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RESUMO

Lagoas costeiras sdo controladas por parametroicogd que
influenciam a distribuicdo e abundancia de orgaossmaquaticos,
especialmente os produtores primarios. Ambientegjotobficos
geralmente apresentam auséncia ou baixa densigadrtbbactérias,
sendo estes organismos normalmente encontrados reberdes
eutrofizados. Na Lagoa do Peri observa-se uma domwia de
Cylindrospermopsis raciborskiicom esta cianobactéria apresentando
importantes mecanismos de adaptacdo que determseamsucesso
neste ecossistema oligo-mesotrofico. O presented@stavaliou a
dindmica temporal de nutrientes, clorofila-a e &egis abibticas na
coluna d'dgua e sedimento de uma lagoa costeir&ropidal rasa
(Lagoa do Peri, ilha de Santa Catarina, sul do iBraBara isso,
amostras de agua foram coletadas mensalmente deo/BQ07 a
fevereiro/2013 para avaliar variagfes em pequen@dia escala em
parametros fisicos, quimicos e biolégicos da dfeadéncias em longo
prazo foram avaliadas por meio de dois testemumt@sedimento
coletados e analisados quanto a algumas caracesist
paleolimnoldgicas. Amostras mensais de sedimentobéen foram
coletadas e analisadas quanto a granulometriaa faentonica, matéria
organica e fosforo, de marco/2007 a maio/2009. Aobkado Peri
apresentou baixa concentracdo de nutrientes didsslve altas
concentracdes de clorofila-a, com um padrao saztenehriacdo para as
concentracdes de P e clorofila-a. Diferencas saatifas foram
observadas em diferentes anos para alguns pardmétréagoa foi
considerada potencialmente limitada por P duranteasr parte do
periodo de estudo e uma correlacdo positiva foornada entre as
concentracdes de clorofila-a e de P. A biomassgpldihctdnica foi
aparentemente controlada pela temperatura da &gugpela
disponibilidade de P (razbes N:P e P dissolvido). felacdo aos dois
testemunhos de sedimentos coletados, ambos mastiardéncias
gerais similares, com quantidades crescentes d&rienatganica (OM),
carbono (TOC), nitrogénio total (TN) e fésforo {gféiP) do fundo para
as camadas superiores mais recentes. As razdeg NO@@licaram uma
mistura de contribui¢cdes al6ctones e autoctonédMiaA razdo TN: TP
também indicou uma condicdo de potencial limitagép P, de forma
geral. Tanto3"*C quantos'N mostraram um padrdo de diminuicdo do
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fundo para a superficie dos testemunhos. Diferemgagpadrao de
variacdo das camadas dos dois testemunhos foramiaass a posicdo
marginal de um deles. Para as amostragens mersaisddnentos, 0s
principais resultados encontrados foram: 1) as dsren concentragfes
de P variaram sazonalmente, com quantidades nwiadzls de P nos
sedimentos em periodos mais quentes; 2) as formaesaentracdes de
P também variaram entre 0s pontos amostrados, iasasc a
composicdo dos grdos e ao conteido de OM; 3) glzalas e
qualidades de P nos sedimentos foram correlacishadam
caracteristicas da agua, especialmente temperataorafila-a, nitrato,
oxigénio dissolvido, pH e TP; 4) alguns grupos alitares funcionais
de macroinvertebrados mostraram relacgdes signifisatom a variacao
temporal do P no sedimento, incluindo catadorestoms,
fragmentadores, filtradores e filtradores-coletoré8s resultados
encontrados sugerem uma grande importancia deefaidimaticos,
especialmente a temperatura, e da condicdo deadiddt por P, na
dindmica da qualidade da agua, através de suagnefhs na biomassa
fitoplantbnica, na liberacdo de P do sedimento & alteracdes da
producdo primaria e nutrientes em longo prazo mmpaalo Peri.

