresentam grande importancia ecoldgica por
constituirem interfaces entre areas costeiras, aguas interiores e aguas
marinhas, abrigando elevada biodiversidade. Apresentam grande
heterogeneidade em relacdo as caracteristicas morfologicas, geoldgicas e
hidrolégicas (Medina-Gomez e Herrera-Silveira, 2006). Tamanho,
morfologia, balanco hidrolégico, salinidade, profundidade e ventos sdo
alguns fatores que influenciam os processos fisicos e quimicos desses
sistemas, alterando sua dinamica que responde rapidamente as
alteracGes ambientais (Kjerfve, 1994; Kennish e Paerl, 2010).

Sédo sistemas fortemente utilizados para fins comerciais, através
da exploracdo de seus recursos, abastecimento publico, area de lazer,
local de despejo de efluentes, entre outros. 1sso os torna vulneraveis aos
processos antropicos, dentre eles a eutrofizagdo, que altera a dindmica
dos lagos costeiros e seu valor ecoldgico.

Um estudo sobre a antecipacdo das mudancas climaticas e seus
efeitos (IPCC, 2007) mostra que as alteracbes ambientais podem afetar
0s ambientes aquaticos, elevando a temperatura, a emissdo de CO»,
alterando a salinidade, turbidez, hidrodindmica e morfologia, e assim
afetando as comunidades bioldgicas (Lloret et al., 2008; Tadonléké,
2010). Como ja considerado por Goldman (1988), a producédo primaria é
uma das melhores variaveis para elucidar como os sistemas aquaticos
respondem as mudangas ambientais.

Lagos tropicais e subtropicais, costeiros ou ndo, exibem
diferencas dos lagos temperados pela menor variagdo intra e
intersazonal devido a menor variagdo da incidéncia luminosa e
temperatura, em funcdo de sua posicdo geografica (Melack, 1979;
Esteves et al., 1984), propiciando maiores taxas de producdo nestes
ambientes (Lewis, 1996; Esteves, 2011). Assim, se ha grande
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disponibilidade de nutrientes, em fungdo do aporte vindo dos ambientes
terrestres € marinhos e da penetracdo de radiacdo na coluna d’agua,
ocorre rapida sintese de matéria organica (Lewis, 1996; Kjerfve, 1994).
Caso contrario, em condicdes de oligotrofia e turbidez, os lagos podem
apresentar baixos valores de producdo primaria e maiores taxas de
respiracdo (Wondie et al., 2007).

De acordo com Esteves (2011), muitas abordagens se
desenvolveram no estudo dos lagos, desde os trabalhos pioneiros de
Forbes (1887), sobre o lago como um microcosmo e de Forel (1892),
sobre como as comunidades aquaticas se integram, passando por estudo
de transferéncia de calor por Birge (1897) e de conceitos de estados
tréficos, propostos por Naumann (1919; 1930) e Thienemann (1926).
Atualmente o foco dos estudos volta-se para sua importancia no ciclo do
carbono. Apesar de esses ecossistemas ocuparem apenas cerca de 3% da
area continental mundial (Downing et al., 2006), seu metabolismo é
relevante por participar intensamente dos processos de transporte,
transformacéo, estocagem e exportacdo de CO, para a atmosfera (Cole
et al., 2000; Cole et al., 2007).

Toda producdo primaria dentro de um ecossistema aquatico
provém da energia de substancias orgénicas que 0S o0rganismos
autotroficos fixam a partir da matéria inorganica, por meio da
fotossintese e que é incorporada em biomassa (Cole, 1994; Howarth et
al., 1996; Caraco e Cole, 2002), ficando disponivel para os niveis
superiores da cadeia tréfica. J& a respiragdo é o processo de
oxidacdo/mineralizagdo dessa matéria orgénica, efetuada por
organismos heterotréficos, principalmente bactérias e zooplancton, e
também realizada pelos autotroficos, em determinados periodos.

Neste ciclo, os processos de fotossintese e mineralizacéo,
juntamente com a quimiossintese, sdo as principais vias pelas quais a
matéria organica pode ser produzida ou consumida (Cole et al., 2000),
sendo a soma desses processos correspondente a produgdo total ou bruta
do ecossistema aquatico (Falkowski et al., 2008).

A producdo priméria é controlada por fatores como luz,
temperatura, nutrientes e interagdo dos organismos presentes na
comunidade planctonica (Lewis, 2011). J& a respiragdo é regulada
principalmente pela disponibilidade de matéria organica dissolvida (Del
Giorgio e Peters, 1994; Hanson et al., 2003). Essa dependéncia de tantos
fatores é responsavel pela variagdo interanual da producdo primaria e
pela ampla escala de variacdo entre os ambientes (Coloso et al., 2011).
Além disso, em sistemas rasos, a producdo primaria pode ser maior,
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devido ao acoplamento entre os processos que ocorrem na coluna d’agua
e no sedimento (Cole e Cloern, 1987; Jassby et al., 1990).

A disponibilidade de nutrientes e as interagdes na cadeia tréfica
determinam se um ambiente serd uma fonte ou sumidouro de carbono
(Arst et al., 2008). Nitrogénio e fosforo estdo relacionados com a
autotrofia — taxa de producdo priméaria maior que respiracdo, enquanto o
carbono orgénico dissolvido controla a heterotrofia dos lagos — taxa de
respiracdo maior que produgdo primaria (Odum, 1956; Cole et al., 2000;
Del Giorgio e Duarte, 2002; Hanson et al., 2003; Duarte e Prairie, 2005;
Dodds e Cole, 2007; Staehr e Sand-Jensen, 2007). Lagos oligotroficos
tendem a ser heterotréficos e as taxas de respiracdo sdo subsidiadas por
matéria organica aldctone (Falkowski, 1994; Lennon, 2004; Marotta et
al., 2009).

Em ambientes brasileiros, Roland et al. (2010), apresentaram
cinco reservatorios supersaturados de CO, e Marotta et al. (2010)
evidenciaram que a entrada de matéria aléctone, carregada pelo aporte
de &gua continental, promove a supersaturagdo de CO, em lagos
costeiros. Para lagos rasos da América do Sul, a saturacdo de CO,
apresentou correlagdo positiva com a temperatura, sugerindo que o
aquecimento das aguas permite maior exportacdo desse gas para a
atmosfera (Kosten et al., 2010).

O metabolismo de um ambiente aquético é regulado pela
atividade de todos os organismos que o compde, especialmente por
organismos fitoplanctonicos, perifiton, bactérias autotréficas e
heterotrdficas, zooplancton, macrofitas, entre outros, que sdo 0s
responsaveis pelos processos de producdo primaria, ciclagem de
nutrientes e decomposicdo da matéria organica (Ducklow, 2008).

A comunidade fitoplanctdnica representa um grupo polifilético de
organismos procariontes e eucariontes, fotossintetizantes, que varia em
tamanho, forma e demanda de nutrientes. Sdo organismos que flutuam
livremente em &guas peldgicas, estando susceptiveis a agdo dos ventos e
correntes aquaticas ou apresentando movimentos limitados, tendo papel
determinante na producdo de matéria organica e oxigénio dos ambientes
aquaticos (Reynolds, 2006).

Muitos aspectos do fitoplancton relacionados a sua ecologia,
fisiologia, morfologia e estruturacdo das comunidades vem sendo
estudados, notando-se uma permanente variabilidade em escalas
temporais e espaciais (Teubner, 2003; O’Sullivan e Reynolds, 2004).

As taxas de crescimento das populagdes fitoplanctonicas sdo
reguladas pelos controles ascendente (recursos) e descendente
(predacdo) (Reynolds, 2006; Huszar et al., 1990; Krebs, 1994). Além
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disso, temperatura, clima, salinidade, dentre outros, que ndo sdo
constantes no tempo e no espacgo (Hillmer et al., 2008; Liu et al., 2010)
modulam aqueles controles (Reynolds, 1980; Alvarez-Géngora e
Herrera-Silveira, 2006; Becker et al., 2010).

Em ambientes tropicais e subtropicais a dindmica da comunidade
fitoplanctbnica e das taxas de produgdo primaria, apesar de
apresentarem baixo coeficiente de variacdo temporal, séo direcionadas
principalmente pelas condi¢des ambientais de chuva e luz, além da
disponibilidade de nutrientes (Melack, 1979; Cardoso e Motta Marques,
2003). Compreender os fatores que regulam a dindmica da comunidade
fitoplancténica e as taxas de produgdo primaria em uma lagoa costeira
subtropical permite fazer previsbes sobre seu comportamento e a
resposta desses ambientes as mudangas ambientais.

No Brasil, estudos da comunidade fitoplanctdnica abrangem
todos os tipos de ecossistemas aquéticos lénticos, desde reservatorios,
estudrios, lagos, lagos de inundagdo e costeiros (Huszar e Esteves, 1988;
Laudares-Silva, 1999; Melo e Huszar, 2000; Cardoso e Motta Marques,
2004; Crosseti et al., 2007; Dantas et al., 2008; Fonseca e Bicudo, 2008;
Moura et al., 2011).

Apesar dos estudos sobre metabolismo aquatico terem seu inicio
com o trabalho de Odum (1956), s6 recentemente esse assunto vém
recebendo mais atengdo, sendo ainda poucos os estudos em sistemas
aquaticos tropicais e subtropicais. No Brasil, os trabalhos vém sendo
desenvolvidos recentemente por Marotta (2009; 2010) e Roland (2010).

Em uma sintese sobre producdo fitoplanctonica realizada por
Bassoli (2006) a maioria dos dados encontrados esteve relacionada a
lagos, lagos de inundacdo e reservatorios, onde a produtividade foi
inferior a 300 mg C m™ dia™. A autora demonstrou ainda que o auge de
publicacbes ocorreu na década de 1990, que poucos dados de
produtividade em lagos costeiros foram publicados em anos recentes e
que os ambientes analisados eram em sua maioria pouco produtivos.

A lagoa do Peri é um lago costeiro subtropical, de agua doce, que
apresenta homogeneidade espacial para clorofila a e nutrientes. Vem
apresentando elevadas densidades de cianobactérias, principalmente
Cylindrospermopsis raciborskii (Woloszinska) Seenayya et Subba-Raju,
e caracteristica oligotrofica para a concentracdo de nutrientes
(Komarkova et al., 1999; Laudares-Silva, 1999; Greellmann, 2006;
Hennemann e Petrucio, 2011). Com base na literatura e nesses
conhecimentos prévios, sobre a lagoa do Peri, elaboramos as seguintes
hipdteses para este estudo:



19

1. As taxas de producdo primaria e respiracdo pelagica
ndo variam temporalmente em um ambiente subtropical (capitulo 1),

2. A lagoa do Peri é um ambiente predominantemente
heterotrofico (capitulo 1),

3. As taxas de producdo primdria peldgica e respiragdo
apresentam variacdo vertical, relacionando-se diretamente com a
comunidade fitoplanctonica (capitulo 2),

4, As taxas de respiracdo pelagica sdo maiores que as
taxas de producdo priméaria em um ambiente com baixa concentragdo de
nutrientes e dominado por cianobactérias (capitulo 2).