Palavras-chave: parametros fisico-quimicos, qualidade da agua,
sedimento, paleolimnologia, nutrientes, razdes NcRnobactérias,
Floriandpolis, clorofila, Parque Municipal da Lagt@aPeri.



ABSTRACT

Coastal lakes are controlled by trophic paramendeh influence in
the distribution and abundance of aquatic organigsgecially primary
producers. Oligotrophic environments usually shdvseace or low
densities of cyanobacteria, organisms usually foundeutrophic
systems. In Peri Lake, there is a dominanceCglindrospermopsis
raciborskii, a cyanobacteria that shows important adaptatitras
determine its success in this oligo-mesotrophicsgstem. The present
study assessed the dynamics of nutrients, chlotbphgnd abiotc
variables in the water column and sediments ofal®li subtropical
coastal lake (Peri Lake, Santa Catarina island{Heon Brazil). Water
samples were taken monthly from March 2007 to Fafyri2013 to
assess small and medium term variation in physicaémical and
biological parameters. Longer time trends were wated by two
sediment cores sampled and analyzed for some patembgical
characteristics. Monthly sediment samples were talsen and analyzed
for grain size, benthic fauna, organic matter amalsphorus from March
2007 to May 2009. Peri Lake showed low dissolvettienis and high
chlorophyll-a concentration, with a seasonal pattexf variation
concerning P and chlorophyll-a. Significant diffeces were observed
in different years for some parameters. The lakes wansidered
potentially P limited during the majority of theudy period and a
positive correlation was found between chloroplylland P
concentration. Phytoplankton biomass was apparettilytrolled by
water temperature and N:P ratios (P availability)relation to the two
sediment cores sampled, both cores showed singlagrgl tendencies,
with increasing amounts of organic matter (OM)akairganic carbon
(TOCQC), total nitrogen (TN) and total phosphorus XT®m the bottom
toward the top more recent layers. TOC:TN ratiakdated a mixture of
allochthonous and autochthonous contribution toG@h& TN:TP also
indicated a condition of potential limitation byif® general. Botts™*C
and 5N showed a decreasing pattern toward the top ofctives.
Differences in the depth variation pattern betwéentwo cores were
associated to the marginal location of one of thes. For the monthly
sediment sampling, the main results found were:P1Yorms and
concentration varied seasonally, with OP and TReB&ng in the
sediments in warmer periods; 2) P forms and conaorm also varied
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among the sampling sites, associated with sedingmin size
compositions and OM content; 3) quantities and itjealof P in the
sediments were correlated with water charactesistiespecially
temperature, chlorophyll-a, nitrate, dissolved axygpH and TP; 4)
some benthic functional feeding groups showed figgmit relationships
with temporal variation in sediment P, includingttgaing-collectors,
shredders and filterers and filtering-collectorhieTresults suggest a
strong importance of climatic factors, especiadignperature, and of the
P limited condition in the water quality dynamidsReri Lake, through
their influence in the phytoplankton biomass, Peask from the
sediments and changes in nutrients and primaryugtamh in the long
term.

Keywords: physical-chemical parameters, water quality, sedis)

paleolimnology, nutrients, N:P ratios, cyanobaeterfloriandpolis,
chlorophyll, Lagoa do Peri Municipal Park.
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1. INTRODUCAO
Ecossistemas aquaticos costeiros e a qualidadegima

As lagoas costeiras sdo ecossistemas |énticosbdidivss em
todos os continentes, comumente dividindo espago gma intensa
ocupagdo antrépica - caracteristica de zonas m@Estdiocalizadas em
regides de interface entre ecossistemas terrestoEeanicos, a baixa
profundidade e a suscetibilidade as alteracBes atiies sédo
caracteristicas predominantes e difusas nestesistensas. As lagoas
costeiras sdo separadas do oceano por uma bawueianectados a este
por um ou mais canais ou pequenas baias que peremamdertos pelo
menos intermitentemente; dessa forma, podem apeesdiferentes
niveis de salinidade, desde &guas permanentemeotes daté
hipersalinas (Esteves et al., 2008; Kennish e P2@tD).

Diversos estudos mostram que as lagoas costeipasigg@mas
fisiograficamente diversificados, abrigando umapprgéo consideravel
de biodiversidade. Estdo entre os ecossistemas pnagutivos do
planeta, e fornecem uma ampla gama de recursosviease sendo
consideradas ambientes de grande importancia ecalégeconémica
(Esteves et al., 2008).

As lagoas costeiras sdo formadas e mantidas atiavgocessos
de transporte de sedimentos (Anthony et al., 20D8yido a pouca
profundidade, a penetracdo de luz na interfacensedo-agua é
geralmente alta. A hidrodindmica € fortemente adodada pela
topografia do fundo, e o vento afeta toda a cotlidgua, promovendo a
resuspensdo de materiais, nutrientes e pequenanisnps das
camadas superficiais do sedimento. Além dissorta tiependéncia dos
ecossistemas lagunares de suas bacias hidrogrficasm que sejam
especialmente vulneraveis a impactos humanos ¢eaperrestres e de
agua doce (Perez-Ruzafa et al.,, 2005). A localzaggralmente em
terras baixas promove acumulacdo de materiais im@ga inorganicos,
que resulta em elevados graus de eutrofizacaoahg@iimagas e Suzuki,
2005).

Outros fatores também séo capazes de provocaagts nos
corpos d'agua costeiros, podendo resultar em dzdigifo desses
ambientes, como por exemplo o clima, alteracda®pinas dos fluxos
de agua, alteragbes no uso e cobertura do soloemek quimicos,
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espécies aqudticas invasoras, e a retirada de jpéota uso humano
(incluindo a aquicultura) (Carpenter et al., 2011).

Os fatores supracitados tém o potencial de alterar
significativamente a qualidade da agua de lagoageas costeiros,
especialmente as concentracbes de nutrientes. @s mlmcipais
nutrientes envolvidos no processo de eutrofizaghoatpos d'agua sao
o nitrogénio (N) e o fosforo (P).

O nitrogénio, necessario para a sintese de preteéna fosforo,
necessario nas moléculas de DNA, RNA e nos prosesi®
transferéncia de energia, sdo ambos essenciais ppamaitir o
crescimento dos produtores primarios, sendo O<ipHis nutrientes
limitantes na maioria dos ecossistemas aquétitesestres (Conley et
al., 2009). E importante estabelecer a importaredativa do N e do P
no processo de eutrofizacdo e, dessa forma, agatieponibilidade e a
qualidade de registros de longo prazo para estayetendéncias e
alteragbes (Heathwaite et al., 1996).

Nesse sentido, esfor¢os consideraveis tém sideceddsips para
determinar o papel do N e P na limitacdo da proalu@s sistemas,
especialmente qual nutriente limita a producaopléoctdnica. Uma
variedade de indicadores especificos tem sidzadii para avaliar a
limitacdo por nutrientes, incluindo a determinadacestado fisioldgico
do fitoplancton, estequiometria e concentracdo detriemtes
inorgéanicos, razbées de composicdo, e varias mediderescimento do
fitoplancton (Conley, 2000).

Elser et al. (2007) demonstraram que tanto a lgédapor N,
quanto por P, sdo fortes e muito difundidas noscgrais habitats da
biosfera. Observacbes das razdes N:P na &agua, BEwmaaoeaos
requerimentos nutricionais do fitoplancton, podesn wtilizadas para
inferir se um lago/lagoa é suscetivel de ser lidaitpor N ou P ou
ambos (Abell et al., 2010). Uma razdo molar N:P H&l é
frequentemente utilizada como referéncia de rememios de
crescimento balanceados, de forma consistente cditoraposicao
elementar do plancton” de Redfield et al. (1963)rpg8s d’agua com
razdes significativamente menores sugerem limitgg#oN, enquanto
razdes substancialmente maiores sugerem limitaméB.pA razdo exata
na qual cada nutriente torna-se limitante podeavanmtre lagos e dentro
dos lagos, dependendo da comunidade fitoplanct@mésente (Abell et
al., 2010).
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Diversos estudos ja testaram razdes N:P (e.g. fGrdlé Hecky,
2000; Klausmeier et al., 2004; Loladze e Elser,12@&lindicaram uma
significancia inerente para a razdo N:P = 16:1, todss eles ressaltam
gue isso ndo significa que essa razéo candnicaisef@imo universal.