1.1 OBJETIVOS
1.1.1 Objetivo Geral

Estimar as taxas de producdo primaria e respiracdo pelagica da
lagoa do Peri, verificando sua relagdo com a comunidade fitoplancténica
e as variaveis abioticas.
1.1.2 Objetivos Especificos

1. Estimar as taxas de producdo priméaria e respiracdo

pelagica da lagoa do Peri, em quatro periodos, sob diferentes condigdes
ambientais (capitulo 1),

2. Verificar se ha predominancia de heterotrofia neste
ambiente (capitulo 1),
3. Verificar a existéncia de variacdo vertical nas taxas de

producdo primaria, respiracdo e comunidade fitoplanct6nica (capitulo
2),

4, Relacionar as taxas de producdo primaria e respiragao
com a comunidade fitoplanctnica e com as variaveis abidticas (capitulo
2).
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2 AREA DE ESTUDO

O Parque Municipal da Lagoa do Peri (PMLP) é uma das oito
areas de protecdo ambiental da ilha de Santa Catarina e compreende um
dos ultimos remanescentes de mata Atlantica deste local. Foi criado para
preservar o maior manancial de agua doce da ilha — a Lagoa do Peri, que
vem sendo utilizada pela Companhia Catarinense de Aguas e
Saneamento (CASAN), desde o ano 2000, para abastecimento da
populacdo local. O PMLP foi regulamentado pela Lei Municipal
1.828/81, decretado pela Lei n°® 091/82 e esta localizado no sudeste da
ilha de Santa Catarina com aproximadamente 1.500 hectares de &rea
florestal (CECCA, 1997).

A lagoa do Peri (Figura 1), localizada entre as latitudes sul
27°42°59” e 27°46°45” ¢ as longitudes oeste 48°30°33” e 48°31°59”,
esta situada a 3 m acima do nivel do mar, com o qual se conecta através
de um canal de sentido tnico lagoa—mar (Canal Sangradouro). A lagoa
apresenta area superficial de 5,7 km?, comprimento maximo de 4 km,
largura média de 1,7 km, profundidade média de 4,2 m e profundidade
méaxima de 11 m. Os rios Cachoeira Grande e Ribeirdo Grande sdo 0s
principais tributarios da lagoa, a qual tem seu volume calculado em 21,2
milhGes de metros clbicos de agua (Laudares-Silva, 1999; Oliveira,
2002).

Desde meados de 1990, vem sendo registrada a presenca da
cianobactéria potencialmente tdxica Cylindrospermopsis raciborskii na
lagoa do Peri, e vem se evidenciado o aumento na sua densidade e
periodos de dominancia (Komarkova et al., 1999; Laudares-Silva, 1999;
Greellmann, 2006). Este lago apresenta natureza turbulenta, tipica de
ambientes polimiticos e a zona eufética geralmente é menor que a zona
de mistura, sendo, portanto limitado por luz (Laudares-Silva, 1999). Um
estudo sobre o estado trofico classificou a lagoa do Peri como
oligotrofica para a concentracdo de nutrientes e meso-eutrofica para a
transparéncia e concentracdo de clorofila a (Hennemann e Petrucio,
2011).

A lagoa do Peri é rodeada por uma cadeia montanhosa de mata
Atlantica, nas porcBes norte, oeste e sul, e separada do mar por uma
regido de restinga na porcdo leste. Este ambiente vem sendo local de
diversos estudos sobre a qualidade da &gua, as comunidades
fitoplanctbnica, zooplantdnica, ictiologica e de insetos aquaticos, além
de estudos sobre decomposicdo de matéria organica nos rios tributarios
da lagoa.
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Figura 1 — Mapa e localizagdo geogréfica da lagoa do Peri, ilha de Santa
Catarina, Brasil, modificado de Hennemann e Petrucio (2011), evidenciando os
pontos amostrados durante o periodo de estudo. Circulo representa o local
amostrado para o estudo desenvolvido no capitulo 1 e estrela o local das
amostragens em perfil vertical no estudo desenvolvido no capitulo 2.
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3 MATERIAL E METODOS
3.1 PRODUCAO PRIMARIA E RESPIRACAO PELAGICA

As taxas de produgdo primaria e respiracao na regido peldgica da
lagoa do Peri foram determinadas utilizando o método de incubagdo in
situ em garrafas claras e escuras, com determinacdo do oxigénio
dissolvido, seguindo 0 método de Winkler (Wetzel e Likens, 2000).

No capitulo 1, foram amostrados dias representativos de cada
estacdo do ano: outono (23 de maio de 2010), inverno (1 de agosto de
2010), primavera (30 de setembro de 2010) e verdo (13 de janeiro de
2011). As incubagtes foram conduzidas na margem nordeste da lagoa,
durante 24 horas. Todas as garrafas foram inicialmente incubadas a uma
profundidade de aproximadamente 20 cm na coluna d’4gua, no inicio da
manhd (9:00 horas). A cada intervalo de tempo (3, 6, 9, 15, 21 e 24
horas de incubacdo), um conjunto de duas garrafas claras e duas escuras
foi retirado da lagoa e o oxigénio dissolvido determinado por titulacéo.
Adicionalmente, duas garrafas foram preenchidas e fixadas no inicio dos
experimentos para determinar a concentracdo inicial do oxigénio
dissolvido.

Para determinar a taxa de produgdo priméria liquida (NPP)
utilizou-se a concentracdo do oxigénio dissolvido da garrafa clara ap6s a
incubacdo e subtraiu-se da concentracdo do oxigénio dissolvido
determinada inicialmente.

Para determinar a taxa de respiragdo (R) utilizou-se a
concentracdo do oxigénio dissolvido determinada inicialmente,
subtraindo-se da concentracdo do oxigénio dissolvido da garrafa escura,
apos o tempo de incubagdo.

A taxa de producdo primaria bruta (GPP) foi determinada como a
soma da variacdo do oxigénio dissolvido na garrafa clara e a varia¢do do
oxigénio dissolvido na garrafa escura.

Os valores de producdo primaria e respiracdo obtidos em mg O,
L? h? foram convertidos em mg C m? h™ usando o coeficiente
fotossintético (PQ=1,2) para encontrar o valor de carbono fixado e o
coeficiente respiratorio (RQ=1,0) para encontrar o valor de carbono
oxidado, ambos propostos por Wetzel e Likens (2000), de acordo com
as férmulas abaixo:

GPP (mg C m™*h™) = [(O, LB)+( O, DB](1000)(0.375)/(PQ)(t)

NPP (mg C m™ h™) = [(O, LB)-( O, 1B](1000)(0.375)/(PQ)(t)

R (mg C m®h) = [(O, IB)-( O, DB](1000)(0.375) (RQ)/(t)
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Onde: LB= garrafa clara, DB= garrafa escura, IB= garrafa inicial,
t= tempo de incubacéo.

No capitulo 2, as estimativas de produgdo priméria e respiracdo
foram efetuadas bimensalmente, de junho/09 a dezembro/10, em quatro
profundidades de uma estacdo central da lagoa do Peri, com
profundidade maxima em média de 8,4 m, determinadas de acordo com
a incidéncia de radiagdo, a partir da leitura visual do disco de Secchi
(Figura 2).

A incubagio para profundidade 1 foi realizada na superficie, que
correspondeu a 100% da radiacdo fotossinteticamente ativa (PAR)
incidente. A incubacdo para a profundidade 2 foi realizada na
profundidade do desaparecimento visual do disco de Secchi, que
correspondeu a 10% da PAR (aproximadamente 1,0 m). Para a
profundidade 3 foi calculada trés vezes a profundidade 2, que
correspondeu a aproximadamente 1% da PAR incidente
(aproximadamente 3,0 m). E a profundidade 4 foi determinada pela
distancia intermediaria entre o fundo e a profundidade 3, considerada
como zona afética (aproximadamente 6,0 m).

Amostras de agua em cada profundidade foram coletas com
garrafa de Van Dorn, sendo preenchidas duas garrafas claras e duas
escuras, além de duas garrafas adicionais, para determinar a
concentracdo inicial do oxigénio dissolvido em cada profundidade. As
garrafas foram incubadas nas profundidades correspondentes, por um
periodo de 3 a 5 horas, determinando-se a concentracdo do oxigénio
dissolvido ap6s esse periodo. As incubacdes sempre ocorreram no
periodo da manhd, com inicio em torno das 10:00 horas.

3.2 METABOLISMO PELAGICO

Autotrofia e heterotrofia da lagoa do Peri foram estimadas em
quatro periodos: outono (23 de maio de 2010), inverno (1 de agosto de
2010), primavera (30 de setembro de 2010) e verdo (13 de janeiro de
2011), através da concentracdo de oxigénio dissolvido em uma garrafa
clara incubada in situ por 24 horas, na subsuperficie da parte nordeste da
lagoa do Peri. O valor obtido foi expresso em mmol O, m? dia™.
Quando o valor foi negativo o sistema foi considerado heterotréfico
(taxa de respiragdo maior que a producdo priméaria) e quando positivo
(taxa de respiragdo menor que a producdo primaria) o sistema foi
considerado autotréfico (Staehr et al., 2010).
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A autotrofia e a heterotrofia também foram estimadas através da
concentracdo de CO, em agua livre, pelo método pH-alcalinidade
(Stumm e Morgan, 1996). Para isto, foram medidos alcalinidade, pH,
salinidade, ventos e temperatura da agua as 9:00, 12:00, 15:00, 18:00,
24:00, 6:00 e 9:00 horas em cada periodo amostrado. As concentracdes
de CO, foram calculadas apds correcdo para altitude, temperatura e
forca ibnica (Cole et al., 1994). Fluxos de carbono entre ar e agua foram
estimados considerando a velocidade pistdo (Cole e Caraco, 1998) e o
fator de enriquecimento quimico (Wanninkhof e Knox, 1996). Esses
resultados foram expressos em mmol C m™ dia™. Quando o valor foi
negativo o sistema foi considerado autotro6fico e quando positivo o
sistema foi considerado heterotréfico.

3.3 COMUNIDADE FITOPLANCTONICA

Juntamente com as estimativas de produgdo primaria bimensal
(capitulo 2), foram coletadas amostras de fitoplancton total. Essas
amostras foram coletadas com auxilio da garrafa de Van Dorn, em
quatro profundidades sob diferentes incidéncias luminosas, fixadas com
formalina, em concentracdo final de 1,6% e mantidas sob refrigeracéo.
A identificacdo dos individuos foi feita em microscopio 6ptico com
auxilio de literatura especifica.