Assim, embora tanto os reservatérios de nitrogéstal (TN) e
fésforo total (TP) incluam uma série complexa @&des quimicas que
variam em sua disponibilidade para absor¢céo pelgmnsmos, a razao
TN:TP é provavelmente um bom indicativo da dispitidéde relativa
desses dois elementos para a biota em escalasr&snpoespaciais
ecologicamente significativas (Sterner, 2008).

Contudo, é importante destacar que a questdo aderague
limita a producdo em lagos e lagoas é dependenésaida de analise.
As evidéncias apontam para a visdo de que o Pngmmtd controla a
producdo bioldégica em ambientes oligotroficos emakes de tempo
multi-anuais, mas a co-limitacdo por multiplos muttes € a regra na
maioria dos lagos em escalas de tempo menores€gt2008).

Como foi possivel observar, a variacdo espaco-teahpoa
disponibilidade de nutrientes tem um importanteepajp determinacéo
da distribuicao e abundéancia do fitoplancton (Peahet al., 2010). De
forma semelhante, a producdo primaria tem um papséncial na
ciclagem dos elementos e na producao de alimemnsogsaheterdétrofos,
formando a base da piramide ecolégica. E um prockb&sdgico de
grande importancia, capaz de influenciar em diwereagdes quimicas
nos ecossistemas aquaticos e em todos 0s nivigiesto

Dentre os organismos fitoplantdénicos, um grupo tegebido
especial atencdo na literatura ndo s6 por possu@rsas espécies
capazes de produzir toxinas, mas também por sergamiemos com
excelente capacidade de competicdo por recursosiamsbactérias.
Compreender a causa da dominancia de cianobactérasido um
importante foco das pesquisas classicas e contémgsEs em
Limnologia (Havens et al., 2003). As mudancas diitad sdo um forte
catalisador para expansfes adicionais da domin&ndi floracdes de
cianobactérias, através de alteracdes ndo sO patatura, mas também
nos padrbes de precipitacio e seca, capazes dar alte ciclos
hidrolégicos em diferentes regides (Paerl e Huisr2@a8).

Dentre as cianobactériaSylindrospermopsis raciborské uma
espécie que tem sido amplamente estudada nos silimms, devido a
alta competitividade dessa espécie em ambientesfieatlos, aliada a
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sua capacidade de formar floragbes e produzir @sxifTucci e
Sant'’Anna, 2003). A maior parte do conhecimentaesals preferéncias
ambientais deC. raciborskii € baseada em corpos d'agua tropicais.
Entretanto, a expansdo da espécie para climas tedgsesugere que
diferentes padrdes ecoldgicos estdo emergindo (¥idauk, 2008).

De acordo com a revisdo de Padisdk (1997) sobspécie, o
sucesso ecoldgico dgé. raciborskii esta diretamente relacionado aos
seguintes fatores: capacidade de migracéo na cdlagaa, tolerancia a
baixa luminosidade, habilidade de armazenar P nateente, alta
afinidade com P e amobnio, capacidade de fixar dtmosférico,
resisténcia a herbivoria pelo zooplancton, alteaceElade de disperséo
(acinetos resistentes, dispers@o por rios, ave} stibrevivéncia em
condi¢des levemente salinas. Plasticidade ecdfigith e a existéncia
de ecotipos com diferentes preferéncias ambietaadpém tem sido
consideradas importantes caracteristicas que memndtespécie ter um
elevado sucesso em diferentes condigbes ambiefRaind et al.,
2004; Piccini et al., 2011; Bonilla et al., 2012).

Apesar de ser comumente dominante em ambientes mais
eutréficos (Bonilla et al., 2011), algumas cardstemas de C.
raciborskii favorecem a espécie em ambientes com baixa
disponibilidade de P, tais como: alta capacidadardezenar P dentro
das células (granulos de poli-fosfato) e um sistdmabsorcéo de alta
afinidade (Istvanovics, 2000); dominancia favoraaen ambientes com
suprimento de P variavel (Posselt et al., 2008xisténcia de diferentes
ecotipos com diferentes afinidades por altas ogalsatoncentracdes de
P (Dokulil, 2000; Piccini et al., 2011).

Essa capacidade superior @e raciborskii para competir por P
pode fazer com que as comunidades fitoplanctérdeascossistemas
oligo e mesotréficos sejam susceptiveis de seremindamas por esta
espécie em situagdes de pequenos aumentos nasntcagdes de
nutrientes (Bonilla et al., 2011).

Compreender as caracteristicas que permitem quéciespde
cianobactérias tenham sucesso em ambientes cantesst é
fundamental para prever o comportamento das flesagn futuros
cenarios de mudancas climaticas globais (Bonili.e2011).
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O papel do sedimento na dindmica de nutrientes

O sedimento pode ter um papel chave na dinamicauwtogntes
em corpos d’'agua, especialmente em ecossistem&Esrgegasos e em
relacdo ao ciclo do P.

O P no sedimento pode ser liberado para a colidgud’'por uma
combinacao de processos quimicos, fisicos e bmégide forma que
0os sedimentos desempenham um papel central espectal na
ciclagem de P atuando como fontes ou depdsitose deafriente
(Kaiserli et al. 2002; Torres et al., 2014).

Tradicionalmente, sedimentos aerobicos de lagagotodificos
tém sido considerados retentores de nutrientesjamitg sedimentos
anaerdbicos de lagos eutroficos tém sido considerddntes de
nutrientes para a coluna d’agua (Doremus e Clesk@8P).

Em lagos rasos, a importancia dos sedimentos contes de P é
ainda maior devido a alta razdo entre superficisedtimento e coluna
d'agua (Segndergaard et al., 2001; Dong et al., 2@ tesuspenséao de P
dos sedimentos tem papel fundamental em lagos, rdseislo ao efeito
estimulante no crescimento do fitoplancton (KlegheHerzog, 2014).

De acordo com a visdo classica do ciclo do P ewslag fosfato
gue chega ao lago por seus tributérios ou € libedad sedimentos, é
retirado da agua por organismos Vvivos e particguapensas nado-vivas,
e perdido para o fundo do lago em proporcéo a idgde de deposicao
das particulas. No sedimento, o P organico é lifmereomo fosfato
solivel para a solugdo durante a decomposicéo guiérias, ou fica
depositado como P orgéanico refratario. O fosfdierido, por sua vez,
pode ser adsorvido a superficies inorganicas, @mgdb com materiais
organicos refratarios, ou precipitado como apaiitavivianita. Parte do
P pode permanecer em solucéo ou ser recicladcapagaa do entorno.
Em muitos casos, o fluxo de fosfato dos sedimeptra a agua é
grandemente controlado pelas condicbes de redaddomipantes na
interface sedimento-agua (Gachter e Meyer, 1993).

O modelo classico de Mortimer (1941) associa osofiude P no
sedimento a condi¢Bes redox na interface entredieato e a agua,
que sdo efetivamente controladas pelas concensragée oxigénio
dissolvido no fundo da coluna d'agua. Quando a rfigge do
sedimento esta oxigenada, uma forte adsorgéo €atdadissolvido aos
hidréxidos de ferro sdélidos limita a liberacdo deifpedindo que o
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fosfato se difunda dos sedimentos reduzidos mafupdos para a
coluna d’agua. Sob condi¢Bes andxicas, os hidréxigderro reduzidos
se dissolvem e o fosfato é liberado para a coltagud.