Para as estimativas de densidade (individuos mL™), subamostras
de 5 mL foram sedimentadas durante 24 horas, em camaras Utermohl
com solucdo de Lugol. Em microscopio invertido, toda a comunidade
fitoplanctbnica foi contada até atingir 400 individuos da espécie
dominante (Hasle, 1978), obtendo-se precisdo de 10% para um intervalo
de confianca de 95%. Cada célula, filamento ou colénia foi considerado
um individuo.

As espécies abundantes e dominantes foram estimadas de acordo
com Lobo e Leighton (1986). Foi considerada abundante quando a
densidade da espécie foi maior que a densidade média da amostra e foi
considerada dominante quando a espécie apresentou densidade maior
que 50% da densidade total da amostra.

3.4 VARIAVEIS ABIOTICAS

Paralelamente as estimativas de producdo primaria, algumas
variaveis foram amostradas in situ: radiacdo fotossinteticamente ativa
(PAR) com auxilio de radiémetro (Li-cor 250A) com sensor esférico,
intensidade de ventos com anemdmetro (Instrutherm TAD 500) e
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temperatura do ar, com termdmetro de mercirio. Os valores de
precipitacdo foram obtidos junto a EPAGRI/CIRAM (Centro de
Informacdes de Recursos Ambientais e de Hidrometeorologia de Santa
Catarina).

As varidveis limnoldgicas medidas in situ foram a temperatura da
agua, pH, condutividade e oxigénio dissolvido, com auxilio de sonda
('YSI-85), nos periodos/meses e profundidades amostradas.

Em laboratério foram determinadas a alcalinidade total por
titulacdo (Mackereth et al., 1978) e as concentragdes de nitrogénio e
fosforo totais (Valderrama, 1981) em amostradas de agua ndo filtradas.
Nitrito (Golterman et al., 1978); fosforo sollvel reativo (Strickland e
Parsons, 1960) e nitrogénio ammoniacal (Koroleff, 1976) foram
determinados em amostras de agua filtradas em filtros de 0,7 um de
porosidade.

Para estimar as concentracdes de clorofila a, 500 mL de agua
foram filtrados em filtros de fibra de vidro AP40 Millipore de 47 mm de
didmetro e 0,7 um de abertura do poro. A extragdo foi feita com acetona
90%, com corregdo para feopigmentos (Lorenzen, 1967). As amostras
de 4gua filtradas e ndo filtradas, para andlise de nutrientes e os filtros
utilizados para extracao de clorofila foram mantidos sob congelamento a
-20°C até a realizacdo das analises.

3.5 ANALISES ESTATISTICAS

A estatistica descritiva foi usada para avaliar o conjunto de dados,
obtido durante o periodo de amostragem, através da determinacdo dos
valores minimo, méaximo, média e desvio padrdo. Analises de variancia
para os efeitos tempo de incubacdo, periodo, profundidade e meses
amostrados, foram utilizadas para verificar diferenca significativa entre
os dados. Correlacdo de Spearman foi utilizada para relacionar as
variaveis bidticas e abidticas com as taxas de producdo priméria bruta e
liguida e respiracdo, sendo as Ultimas consideradas variaveis
dependentes.

Analise de regressdo multipla (stepwise) foi aplicada para taxas
de produgdo primaria e respiracdo, a fim de verificar as variaveis
independentes mais importantes. Para estimar a relacdo entre
determinadas variaveis foi utilizada a analise de regressdo linear, com as
taxas de producgdo primaria e respiragdo como variaveis dependentes.

Os dados foram transformados quando necessario e as variaveis
redundantes foram excluidas quando apropriado. Todas as analises
foram feitas através software Statistica 7 (StatSoft®).
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HETEROTROFIA E AUTOTROFIA EM UMA LAGOA
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Abstract

In order to assess the importance of the environmental drivers on
metabolic processes in a subtropical lagoon, pelagic primary production
and respiration were investigated in an subtropical coastal lagoon by
incubating light and dark bottles for up to 24 hours in autumn, winter,
spring and summer. In parallel, ecosystem metabolism was estimated
from free-water CO, and O, in bottles. We hypothesized that i)
production and respiration rates would not vary between seasons in a
subtropical environment and ii) such an environment would not undergo
changes between autotrophic and heterotrophic metabolism, remaining
constantly heterotrophic. Our findings were not consistent with these
hypotheses, because primary production and respiration varied
significantly between seasons, demonstrating the existence of
environmental variability in the subtropical system, and showing an
alternative pattern from heterotrophy during autumn and winter to
autotrophy during spring and summer, by variations in CO, and O,
concentrations. The greatest biological activity was observed between
three and six hours of incubation, with the highest gross primary
production and respiration rates in the autumn (69.8 and 63.4 mg C m™
h*, respectively). The highest net primary production rate (31.6 mg C m’
% h'y was detected in the summer. Nutrient concentrations, precipitation
and photosynthetic active radiation were the main driving forces of the
temporal variation in the subtropical lagoon, determining whether its
metabolism was heterotrophic or autotrophic.

Keywords: Subtropical coastal lagoon. Primary production. Respiration.
Aquatic metabolism.
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Introduction

Coastal lakes have high physical, chemical and biological
variability over both the spatial and temporal scales. Gross primary
production (GPP), respiration (R) and net primary production (NPP) are
also known to vary widely across aquatic ecosystems and to display
large temporal variations within ecosystems. Nutrients and
photosynthetic active radiation are the major regulators of primary
production rates, affecting planktonics organisms (Arst and others 2008;
Wondie and others 2007; Tilahun and Ahlgren 2010), while R is
regulated by dissolved organic matter (Del Giorgio and Peters 1994;
Hanson and others 2003).

The pelagic metabolism of an ecosystem is equal to the difference
between how much is produced and consumed [NEP=GPP-R] (Odum
1956). The majority of aquatic environments are typically heterotrophic
(NEP<0), supersaturated in carbon dioxide (CO,), rendering lakes as an
important conduit of this gas to the atmosphere. Autotrophic
environments (NEP>0) can support an export or accumulation of
organic material within the ecosystem (Del Giorgio and others 1997;
Duarte and Agusti 1998; Cole and others 2002; Cole and others 2007;
Kosten and others 2010). Heterotrophic and autotrophic activities play
important role in dynamics of aquatic environments and CO, emissions
(Roland and others 2010).

Terrestrial organic carbon can play an important role in lakes,
where it partially supports aquatic food webs, metabolism and
contributes to the prevalent CO, saturation of lake waters at both daily
and annual time scales (Sobek and others 2005; Marotta and others
2009).

On a global scale aquatic metabolism is useful for understanding
carbon cycling and explicitly defining the role of ecosystems as sources
or sinks of atmospheric CO, (Del Giorgio and Duarte 2002; Staehr and
Sand-Jensen 2007). Since, some ecosystems alternate between
autotrophic and heterotrophic phases during the course of a year (Staehr
and others 2010).

Around 75 % of the lakes in the world are lower than 1 km?
(Downing and others 2006). The Peri lagoon, with 5.7 km? is
representative of lakes of large extension, spatially homogeneous for
chlorophyll a and nutrients, dominated by filamentous Cyanobacteria
and located in the subtropics (Laudares-Silva, 1999; Greellmann, 2006;
Hennemann and Petrucio 2011), where the studies of metabolism are
scarce and restricted to some ecosystems (Carmouze and others 1991;
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Thomaz and others 2001; Marotta and others 2009; Marotta and others
2010a; Roland and others 2010).

Aiming to improve the understanding of the plankton metabolism
from subtropical environments and the relevance in the carbon cycle, we
hypothesized that: i) primary production and respiration rates would not
undergo temporal variation in a subtropical environment, due to the
relatively minor climatic variations observed among seasons; and ii) the
studied coastal lagoon would be permanently net heterotrophic, since is
dominated for Cyanobacteria with lowest photosynthetic capacity and
the lagoon is oligotrophic for nutrients concentrations.

Materials and methods
Study site

The Peri lagoon (Figure 1) is located at the southeast of Santa
Catarina Island (27°44°S and 48°31’W), Brazil, into a protect area (Peri
Lagoon Municipal Park). The lagoon has a surface area of 5.7 km? and
average and maximum depths of 4.2 m and 11.0 m, respectively. Spatial
homogeneity of nutrients and chlorophyll a and elevated densities of the
Cyanobacteria Cylindrospermopsis raciborskii (Woloszynska) Seenayya
et Subba-Raju have been observed in the lagoon (Komarkova and others
1999; Laudares-Silva, 1999; Greellmann, 2006). The lagoon was
classified as oligotrophic for nutrients concentrations and meso-
eutrophic for transparency and chlorophyll a (Hennemann and Petrucio
2011). The system has two main tributaries (Cachoeira Grande and
Ribeirdo Grande streams) and it does not exchange water with the ocean
since it is at 3 m above sea level, which means it is a freshwater lagoon.
Its water is used to human supply and the only anthropic activity
allowed in the lagoon is recreational.
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Figure 1: Map and location of the Peri lagoon, Santa Catarina Island, Brazil,
showing the incubation station. Adapted from Hennemann and Petrucio (2011).

Bottle incubation and data collection

Pelagic metabolic rates were measured by incubation in situ of
dark and light bottles (duplicate), with initial and final determination of
dissolved oxygen by the Winkler method (Wetzel and Likens 2000). In
each incubation time, a set of two dark and two light bottles were
titrated to quantify dissolved oxygen.

All bottles were incubated at a shallow site, in the northeast of
Peri lagoon on four different periods of the year: autumn (May 23,
2010), winter (August 1, 2010), spring (September 30, 2010) and
summer (January 13, 2011). Net primary production (NPP, final
concentration in light bottles minus initial concentration), respiration (R,
initial concentration minus final concentration in dark bottles) and gross
primary production (GPP, sum of dissolved oxygen variation in dark
and light bottles) rates were determined after 3, 6, 9, 15, 21 and 24 hours
of incubation. These incubation durations coincided with 12:00, 15:00,
18:00, 24:00, 6:00 and 9:00 h.

The results, in mg O, L™ h™, were then converted to carbon
consumption using the respiratory quotient (RQ=1.0) and carbon
productivity using the photosynthetic quotients (PQ=1.2), thereby
obtaining values for R, NPP and GPP in mg C m® h™* (Wetzel and
Likens 2000).

The estimated NPP rates for each incubation interval were
normalized for chlorophyll a concentration, thereby obtaining the
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assimilation number — mg C (mg Chla h)™ — as described by Ryther and
Yentsch (1957).