Conforme ja exposto, o fosfato pode ser encontreanatriz
sedimentar na forma de complexos de sais de cédcro,ou aluminio e
espécies organicas, ou adsorvido a superficie derais. A forma mais
labil de fosfato encontrada nos sedimentos é sewdal(b fosfato
adsorvido, envolvendo varias interacdes fisicasimigas fracas entre a
superficie solida e o composto (Aminot e Andriel896).

Assim sendo, a adsor¢cdo € um processo de grandetémgia na
ciclagem do P entre os sedimentos e a coluna d'@guforma que os
sedimentos suspensos podem constituir um resevatde P
rapidamente disponivel para os produtores primagggecialmente em
ambientes oxigenados (Aminot e Andrieux, 1996).

Sedimentos com diferentes caracteristicas apresetifarentes
caracteristicas para adsorcéo de fosfato. O tandesh@articulas € um
fator importante que afeta a troca de P entre a @&gas sedimentos,
sendo as maiores taxas de adsorcdo associadasraaionaguantidade
de particulas finas no sedimento (An e Li, 2009; £hal., 2013).

Além da concentragédo do oxigénio dissolvido e doatzho dos
gréos do sedimento, temperatura e concentracadrd nambém tém
um importante papel na liberacdo de P dos sedimeflensen e
Andersen, 1992). Outros fatores que potencialmarfteenciam na
retencdo de P no sedimento incluem: o pH da aguadfgta a forca da
adsorcdo ibnica do fosfato as superficies sdlidas sddimento),
guantidade e qualidade do aporte de carbono owmgéamigortes de
minerais contendo P, bioturbacdo, fotossinteseéligap atividade de
plantas aquaticas, concentracdes de matéria oegdoisedimento, ferro
reativo, sulfato dissolvido, calcita e outras ctedsticas do sedimento
(Wetzel, 2001).

Estudos tém demonstrado a importancia das bact@iaglo de
P, especialmente na interface sedimento-agua, estaecontribuicédo
ndo € apenas indireta por meio da influéncia entgssos redox
dependentes, mas também de forma direta devidmeneecdo de
diferentes compostos de P (Kleeberg e Dudel, 1984ftins et al.,
2011).

Os efeitos dos macroinvertebrados bentbnicos nspmte de
nutrientes dos sedimentos para a agua também tdon bsistante
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documentado em ambientes aquaticos. Esses efaildsen o
transporte vertical de P associado ao sedimen®agi@as intersticiais
durante as atividades fisicas de macroinvertebraeioso de cavidades,
excrecdo de P por organismos diretamente nos seiisndo entorno
ou cavidades, e excrecdo de P derivados dos sddsmdiretamente nas
aguas do entorno. As caracteristicas dos organigisgsomo tamanho,
comportamento, e modo de alimentagdo sdo impostalgerminantes
de quais processos serdo dominantes e sob qualg®@es ambientais
(Caliman et al., 2007; Swan et al., 2007).

As atividades de organismos bentbnicos alteram &izmde
sedimentos e a troca de solutos entre a interfadienento-agua. Esses
animais bentbnicos podem misturar particulas densedos, alterar a
estratificacdo do sedimento, aumentar a porosiddmesedimento,
produzir heterogeneidade na distribuicdo de ox@mépiH e microbiota
através de seus movimentos. Também sdo capazedteder a
degradacao da matéria organica, a ciclagem deentés, a dinamica do
oxigénio, e as concentracdes de ferro (Calimah,e2@07; Zhang et al.,
2014).

Conforme anteriormente exposto, h4 muito tempo elpdos
sedimentos tem sido reconhecido na dindmica dossistemas
lacustres, tanto como depdésitos quanto como fodesnutrientes,
influenciando fortemente no estado tréfico e biedsidade dos lagos e
lagoas (Trolle et al., 2009).

Parte da matéria orgénica que entra em um lagotia g@ bacia
hidrografica (aloctone) ou é produzida dentro ddppo lago
(autoctone) é depositada no fundo do lago e taen@asorporada
permanentemente no sedimento. Dessa forma, osesgdsndos corpos
d’agua também funcionam como depdsitos para matéganica e
macro-elementos associados (C, N e P). Como rdsults sedimentos
de lagos contém um arquivo das condigcbes ambieatd®s processos
biogeoquimicos passados dentro e fora do corpaid,&de forma que
testemunhos de sedimento podem ser usados pamaeiaew alteracoes
no ecossistema através do tempo. As taxas de aatéioutle macro-
elementos e matéria organica nos sedimentos tém eitudadas
juntamente com isétopos estaveiS’C e "°N) para inferir mudancas
ambientais passadas nos ecossistemas. Estes pasis#a utilizados
para identificar a origem da matéria organica, rinfprodutividade
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primaria passada, documentar eutrofizacdo histéedacidar ciclos
biogeoquimicos (Torres et al., 2012).

Uma abordagem paleoecolégica quantitativa multii@toferece
uma histéria especifica de um determinado localcacda resposta de
um sistema a distarbios ambientais recentes, ¢ai® @ eutrofizacdo, e
€ uma ferramenta poderosa por fornecer evidénceascahdices
guimicas e bioldgicas histéricas de referénciari@lat al., 2006). A
abordagem é particularmente valiosa onde infornsmdfgtdricas séo
esparsas, descontinuas, incompletas e/ou ndo caejmre tais dados
podem ser essenciais para estabelecer a histoheerstal de corpos
d’agua em relacdo ao desenvolvimento de suas bdeiadrenagem
(Haworth et al.,, 1996). Tal conhecimento & pré-stp para uma
gestdo inteligente, para a definicdo de objetivasa prestauragao,
utilizacdo de modelos dindmicos para avaliar difte® cenarios de
gestdo, e monitorar tendéncias de resultados (Be#a1999).

De acordo com Meyers (2003), os dois tipos maiomaptes de
informacdes fornecidas pela matéria organica sedanedo a origem
da matéria orgénica e a abundancia da biota queduziu. A fonte
dominante de matéria organica para os sedimentlzgds e lagoas sao
0s organismos fotossintetizantes que vivem dento eedor do corpo
d'adgua.

A matéria orgéanica de algas, que é rica em pratedrnaobre em
celulose, tem razbes molares de C/N normalmentee ehte 10,
enquanto plantas terrestres vasculares, que sa@espen proteinas e
ricas em celulose, geram matéria organica com sa@@d usualmente
iguais ou maiores que 20 (Meyers, 1994). Essasedifas fundamentais
na composi¢do da matéria organica geralmente sebr\a deposicéo
e sedimentacao (Meyers, 2003).

A andlise de is6topos estaveis também tem se rdosuiena
excelente ferramenta para estudar os ciclos biageicps de C e N em
sistemas lacustres e lagunares (Gu et al., 2008} bomo para
compreender a origem e ciclagem da matéria orgafiieamann et al.,
2004). A razao isotopica de C e N da matéria ooganos sedimentos
resultam de diversos processos complexos, inclulidesintese na
zona fética, degradacdo da matéria organica eigresto bacteriano na
coluna d’dgua e no sedimento, e aporte de fontesomes (Lehmann et
al., 2002).
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Os valores dé'*C da matéria organica sedimentar sdo afetados
pelas taxas de producdo algal em lagos, as quaisaséroladas pela
disponibilidade de nutrientes dissolvidos. A liggéo de nitratos e
fosfatos de origem terrestre aumenta a produtigidague remove
seletivamente C inorganico dissolvido rico @ e leva a valores mais
elevados dé*°C na matéria organica produzida pelo carbono imcga
remanescente (Meyers, 2003).