Pelagic metabolism were calculated from changes in dissolved
oxygen in light bottles, after 24 hours of incubation, with negative
results expression net heterotrophic conditions. The heterotrophic or
autotrophic status of the Peri lagoon itself was also determined by
measuring free-water CO,. The data of alkalinity, pH, salinity, wind
velocity and water temperature collected at 9:00, 12:00, 15:00, 18:00,
24:00, 6:00 and 9:00 h were used to perform this calculation for all four
collection dates. The pH-alkalinity method (Stumm and Morgan 1996)
was used to calculate CO, concentrations after correction for
temperature, altitude and ionic strength (Cole and others 1994), while
CO, saturation was calculated on the basis of equilibrium with the
atmosphere. Air-water carbon fluxes were estimated on the basis of
piston velocity (Cole and Caraco 1998) and the chemical enhancement
factor (Wanninkhof and Knox 1996). When these results were negative
the system was defined as autotrophic and when positive, as
heterotrophic.

Abiotic variables

The climatological variables were measured in situ at the
following times of day: 9:00, 12:00, 15:00, 18:00, 24:00, 6:00 and 9:00
h. The variables were: photosynthetic active radiation (PAR), measured
at the subsurface and at 50 cm in the water column using a radiometer
(Li-cor 250A) with a spherical sensor. Wind velocity was estimated
using an anemometer (Instrutherm TAD 500) and air temperature
measured using a mercury thermometer. The light attenuation (k) was
calculated as described by Wetzel and Likens (2000). Precipitation
records were obtained from the Santa Catarina Environmental Resources
and Hydrometeorology Information Centre (EPAGRI/CIRAM) and
average precipitation for seven days prior to the start of each 24-hour
sampling period was estimated.

Water samples were taken at subsurface in the northeast of Peri
lagoon for determination of the limnological variables at the same time
of climatological variables sampling. The variables water temperature,
conductivity and dissolved oxygen were measured with a
multiparameter probe (YSI-85), total alkalinity using Gran's titration
method (Mackereth and others 1978) and pH with a Digimed pH meter
(DM-22) with a precision of 0.01, immediately after collection. For
chlorophyll a analysis (Chla), 500 mL of water was filtered using
Millipore AP40 glass fibre (0.7 um pore size and 47 mm diameter) and
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kept frozen at -20°C, followed by extraction using 90% acetone
(Lorenzen 1967).

Water samples collected at the beginning of each period were
frozen at -20°C for determination of total nitrogen (TN) and total
phosphorus (TP) as described by Valderrama (1981). Additionally, the
TN:TP ratio was used to indicate which nutrient would potentially limit
primary production in Peri lagoon. When TN:TP was less than 20,
production was defined as N-limited, and when greater than 38 was
defined as P-limited (Sakamoto 1966).

Statistical analyses

Analysis of variance (Kruskal-Wallis) was conducted for the
abiotic variables, GPP, NPP and R in order to evaluate differences
between the four periods and incubation times. Spearman correlation
coefficients were used to test for possible relationships between abiotic
variables and primary production (gross and net) and respiration rates.
Forward stepwise multiple linear regressions was used to identify the
most influential abiotic variables, weighting each variable and its
importance for GPP, NPP and R. Software Statistica 7 (StatSoft®) was
used to conduct all analyses, redundant variables were excluded where
appropriate and log transformed when necessary.

Results
Abiotic variables

All abiotic variables measured in Peri lagoon (Table 1) differed
between the four periods (p<0.05). Mean water temperature and
conductivity results were highest in the summer and lowest in the
winter, whereas wind velocity was the opposite. Dissolved oxygen
concentration was lower in the summer and higher in winter. The
highest nitrogen results were observed in the summer and the lowest in
the autumn, while phosphorus concentrations were lowest in winter and
highest in the autumn. In the winter, spring and summer the TN:TP ratio
classified the Peri lagoon as P-limited and the system was N-limited in
the autumn.
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Table 1: Mean, standard deviation (SD), minimum (min) and maximum (max)
values for abiotic variables sampled in autumn (May/2010), winter
(August/2010), spring (September/2010) and summer (January/2011) in Peri
lagoon. Letters indicate statistic difference.

- Autumn Winter Spring Summer
Variables Mean — SD Mean — SD Mean — SD Mean — SD
(min-max) (min-max) (min-max) (min-max)
Water temperature 20.7+0.44* 16.5+0.94° 21.1+1.04 27.5+1.27°
(°ccy* (20.2-21.4) (15.3-17.6) (20.2-22.9) (26.0-29.0)
Conductivity (us 68.3+0.72° 57.2+0.94° 65.0+1.50° 74.542.75¢
cmt)* (67.7-69.8) (55.9-58.3) (63.5-68.0) (70.8-77.5)
Dissolved oxygen 8.5+0.36° 9.4+0.13° 9.0 £0.29° 7.440.21°
(mg LY)* (8.0-9.0) (9.2-9.6) (8.6-9.4) (7.2-7.7)
pH* 7.1+0.13° 7.2+0.05° 7.5+0.10° 7.540.33"
(6.96-7.28) (7.18-7.34) (7.32-7.64) (6.87-7.8)
Alkalinity (mEq L 0.111:0.00% 0.123+0.01° 0.124+0.01° 0.123+0.01°
byx (0.105-0.115) (0.108-0.133) (0.115-0.132)  (0.115-0.129)
Wind (m s™)* 0.3+0.50° 7.1%2.21° 2.4+1.80° 1.4+1.00°
(0-1.3) (5.1-11.0) (0.5-5.8) (0-2.5)
TN (ug LY)** 115.2+13.34° 538.8+4.55" 477.8+9.03° 673.4+15.17°
(99.4-130.6) (534.9-544.9) (464.8-485.6)  (654.2-691.3)
TP (ug LY)** 18.2+1.05° 8.9+0.29" 15.8+1.42° 14.2+1.49°
(17.3-19.5) (8.6-9.3) (13.9-17.3) (12.6-16.2)
Chlorophyll a (ug 16.0+0.96° 15.6+2.64° 18.9+2.46° 18.2+2.88°
Lhy* (14.9-17.1) (10.7-18.7) (16.0-23.5) (12.8-21.9)

*n=7 **n= 4 in each period.

Mean precipitation, for seven days previously each period, ranged
from 16.8 mm day™ in the autumn to 0.1 mm day™ in the winter, with
9.5 mm day’ in the spring and 3.0 mm day™ in the summer. Air
temperature varied from 13°C in the winter to 26°C in the summer
(Figure 2).

The results for PAR measured at the subsurface were similar for
the autumn and winter, reaching higher values in summer. The highest
light attenuation was observed in the autumn, due high precipitation
(Table 2).

Gross primary production (GPP), net primary production (NPP) and
respiration (R)

The GPP rates calculated over 24 hours (Figure 3, black bars)
varied significantly between periods (p<0.05), where the lowest rates
were observed in winter and spring and the highest rates in autumn and
summer. Metabolic rates were greatest after 3 and 6 hours of incubation,
with a significant difference between these durations and all other
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incubation times (p<0.05). However, neither GPP and NPP nor R
differed between incubations of three, six or nine hours (p>0.05).

2 Precipitation
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Figure 2: Mean precipitation and standard error of the seven days before
sampling and air temperature during sampling period in autumn (May/2010),
winter (August/2010), spring (September /2010) and summer (January/2011) in
Peri lagoon.

Table 2: Photosynthetic active radiation — PAR — (umol m? s™) measured in
subsurface water column and light attenuation (k) calculated in autumn
(May/2010), winter (August/2010), spring (September/2010) and summer
(January/2011) in Peri lagoon.

Autumn Winter Spring Summer
Time PAR k PAR k PAR k PAR k
09:00 1476 1.65 1550 0.53 3699 162 3122 0.47
12:00 1241 121 1305 0.84 3001 032 736.0 0.17
15:00 143.2 164 1531 041 850 0.20 6099 0.38
18:00 - - - - - - 62.3 0.40
24:00 - - - - - -
06:00 - - - - 19.8 0.67 - -
09:00 79.1 116 63.6 050 1448 0.18 1235 0.79
Mean 1235 142 1255 057 1839 0.60 368.8 0.44

- Lacking natural light
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Figure 3: Mean values and standard error of GPP, NPP and R (mg C m™ h™) at
each incubation time in autumn 2010, winter 2010, spring 2010 and summer
2011, in Peri lagoon.

The highest estimated GPP value (69.8 mg C m™ h™) was for a 3-
hour incubation period in the autumn, whereas the highest GPP in winter
(27.7 mg C m™ h™) was detected after 6 hours of incubation. Peak GPP
in spring was 25.6 mg C m™ h™ after 3 hours of incubation and the peak
value for the summer was 35.1 mg C m™ h™ after 6 hours of incubation.

Net primary production (Figure 3, grey bars) and R (Figure 3,
white bars) over 24 hours of incubation varied between periods
(p<0.05), with the greatest NPP result observed in the summer and peak
R observed in the autumn. Analysis of the whole 24 hour-incubation
period revealed that NPP were higher during the initial hours of
incubation and then tended to decrease as the incubation time increased
(p<0.05) while R rates not showed significant difference between
incubation time (p>0.05).

During the initial hours incubation, NPP reached maximum of
315 mg C m™® h? and was observed a non-photosynthetic carbon
fixation, in the absence of light (38.2 mg C m™ h™), in the autumn. In
the winter, NPP reached 21.1 mg C m® h™ and non-photosynthetic
carbon fixation, in the absence of light, was also observed (6.5 mg C m™
h™). In the spring, NPP was 0.3 mg C m> h™ and R was 25.3 mg C m™
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h™. In the summer, NPP reached 15.8 mg C m= h? and R was 19.3 mg
Cm”h™.

The highest assimilation number was after 3 hours of incubation
in autumn and summer (1.9 and 1.6 mg C (mg Chla h)™, respectively)
and after 6 hours of incubation in winter and spring (1.2 and 1.1 mg C
(mg Chla h)™, respectively).

The Spearman correlation coefficients for metabolic rates against
all of the abiotic variables measured, revealed significant positive
correlations of GPP and R with precipitation and total phosphorus.
While there were positive correlations of NPP with water temperature,
PAR and total nitrogen (Table 3).

Table 3: Spearman correlation coefficient for relationships between GPP, NPP,
R and abiotic variables (n=24, *p<0.05). Abbreviations: water temperature
(WT), photosynthetic active radiation (PAR), Precipitation (Prec.), total
nitrogen (TN), total phosphorus (TP), conductivity (Cond.), chlorophyll a

(Chla), alkalinity (AlK.), dissolved oxygen (DO) and light attenuation (k).

GPP  NPP R WT  PAR  Prec. TN TP Cond. pH Chla Alk. Wind DO
GPP 1.0
NPP 0.12 1.0
R 0.45* -0.51* 1.0
WT 0.39 0.45* 0.26 1.0
PAR | 0.18 0.48* -024 042* 10
Prec. | 0.58* -0.25 058 032 -004 1.0
TN -0.42* 0.48* -0.38 027 013 -0.80* 1.0
TP 0.58* -0.25 058* 032 -0.04 1.00* -0.80* 1.0
Cond. | 0.52* 037 034 095* 027 0.38 0.20 0.38 1.0
pH -0.24 0.55* -004 053 016 -015 055* -015 042* 1.0
Chla | -0.33 020 0.05 035 011 -010 0.41* -0.10 030 0.65* 1.0
Alk. |-0.52* 029 -044* -0.09 0.20 -0.47* 0.46* -047* -023 048* 038 1.0
Wind | -0.41* 027 -0.55* -0.39 022 -0.80* 0.47* -0.80* -0.50* 0.06 -0.19 0.44* 10
DO -0.34 -0.14 -0.38* -0.79* -0.01 -031 -025 -0.31 -0.86* -0.33 -0.32 0.17 061* 1.0
Kk 022 033 -0.19 021 0.63* 010 -0.09 0.10 0.15 001 -0.11 -0.11 0.03 -0.01

The stepwise multiple regression models explained 70% of the
variance in GPP, 27% of the variance in respiration and 27% of variance
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in NPP (Table 4). The abiotic variables more important for metabolic
rates were total nitrogen and phosphorus concentration, water
temperature and precipitation, reflecting the environmental variation
observed between sampling periods, in a subtropical lagoon and the
importance these variables for the aquatics organisms.

Table 4: Stepwise multiple regression analysis to GPP, NPP and R in all
incubation time and periods. Partial t-values indicate the size of statistical
effects of the independent variables (n=24, p<0.05). Variables were log
transformed.

Gross Primary Production Fs 18=11.612, p<0.00004. Adjusted R?=0.70

Independent variables Regression coefficient  Partial t p level

Intercept 15.29355 3.43268 0.002969
Total nitrogen 1.04580 -4.29125 0.000440
Water temperature 2.42013 4.26490 0.000466
Total phosphorus 14.38136 -3.39003 0.003263
Precipitation 1.70244 3.29153  0.004056
Respiration F30=3.8993, p<0.02412. Adjusted R?= 0.27
Intercept -1.54021 -1.38212  0.182177
Total phosphorus 2.28969 2.35976  0.028562
Net Primary Production F s 15=2.6806, p<0.05573. Adjusted R?= 0.27
Intercept 0.66766 0.13279  0.895832
Water temperature 6.61008 2.73696  0.013544
Precipitation -1.15192 -2.56711 0.019393

Pelagic metabolism

Pelagic metabolism estimated by net dissolved oxygen variability
after 24 hours incubation period in the light bottles produced a negative
result in the autumn and in the winter, indicating more consume of the
oxygen than production (heterotrophy) and positive in the spring and the
summer (more production than consume, autotrophy).

Over measured the variation in free-water CO,, the metabolism
was predominantly heterotrophic in the autumn and the winter, when
respiration rates were higher than primary production, indicating that
CO, is exported to the atmosphere. In contrast, the aquatic system acted
as a carbon sink during spring and summer, since autotrophy
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predominated, when primary production was higher than respiration
(Table 5).

Table 5: Autotrophy and heterotrophy in the Peri lagoon estimated from O,
concentration, after 24hours incubation, and CO, concentration in free-water in
24 hours.

0, (mmol O, m?  CO, (mmol C m*

Period day™) day™) Status
Autumn -9.53 3.07 Heterotrophic
Winter -0.03 3.10 Heterotrophic
Spring 0.02 -2.05 Autotrophic
Summer 5.30 -12.56 Autotrophic
Discussion

Primary production and respiration rates

Our results showed significant changes in abiotic and metabolic
variables, demonstrating the occurrence of temporal variation in the
subtropics, however differences especially between summer and winter
in our environment was smaller than those reported for temperate
environments (Talling 1986; Lewis 2011).

We observed that GPP and R were positively associated with
precipitation and total phosphorus. Precipitation was highly correlated
with nutrients, negatively with total nitrogen and positively with total
phosphorus, suggesting that this climatological variable drives
production and respiration rates in different ways. This variable was
important in the multiple regression models and determined the
heterotrophy in Peri lagoon, as observed by Marotta and others (2010a)
in other Brazilian ecosystems.

Correlations between GPP and R with phosphorus concentrations
have been shown in other studies (Hanson and others 2003; Hagerthey
and others 2010). However, it is expected that other variables, especially
dissolved organic carbon, will be associated with R rates, since total
phosphorus explained 27% of R in the multiple regression model.

As expected, NPP was the highest in summer under high light
and temperature conditions. Both of these variables are important factors
regulating primary production of the phytoplankton community, along
with nutrient concentrations (Lewis 1974; Erikson and others 1998;
Montero and others 2011). NPP was positively correlated with total
nitrogen boosting primary production and autotrophy (Cole and others
2000; Dodds and Cole 2007).
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High light intensity is not always related to an increase in
phytoplankton productivity because in excess it causes photoinhibition.
This is especially true to phytoplankton species with low light
requirements, such as Cylindrospermopsis raciborskii, which is
dominant in Peri lagoon (Padisak 1997; Komérkova and others 1999;
Laudares-Silva, 1999; Greellmann, 2006). The UV radiation also affects
the photosynthetic efficiency of autotrophs organisms (Sinha and others
1998).

The reduction in NPP rates during some incubation times in
summer, when PAR intensity was greater than other periods, could be
associated with photoinhibition. We also observed low assimilation
number in the summer, providing further evidence of reduced
photosynthetic efficiency, as has been observed by Wondie and others
(2007) for Lake Tana (Ethiopia).

The Peri lagoon was P-limited during most of the sampling
periods and the low assimilation number indicates that nutrient depletion
is occurring (Curl and Small 1965). During autumn, when the Peri
lagoon was N-limited, GPP was at least two times higher than during the
other periods. The major input of allochthonous organic matter and low
intensities of PAR in the water column, due low water transparency,
limited primary production, stimulating R.

The lowest GPP rates in Peri lagoon were in spring, followed by
winter and summer, and the highest rates were in the autumn. The
highest GPP rate (69.7 mg C m™ h™) in Peri lagoon was lower than
reported by Tilahun and Ahlgren (2010) for three lakes in Ethiopia (146,
249 and 303 mg C m™ h™). When compared to other Brazilian
subtropical coastal lakes the figure is more similar. For example, in
Itapeva Lake, GPP varied from 38.8 to 549 mg C m™ h™, with
respiration rates varying from 49.9 mg C m®h™ to 131.1 mg C m® h™
(Cardoso and Motta Marques 2009).

In all study periods, we observed the highest GPP, NPP, R and
assimilation number over three to six hours of incubation, indicating
high phytoplankton photosynthetic efficiency during short incubation
time.

Negative NPP represents a state in which respiration is greater
than photosynthesis, in light bottles, which generally results from
terrestrial input of allochthonous organic matter (Cherbadgy and Propp
2008). Additionally, our observations about oxygen production in the
absence of light can be related with detoxification of reactive oxygen
species (ROS), such as H,0,, produced by microalgae (Pamatmat 1997,
Pospisil and others 2007; Milne and others 2008). This shows us those
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others sources of oxygen may be influencing the metabolism of Peri
lagoon, however is necessary more studies for identification these
process.

Autotrophic and heterotrophic status

The metabolism of the Peri lagoon estimated from free-water and
dissolved oxygen measurements, after incubation in bottles for 24 hours,
indicated net heterotrophy in autumn and winter and net autotrophy in
spring and summer. In two sutropical lagoons Carmouze and others
(1991) found seasonal shift between net autotrophy and heterotrophy.
Heterotrophic and autotrophic subtropical coastal systems were also
found by Thomaz and others (2001). Recently some tropical lakes has
been studied and found acting as consistent CO, sources to the
atmosphere (Marotta and others 2009; Marotta and others 2010b).

Transitions between autotrophic and heterotrophic are mostly
know to be controlled by changes in limnological conditions, especially
phosphorus, dissolved organic carbon, light attenuation and living
organisms inhabiting the system (Carmouze and others 1998; Thomaz
and others 2001; Hanson and others 2003; Dodds and Cole 2007; Loebl
and others 2007; Hagerthey and others 2010; Montero and others 2011).

We found that in Peri lagoon the precipitation influenced
metabolism through its effect on terrestrial inputs of nutrients, especially
phosphorus. It can also influence the organic matter, CO, and hydraulic
residence time, which can reflect in carbon sedimentation and
mineralization (Algesten and others 2003; Lennon 2004; Marotta and
others 2009), favoring the heterotrophic metabolism. The importance of
allochthonous material to the lakes metabolism has been demonstrated
in 12 Brazilian lakes by increases in CO, after the rainy period (Marotta
and others 2010a).

The autotrophic metabolism recorded in spring and summer
was favored by temperature, transparency, light conditions and high
total nitrogen concentration, especially in summer. Moreover, in the
summer Peri lagoon provides enough carbon as organic material to
supply the food chain, while in autumn it requires allochthonous organic
matter sources, exporting inorganic carbon to the atmosphere.

It can be concluded that primary production and respiration
rates varied temporally in a subtropical system, in response to changing
abiotic variables and heterotrophy and autotrophy alternate coupled with
these changes.
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Abstract

In order to assess the vertical structure of phytoplankton
community and pelagic metabolism in a subtropical coastal lagoon, the
pelagic primary production and respiration rates and phytoplankton
community were investigated vertically, by incubating light and dark
bottles, as well as the relationship of these rates with biotic and abiotic
variables. We hypothesized that the pelagic primary production rates
have vertical variation in a subtropical lagoon coupled with
phytoplankton density and that the pelagic respiration will be higher
than primary production rates in an environment with low nutrients
concentration and dominated for Cyanobacteria. The incubation of the
light and dark bottles was placed within four different depths in the
central part of the lagoon, bimonthly from June/2009 to December/2010
and biotic and abiotic variables were collected those four depths. The
water column of the Peri lagoon did not show vertical variation in
relation to biotic, abiotic variables and metabolic rates. The average
gross primary production was 70.9 mg C m™ h™, average net primar}/
production was 38.0 mg C m™ h™ and respiration was 24.0 mg C m®h™,
which resembles other Brazilian aquatic environments, but was lower
than other tropical lakes. We propose that nutrients and light limitation
and dominance by Cyanobacteria restrict the primary production in this
environment and exposure wind promotes the water column
homogeneously. The phytoplankton community was dominated by
filamentous cyanobacteria, especially Cylindrospermopsis raciborskii
during the period of study. However Chlorophyta was more correlated
with production rates than Cyanobacteria.
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Introduction

Lakes are sites of intensive carbon cycling, especially those with
high nutrients concentrations, which demonstrate high productivity.
Despite this, they are often disregarded in models of the global carbon
cycle due to their small percentage on the Earth’s surface area (Downing
et al. 2006; Cole et al. 2007).

In the tropics and subtropics high temperatures and light
availability favor the process of planktonic primary production and
respiration (Berman et al. 1995; Amarasinghe and Vijverberg 2002;
Esteves 2011). Primary production plays an essential role in element
cycling and food production for heterotrophs, forming the basis of the
ecological pyramid. It is an important biological process with an
influence on many chemical reactions throughout a lake and on all
trophic levels. Respiration is regulated by phosphorus and dissolved
organic matter and it is responsible for organic matter oxidation (Del
Giorgio and Peters 1994; Hanson et al. 2003).

Primary producers of aquatic environments, especially
phytoplankton, show vertical and temporal distribution directly
influenced by light and nutrients (Phlips et al. 1995; Diehl et al. 2002;
Arst et al. 2008). These organisms have fundamental importance in the
dynamics of aquatic communities, where its structure and diversity is
responsible for variations in production rates (Jouenne et al. 2007;
Ryabov et al. 2010; Mellard et al. 2011; Gaard et al. 2011; N&ges et al.
2011).

Phytoplankton is directly related with photosynthetic active
radiation, where photoinibition occurs generally in surface, followed by
a depth of maximum density and primary production, decreasing toward
the bottom, where decomposition process are more intense (Erikson et
al. 1998; Wondie et al. 2007; Arst et al. 2008; Tilahun and Ahlgren
2010).

The Peri lagoon is a subtropical coastal lagoon, which has been
observed spatial homogeneity of nutrients and chlorophyll a, low
nutrients concentration and elevated densities of the cyanobacteria
Cylindrospermopsis raciborskii (Woloszinska) Seenayya et Subba-Raju
(Komarkova et al 1999; Laudares-Silva 1999; Hennemann and Petrucio
2011). Their morphological characteristics make it an important site for
studying in subtropics, because it presents a large area compared to
other lakes in the world and deeper than other coastal lakes (Downing et
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al. 2006). Furthermore, the subtropical and tropical lakes remain
underrepresented (Marotta et al. 2009). We hypothesized that the
pelagic primary production rates has vertical variation in a subtropical
coastal lagoon coupled with phytoplankton density and that the pelagic
respiration will be higher than primary production rates in an
environment with low nutrients concentration and dominated for
Cyanobacteria.

Materials and methods
Study area

The Peri lagoon (27°44’S and 48°31°W) is located in the
southeast of Santa Catarina Island, Brazil, within an area of the Peri
Lagoon Municipal Park that is protected by environment legislation. The
lagoon has a surface area of 5.7 km? and average and maximum depths
of 4.2 m and 11.0 m respectively. Spatial homogeneity of nutrients and
chlorophyll a and elevated densities of the cyanobacteria
Cylindrospermopsis raciborskii have been observed in the lagoon
(Laudares-Silva 1999; Greellmann 2006). The lagoon was classified as
oligotrophic for nutrients concentrations and meso-eutrophic for
transparency and chlorophyll a (Hennemann and Petrucio 2011). The
lagoon’s main tributaries are the Cachoeira Grande and Ribeirdo Grande
Streams. The environment does not exchange water with the ocean
because it is at 3 m above sea level, which means it is a freshwater
lagoon. It is the largest source of drinking water to human supply in
Santa Catarina Island. The only anthropogenic activities permitted in the
lagoon are recreational (Figure 1).
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Figure 1: Map and location of the Peri lagoon, Santa Catarina Island, Brazil,
showing the incubation station. Adapted from Hennemann and Petrucio (2011).
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Sampling and data collection

The environment was sampled bimonthly from June/2009 to
December/2010. Abiotic variables, bottles incubation and water samples
were taken from the central part of the Peri lagoon (27°43°47°’S and
48°31°26’°W), where the average maximum depth was 8.4 m. Samples
were collected with a Van Dorn sampler at four depths according to the
light penetration, calculated by a Secchi disk, and the euphotic zone was
estimated by multiplying the Secchi disk depth by a factor of three (Cole
1994): depth 1: 100% of incident radiation (surface), depth 2: 10% of
incident radiation (~ 1.0 m), depth 3: 1% of incident radiation (~ 3.0 m)
and depth 4: aphotic zone (~ 6.0 m).

Abiotic variables

The following climatological variables were measured in situ:
photosynthetic active radiation (PAR) on the subsurface of the water
column using a radiometer with a spherical sensor (Li-cor 250A), wind
speed with portable anemometer (Instrutherm TAD 500) and air
temperature with a mercury thermometer. The precipitation values were
obtained from EPAGRI/CIRAM (Information Center for Environmental
Resources and Hydrometeorology of Santa Catarina), where was
estimated the mean precipitation for seven days prior to the sampling
day.

The following limnological variables were measured in situ, in
four depths: water temperature, conductivity, pH and dissolved oxygen
using multiparameter probe (YSI-85). Immediately after collection, total
alkalinity was determined by Gran's titration method (Mackereth et al.
1978). Unfiltered water samples were frozen at -20°C for determination
of total nitrogen (TN) and total phosphorus (TP) (Valderrama 1981),
and filtered samples for nitrite (Golterman et al. 1978), ammoniacal
nitrogen (Koroleff 1976), soluble reactive phosphorus (Strickland and
Parsons 1960) and dissolved organic carbon (Shimadzu TOC-5000A).

Phytoplankton analyses

The biomass of the phytoplankton community was estimated by
analyzing chlorophyll a, corrected for phaeophytin. 500 mL of water
was filtrated using a Millipore AP40 glass fiber (0.7 pum pore size and
47 mm in diameter) and kept frozen at -20°C, followed by its extraction
using 90% acetone (Lorenzen 1967).

Total phytoplankton samples from the four depths were preserved
with formalin (final concentration 1.6%). Subsamples (5 mL) were
sedimented for 24 h, in Uterméhl chambers with Lugol solution, where
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400 individuals of the dominant species were counted, using an inverted
microscope following the Utermohl technique (Hasle 1978). Every cell,
filament or colony was considered one individual. Dominant and
abundant species (Lobo and Leighton 1986), as well as the percentage of
phytoplankton groups were determined from density (ind. mL™).

Pelagic Gross Primary Production (GPP), Net Primary Production
(NPP) and Respiration (R)

Phytoplankton primary production was estimated by light and
dark bottles incubations, where the amount of dissolved oxygen was
determined by the Winkler method (Wetzel and Likens 2000). Two light
and two dark bottles were incubated at each depth for three to five
hours, starting at 9:00 am. The dissolved oxygen variation was used to
determine respiration rates (R) in dark bottles (initial concentration
minus final concentration) and net primary production (NPP) in light
bottles (final concentration minus initial concentration). The gross
primary production (GPP) was calculated as the sum of the dissolved
oxygen variation in the light and dark bottles. The results, in mg O, L™
h™, were then converted to carbon consumption using the respiratory
quotient (RQ = 1.0) and carbon productivity using the photosynthetic
quotients (PQ = 1.2) (Wetzel and Likens 2000), thereby obtaining values
for R, NPP and GPP in mg C m™ h™. The estimated NPP rates were
normalized for chlorophyll a concentration, thereby obtaining the
assimilation number — mg C (mg Chla h)™) — as described by Ryther
and Yentsch (1957), which determines the photosynthetic efficiency and
nutrient conditions in aquatic environments (Curl and Small 1965).

Statistical analyses

Descriptive statistics were used to evaluate the abiotic data
obtained during sampling using the mean, minimum, maximum and
standard deviation. A parametric analysis of variance (one-way
ANOVA) was used to evaluate differences in GPP, NPP, R and
phytoplankton community densities at different depths. Months were
grouped by climatic season for verify seasonal variation in metabolic
rates. A nonparametric analysis of variance (Kruskal-Wallis) was used
to evaluate the existence of differences between depths for the
limnological variables, considering significant differences when p<0.05.
To check correlations between phytoplankton community and abiotic
variables with GPP, NPP and R rates, Spearman correlation was
calculated. To estimate relationships between phytoplankton community
and metabolic rates, linear regressions were performed with data
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log(x+1) transformed. AIll analyses were completed using software
Statistica 7 (StatSoft®).

Results
Abiotic variables

Over the 10 sampling dates, climatological variables showed
oscillations in air temperature, measured in situ (17.5°C to 27°C) and
mean precipitation for the seven days previously the sampling (0.0 to
8.8 mm day™). PAR oscillations, measured in situ, were recorded on the
subsurface (85 to 685 pmol m? s™) and the average depth of the
euphotic zone was three meters (Figure 2). The wind speed during the
sampling reached values of 9.1 m s, being briefly absent in June/09 and
August/09.
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Figure 2: Mean values of precipitation in the seven days prior and air
temperature during sampling, euphotic zone and PAR on the subsurface of the
water column, sampled from June/09 to December/10 in the Peri lagoon.

The limnological variables at four depths demonstrated that the
water column of the Peri lagoon is homogeneous without significant
vertical variation and thermal stratification (p>0.05). The minimum and
maximum values of the variables record the variation amplitude over the
sampling months (Table 1). The mixing zone (~ 6.0 m) was higher than
euphotic zone (~ 3.0 m) demonstrating that Peri lagoon is limited by
light.
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Table 1: Mean, standard deviation (SD), minimum (min) and maximum (max)
values for limnological variables sampled in four depths, from June/09 to
December/10 in the pelagic region of Peri lagoon.

Variables Depth 1 Depth 2 Depth 3 Depth 4
Mean+SD Mean+SD Mean+SD Mean+SD
(min-max) (min-max) (min-max) (min-max)
Water temperature (°C) 22.0+4.07 21.6+3.64 21.5+3.68 21.5+3.67
(17.6-28.7)  (17.5-28.7)  (17.4-288)  (17.5-28.7)
Conductivity (us cm™) 68.91£5.94 70.2+£13.09 71.4£12.15 75.5£18.21
(60.2-75.0)  (57.1-104.4) (61.4-104.1) (61.2-119.1)
pH 7.1+0.30 7.1+0.34 7.1+0.34 7.0+0.40
(6.6-7.5) (6.5-7.6) (6.5-7.7) (6.3-7.5)
Alkalinity(mEq I 0.1+0.07 0.1+0.06 0.1+0.06 0.1+0.07
(0.0-0.2) (0.0-0.2) (0.0-0.1) (0.0-0.2)
Dissolved oxygen (mg L ™) 8.4+1.21 8.3£1.14 8.2+1.23 8.3+1.14
(6.4-10.1) (5.7-9.7) (5.3-9.5) (5.8-9.3)
Chlorophyll a (ug L) 19.7+2.96 20.0+3.70 18.8+3.34 19.0+2.87
(13.6-22.6)  (12.8-24.0)  (13.1-23.1)  (15.1-23.5)
Nitrite (ug L™) 0.4+0.18 0.4+0.18 0.4+0.18 0.4+0.18
(0.2-0.7) (0.2-0.7) (0.2-0.7) (0.2-0.7)
Ammoniacal nitrogen (ug LY 14.7+5.22 13.2+5.19 14.5+5.95 13.4+5.16
(8.7-22.2) (6.0-22.2) (7.8-25.8) (6.9-20.4)
Dissolved organic carbon (mg L™) 3.240.42 3.3£0.45 3.240.33 3.3+0.50
(2.7-4.1) (2.7-4.3) (2.7-3.8) (2.6-4.5)
Soluble reactive phosphorus (ug L™) 2.4+3.01 2.1+1.36 2.2+1.82 2.6+2.30
(0.4-10.2) (1.0-5.5) (1.0-6.2) (0.6-7.1)
Total nitrogen (ug L™ 497.7+289.45 508.6+267.83 520.9+299.12 511.9+289.79
(162.8-969.3) (138.7-927.6) (174.3-992.4) (158.1-965.1)
Total phosphorus (ug L) 11.0+2.48 11.1+2.65 12.6+6.87 14.0+9.09

(7.8-147)  (7.3-15.2)  (75-312)  (8.7-39.1)




Pelagic Gross Primary Production (GPP), Net Primary Production
(NPP) and Respiration (R)

The GPP rates showed significant vertical variation (p<0.05),
with the highest rates occurring at depths 1 and 2 (Figure 3, black bars).
The average GPP in depth 1 was 82.8 mg C m™ h™ and in depth 2 was
83.8 mg C m™ h™. In depth 3 the average GPP was 60.4 mg C m™ h™
and in depth 4 it was 56.4 mg C m™ h™. Mean values of four depths
showed that October/09 was the month with highest GPP (119.0 mg C
m™ h™) and October/10 had the lowest rate (34.2 mg C m™ h™). The
mean GPP of the sampling period was 70.9 mg C m>h™.
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Figure 3: Mean values and standard error of gross primary production (GPP),
net primary production (NPP) and Respiration (R) expressed in mg C m™ h?, in
sampling depths, from June/09 to December/10 in pelagic region of the Peri
lagoon.

The NPP rates (Figure 3, 9rey bars) were higher in depth 2, with
an average of 47.8 mg C m™ h™, but did not show significant vertical
variation (p>0.05). The average NPP in depth 1 was of 39.1 mg C m™> h°
! in depth 3 it was 37.7 mg C m® h™ and in depth 4 it was 27.5 mg C m’
*h’. Higher NPP was in October/09 (74.2 mg C m™ h™) and the lowest
rates in August/10 (0.1 mg C m™ h%). The mean NPP of the sampling
period was 38.0 mg C m®h™.
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R rates (Figure 3, white bars) did not show significant vertical
difference (p>0.05). In depth 1 the average R rate was 24.6 mg C m™ h°
! in depth 2 it was 36.0 mg C m™> h™, in depth 3 it was 22.5mg C m™ h’
! and the depth 4 it was 12.9 mg C m™ h™. June/09 had a higher R rate
(60.7 mg C m™ h™) and February/10 had the lowest rate (5.9 mg C m™
h™%). The mean R rate of the sampling period was 24.0 mg C m™> h™.

Assimilation number did not show significant differences
between depths (p>0.05). For depth 1 the average was 2.1 mg C (mg
Chla h)™, for depth 2 it was 2.4 mg C (mg Chla h)™, for depth 3 it was
2.1 mg C (mg Chla h)* and for depth 4 it was 1.5 mg C (mg Chla h)™.

Grouping by climate season, the primary production and
respiration rates did not show significant variation (p>0.05), due the
large variation observed between the months in the same season.
However, NPP was higher in spring and summer coupled with higher
PAR incidence, water temperature and phytoplankton density.
Respiration rates were higher in autumn, while GPP was similar
between seasons (Figure 4).
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Figure 4: Seasonal variation in NPP, R and GPP expressed in mg C m3h?, in
sampling months, from June/09 to December/10, in pelagic region of the Peri
lagoon. Values were grouped by climate season.

Phytoplankton community

Phytoplankton community was composed of five groups, with 28
taxa of freshwater: Cyanobacteria (7 taxa), Chlorophyta (16 taxa),
Bacillariophyta (3 taxa), Dinophyta (1 taxa) e Euglenophyta (1 taxa).
Cyanobacteria were the most important group with an average density of
90.0% and Chlorophyta was second with an average density of 9.6%.
Dinophyta, Bacillariophyta and Euglenophyta have, together, an average
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density of 0.4%. Taxa identified in counting chambers during sampling
months and depths are shown in Table 2.

Table 2: Taxa found in the Peri lagoon, identified in counting chambers from
June/09 to December/10.

Taxa

Cyanobacteria

Microcystis cf. lameliformis Holsinger
Pseudanabaena cf. galeata Bocher
Aphanocapsa spp.

Planktolyngbya spp.

Chroococcus turgidus (Kutzing) Néageli

Cylindrospermopsis raciborskii (Woloszinska) Seenayya et Subba-
Raju

Limnothrix planctonica (Woloszynska) Meffert

Chlorophyta
Actinastrum aciculare Playfair var. aciculare f. minimum (Huber-
Pestalozzi)

Chlorella homosphaera Skuja

Tetraedrum caudatum (Corda) Hansgirg

Monoraphidium irregulare (G.M Smith) Koméarkova-Legnerové
Monoraphidium arcuatum (Korsikov) Hindak

Scenedesmus cf. oahuensis (Lemmermann) G.M Smith
Cosmarium bioculatum Brébisson var depressum (Schaar.) Schmidle
Cosmarium sp. 1

Cosmarium sp. 2

Botryococcus sp.

Closterium sp.

Coelastrum polychordum (Korsikov) Hindak

Staurastrum tetracerum Ralfs var. evolutum West e West
Staurastrum pseudotetracerum (Nordstedt) West e West
Spyrogira sp.

Chlamydomonas sp.

Dinophyta
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Peridinium spp.

Euglenophyta

Euglena sp.

Bacillariophyta

Aulacoseira ambigua (Grunow) Simonsen
Fragillaria spp.

Encyonema spp.

The phytoplankton total density did not show significant vertical
variation (p>0.05). For depth 1 the average was 122x10% ind. mL™, for
depth 2 it was 126x10° ind. mL™, for depth 3 it was 124x10° ind. mL™
and depth 4 it was 119x10° ind. mL™. The total density varied of 61x10°
ind. mL™ in August/10 to 230x10° ind. mL™ in October/09.
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Figure 5: Phytoplankton total density of the four depths sampled from June/09
to December/10 in pelagic region of the Peri lagoon.

The composition and density of phytoplankton groups did not
show differences between sampling depths (p>0.05). The filamentous
Cyanobacteria Cylindrospermopsis raciborskii was the most important
specie in the Peri lagoon, its density ranged from 44x10° ind. mL™ in
April/10 to 197x10° ind. mL™ in October/09. In all the sampling months
and depths C. raciborskii was dominant, except December/09, in depth
2, where C. raciborskii and Limnothrix planctonica were abundant, both
filamentous. In the depths 3 and 4 of the same month L. planctonica was
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dominant. In depth 4 of April/10 C. raciborskii, L. planctonica and
Monoraphidium irregulare (Chorophyta) were abundant.

The Spearman correlation analysis of GPP, NPP and R with the
abiotic and biotic variables (Table 3) showed significant positive
correlation of NPP with dissolved organic carbon, ammoniacal nitrogen,
Cyanobacteria and Chlorophyta. Respiration showed significant positive
correlation only with nitrite. The strongest positive correlation of GPP
was with dissolved organic carbon, Chlorophyta and Cyanobacteria.

The simple linear regression coefficient models show the
relationship of NPP and GPP with phytoplankton groups more
representative in Peri lagoon. Relationship of Chlorophyta with NPP and
GPP were higher than Cyanobacteria with those rates (Figure 6).
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Figure 6: Relationship between variables log (x+1) transformed obtained from

data of all sampling months and depths (n=40, p<0.05), in Peri lagoon. The line

corresponds to linear regression model.
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Table 3: Spearman correlation coefficient for relationship between GPP, NPP, R
and abiotic and biotic variables, sampled from June/09 to December/10 in the
Peri lagoon. All the values shown are significant (p<0.05, n=40). - represent not
significant. Abbreviations: NO2 — nitrite; NH4 — ammoniacal nitrogen; SRP —
soluble reactive phosphorus; WT — water temperature; Cond. — conductivity;
Alk - alkalinity; DO - dissolved oxygen; Chla — chlorophyll a; Prec —
precipitation; PAR — photosynthetic active radiation; k — light attenuation; DOC
— dissolved organic carbon; Cyano — Cyanobacteria; Bacilla — Bacillariophyta;
Dino — Dinophyta; Eugleno — Euglenophyta; Chloro — Clorophyta.

NPP R GPP NO2 NH4 SRP WT Cond pH Alcal DO Chla Wind Prec PAR K DOC Cyano Bacilla Dino Eugleno
NPP 1.0
R - 10
GPP 064 - 10
NO2 - 041 - 10
NH4 034 - - 054 10
SRP - - - - - 1.0
WT - - - -047 - - 1.0
Cond - - - - - - - 1.0
pH - - - - - - - - 10
Alcal |-047 - -052 -0.70 -0.55 - - - - 10
DO -047 - -037 - - -0.36 -0.79 - - - 10
Chla - - - -051 - - 046 - - 041 -041 10
Wind - - -0.40 -059 - - - - 051 062 - - 1.0
Prec - - - 037 - - 044 - 079 - -038 - 063 1.0
PAR - - - - - -036 - - - - - - 054 063 1.0
k - - - - - - - - - -042 - - -0.78 -045 -0.78 1.0
DOC (062 - 060 - - 037 041 - - -0.66 -065 - -044 - - 044 10
Cyano |045 - 043 046 057 - - - - -054 - - - - - - 041 10
Bacilla - - - - - -045 - - - - - - - - - -041 - - 1.0
Dino - - - 037 - - - - - - - - - - - - - - - 1.0
Eugleno| - - - - - - - - 038 - - - - 049 - - - - - - 1.0
Chloro {056 - 058 045 - 038 - - - -064 - - -0.82 -0.37 -0.53 0.71 0.64 0.42 - - -
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Discussion

The Peri lagoon did not show vertical variation for the abiotic
variables sampled, making this water column homogeneous and without
thermal stratification. We attribute this feature to wind, that in general,
has a principal importance in coastal environments (Amarasinghe and
Vijverberg 2002; Cardoso and Motta Marques 2004; Crosseti et al.
2007; Wondie et al. 2007; Hennemann and Petrucio 2011; Montero et
al. 2011).

A strong driving force for phytoplankton productivity it the ratio
between euphotic zone and the mixing zone (Lewis 1987). This ratio
indicated that Peri lagoon is limited by light. Thus the highest gross
primary production rates in depths 1 and 2 were associated with higher
PAR in these depths than depths 3 and 4. GPP in depth 1 was lower than
depth 2, suggesting photoinibition in the surface. This is especially true
to phytoplankton species with low light requirements, such as
Cyanobacteria, which is dominant in Peri lagoon (Padisak 1997;
Komarkova et al. 1999; Laudares-Silva, 1999; Greellmann, 2006).

Since the environment is limited by light and the phytoplankton
individuals remain for longer time in the dark, would be expected that
respiration rates were higher. Contrary to expectations, we did not find
respiration higher than primary production rates. This may be the effect
of the incubation and sampling time (Carignan et al. 2000; Robinson et
al. 2002), bacterial activity or other sources of oxygen that not
biological, contributing for oxygen production in Peri lagoon (Fontes et
al. 2011; Sadro et al. 2011).

Vertical variation of net primary production, although not
significant, was highest in depth of highest assimilation number and
phytoplankton density, which had the highest light incidence. The same
was registered by Tilahun and Ahlgren (2010) and Arst et al. (2008),
which the maximum production layer are related with maximum
phytoplankton density and photosynthetic capacity, showing occurrence
of photoinhibition in the surface.

The lack of significant vertical variation in net production may
result from the capability of some Cyanobacteria tolerance high and low
light conditions and some species can to keep their photosynthetic rates
below 1% underwater radiation (Padisak 1997; Reynolds et al. 1983;
Briand et al. 2004; Mihaljevic and Stevic 2011). Furthermore, the water
column is homogeneous and these organisms are in constant motion
within the water column, especially Cylindrospermopsis raciborskii that
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had good floating ability in water column, through of the presence of
gas vacuoles.

Peri lagoon showed production rates lower than some tropical
lakes (Erikson et al. 1998; Stenuite et al. 2007; Arst et al. 2008; Tilahun
and Ahlgren 2010), but similar to Itapeva Lake (Cardoso and Motta
Marques 2009) and seven lakes in the middle Rio Doce basin (Petrucio
et al. 2006). Production rates of the Peri lagoon are within the range of
data derived from Bassoli (2006), where phytoplanktonic production in
Brazilian lakes, reservoirs and flood lakes did not exceed 300 mg C m™
day™. The production rates founded to Peri lagoon are result of the
nutrients concentration that limit phytoplankton growth (Reynolds 1999;
Reynolds 2006) and the dominance by Cyanobacteria that have lower
photosynthetic potential than other phytoplankton groups (Maguire and
Neill 1971; Hodoki et al. 2011).

Respiration rates, little studied in lakes, were relationship with
nitrite in Peri lagoon, indicating occurrence of decomposition process.
The R rates in Peri lagoon were lower than Itapeva Lake, which varied
from 49.9 mg C m™ h? to 131.1 mg C m™ h? (Cardoso and Motta
Marques 2009).

The highest NPP rates in spring and summer were related with
water temperature, PAR and phytoplankton density. Despite nutrients
are essential for production and act in different ways within different
lakes, especially nitrogen, which favors production rates (Cole et al.
2000; Dodds and Cole 2007), the availability reduced of total nitrogen in
summer did not affect the NPP, since Peri lagoon is dominated by
nitrogen-fixing Cyanobacteria (Cylindrospermopsis raciborskii). The
lack of significant variation between seasons is due the large variation
observed between the months in the same season. Interannual variability
in the phytoplankton abundance and production rates is common,
changing only the hierarchy of causal agents (Teubner 2003; Hillmer et
al. 2008; Cardoso and Motta Marques 2009; Liu et al. 2010).

Cyanobacteria were the major contributor to phytoplanktonic
density in the Peri lagoon, especially C. raciborskii, a species recorded
in different regions of the world (Bouvy et al. 2000; Saker et al. 2003;
Bormans et al. 2005; Wiedner et al. 2008; Mihaljevic e Stevic 2011),
specially in Brazilian lakes of different trophic status (Huszar et al.
2000; Crosseti et al. 2007; Crosseti and Bicudo 2008; Dantas et al. 2008;
Dantas et al. 2011).

The occurrence of filamentous Cyanobacteria, including C.
raciborskii, is typical of mixed and turbid environments with
considerably light deficient (Nixdorf et al. 2003). C. raciborskii has
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slow growth, high adaptive capacity, which gives them an ecological
advantage under particular situations (Padisak 1997), which includes
preventing the development of the other species, high capacity to fix
atmospheric nitrogen, store phosphate and is not easily grazed upon
(Gragnani et al. 1999). Its physiological flexibility has a competitive
edge in ecosystems that fluctuate between trophic conditions (Moisander
et al. 2012).

The strong relationship of dissolved organic carbon with
production rates and phytoplankton total density observed in the Peri
lagoon was most likely because of cyanobacterial cell lysis, a
mechanism for dissolved organic carbon release (Ye et al. 2011).
Chlorophyta had more diversity and have higher photosynthetic
potential than Cyanobacteria, this demonstrated the strong relationship
of Chlorophyta with NPP and GPP. We found that the increased of
soluble reactive phosphorus favored the filamentous Cyanobacteria
Limnothrix planctonica in December/09 and April/10, however this fact
seems did not have reflect in production rates.

In summary, our hypotheses were not confirmed, because net
primary production and respiration rates and phytoplankton community
did not vary at different depths, reflecting the stability of the water
column. We propose that nutrients and light limitation and dominance
by Cyanobacteria restrict the primary production in this environment.
Furthermore respiration was not higher than primary production rates,
possibly because other sources of oxygen contribute for oxygen
production in Peri lagoon.
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6 CONSIDERACOES FINAIS

As variagbes ambientais encontradas na regido de clima
subtropical, apesar de apresentarem menor amplitude quando
comparadas a regido de clima temperado, permitiram variacdes
significativas nas taxas de producdo primaria e respiracdo pelagica,
direcionadas pelas caracteristicas bidticas e abioticas. As taxas
encontradas para a lagoa do Peri sdo menores quando comparadas com
alguns ambientes tropicais e subtropicais, mas semelhantes a outros
ambientes brasileiros. Limitacdo por luz e nutrientes na lagoa do Peri e a
domindncia por cianobactérias possivelmente sdo os fatores
responsaveis por esses baixos valores.

A partir da incubagdo em garrafas claras e escuras, durante 24
horas, foi possivel verificar que as maiores taxas de producdo primaria,
ocorreram com trés horas de incubagdo no outono e na primavera, e com
seis horas de incubag&o no inverno e no veréo.

A estimativa de autotrofia e heterotrofia a partir do oxigénio
dissolvido, em incubacbes em garrafa, recebe criticas, principalmente
porque impede a ocorréncia dos processos espontaneos na coluna
d’agua, devido ao elevado tempo de incubagdo. Assim, ndo seria
esperado que os resultados obtidos em garrafas incubadas e por método
de vida livre fossem iguais, uma vez que a primeira metodologia nos da
resultados relativos ao metabolismo plancténico, enquanto a segunda
metodologia nos da resultado do metabolismo do ecossistema.

Apesar disso, ambas as metodologias forneceram resultados
semelhantes, ndo confirmando a nossa hip6tese de que a lagoa do Peri
seria permanentemente heterotréfica, com observado em outros
ambientes tropicais e subtropicais. Na lagoa do Peri periodos
autotrdficos e heterotroficos foram registrados ao longo de um ano.
Sendo que no outono e inverno ocorreu heterotrofia, com maiores taxas
de respiracdo do que producdo primaria, enquanto a primavera e verdo
foram autotréficos, com taxas de producdo maiores que as taxas de
respiracao.

Os periodos autotroficos estiveram relacionados com maiores
temperaturas e luz, favorecendo a atividade fotossintética, enquanto a
heterotrofia foi influenciada pelas concentracbes de fdsforo e,
possivelmente, pela entrada de matéria organica aloctone, decorrente das
chuvas, suportando assim as elevadas taxas de respiragdo, e diminuindo
a transparéncia d’agua, sendo um fator limitante a fotossintese.

A lagoa do Peri, apesar de mais profunda que outras lagoas
costeiras, ndo apresentou variagdo vertical nas condi¢Bes limnolégicas,
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como ja registrado em trabalhos anteriores no mesmo ambiente e em
outras lagoas costeiras brasileiras. Tal fato vem sendo relacionado a
constante homogeneizagdo da coluna d’agua promovida pelos ventos e
pela capacidade de movimentacdo de algumas espécies de fitoplancton.

Também verificamos limitagdo por luz e nutrientes na lagoa do
Peri, que aliada a baixa eficiéncia fotossintética de Cyanobacteria
corrobora com as taxas de producao primaria encontradas neste trabalho,
menores que alguns lagos tropicais e semelhantes a outros ambientes
brasileiros.

Na profundidade média de 1 m foi encontrada maior densidade
fitoplancténica, além de maior capacidade fotossintética, refletindo em
maiores taxas de producéo que diminuiram em direcdo as camadas mais
profundas. Este padrdo é caracteristico de ambientes tropicais e
subtropicais, sugerindo a ocorréncia de fotoinibicdo na superficie, uma
vez que as taxas de producdo primaria na superficie foram menores que
em 1 m de profundidade.

A densidade fitoplanctonica exerceu efeito direto sobre as taxas
de producdo priméaria, sendo que a comunidade fitoplanctbnica
apresentou predominéncia de Cyanobacteria em todas as profundidades
e meses amostrados, com destaque para Cylindrospermopsis raciborskii
e Limnothrix planctonica que foram as UGnicas espécies que
apresentaram periodos de dominancia na lagoa do Peri. Chlorophyta foi
0 segundo grupo mais importante em densidade, mas com maior
diversidade de taxons que Cyanobacteria, com destaque para
Monoraphidium irregulare, uma espécie oportunista, que apresentou
periodos de abundancia.

A presenca constante de C. raciborskii desde seu primeiro
registro em 1996, e seu crescente aumento de densidade, demonstra que
a lagoa do Peri ndo apresenta limitacdes aparentes para o
desenvolvimento dessa espécie e de outras cianobactérias filamentosas,
que toleram bem ambientes tarbidos, bem misturados e limitados por
luz.

Intensificar as estimativas de autotrofia e heterotrofia, por
métodos de vida livre, e as taxas de producao primaria podera ser Util na
estimativa mais precisa sobre a importancia da lagoa do Peri, bem como
outros ambientes subtropicais, na ciclagem do carbono, visto que
observa-se uma tendéncia dos lagos tropicais a heterotrofia. Medidas do
metabolismo das outras comunidades de um lago e também dos ciclos
biogeoquimicos podem ajudar a entender como um lago insere-se na
escala global de emissdo de gases e na ciclagem dos elementos.
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Sabendo que as varidveis ambientais induzem rapida resposta da
comunidade fitoplancténica, a escala de amostragem em menores
intervalos de tempo podera ajudar a demonstrar de forma mais clara, a
dindmica temporal dessa comunidade e a atividade metabdlica da lagoa
do Peri, permitindo um melhor ajuste entre 0s eventos ambientais e a
resposta da comunidade bioldgica, além de um entendimento da
ocorréncia ou ndo de padrbes temporais.

Por fim, essa pesquisa contribuiu para o melhor entendimento de
como os lagos subtropicais comportam-se e contribuem para o
metabolismo global dos ecossistemas aquaticos.
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