Os valores de3'®C da matéria organica sedimentar também
aumentam com o aumento do estado tréfico, de foumaa assinatura
isotdpica do carbono na matéria organica pode rs@wno uma
evidéncia para inferir o estado tréfico passadolagss (Brenner et al.,
1999).

A raz&o isotépica d&"°N também tem sido amplamente utilizada
como pardmetro para determinar as fontes de matégéanica e
processos internos ao corpo d’agua. O nitratocgraaf mais comum de
N inorganico dissolvido utilizada por algas ndoafleras de b
enquanto as plantas terrestres utilizam ¢ fiXado por bactérias
simbiontes no solo (Meyers, 2003). Os valores raksados de&™N
tipicos (7 — 10%) do nitrato dissolvido, em comgamcom o M
atmosférico (0%), auxiliam na investigacdo dasdsrte nitrogénio, e
assim, das fontes de matéria organica (Das &04l8).
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2. AREA DE ESTUDO
Localizacdo e caracteristicas gerais

A lagoa do Peri esta localizada a sudeste da ilhaSanta
Catarina (Figura 1), entre as latitudes Sul de 2391 e 27°46’45" e as
longitudes Oeste 48°30'33” e 48°31'59” (Oliveird)d(2), inserida em
um dos ultimos remanescentes de Mata Atlanticéhda Apresenta um
espelho d’agua de 5,7 km2, sendo rodeada por mookmstos por Mata
Atlantica e uma restinga tipica de vegetacéo litead a qual a mantém
separada do Oceano Atlantico (Silva, 2000).

1 4B1'50W

27°4259°8
Santa Catarina State

. " Florianapolis |
: Island <

Atlantic Ocean

-+ 4BT3033'W

A 277464578

[ = = e G
0 420 840 1680 2520 3360

Figura 1. Mapa da bacia hidrografica (area destaeaticinza) da lagoa do
Peri, sul do Brasil, e localizacdo dos cinco poatomestrais.
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A lagoa apresenta um perimetro de 11.064 m, coreption
maximo efetivo de 4 km, largura maxima efetiva ¢&41lkm para o
setor norte e 1,87 km para o setor sul (Oliveir@02), uma
profundidade méaxima de 11 m na sua por¢do cent@bfindidade
média de 4,2 m.

O Pargue Municipal da Lagoa do Peri

Em 1976, a lagoa do Peri foi tombada como Patrimftatural
do Municipio de Floriandpolis e, desde 1981, a dagcseus arredores
constituem o Parque Municipal da Lagoa do Peri {L828/81; Decreto
091/82), com érea total de 20,1 km?, criado comtoito de preservar
os atributos excepcionais da natureza a fim deil@na protecdo dos
ecossistemas com praticas educacionais, cientiicescreativas que
envolvam a comunidade local, sendo proibida qual@tieidade de
exploracao dos recursos naturais (CECCA, 1997).

O Parque é dividido em trés areas (FLORAM — PMB920

Areas de Reserva Bioldgica - destinadas a presivategral e
permanente do ecossistema e de seus recursos, dpedas seu uso
permitido para fins cientificos; abrange areas dabepela Floresta
Pluvial da Encosta Atlantica e pela vegetacaodiien.

Area de Paisagem Cultural - onde se localizam ssné@mentos
e atividades tradicionais (engenhos de farinha eada-de-aglcar) dos
descendentes dos antigos colonizadores de origamaag.

Area de Lazer - destinada a fins educacionaisrdifies através
do desenvolvimento de atividades de recreacaocee ¢cammpativeis com
a preservacdo do meio ambiente. Dentro desta amemtea-se a sede
administrativa do parque.

Segundo estudo realizado por Dechoum e Arelland 2200
Parque Municipal da Lagoa do Peri fornece 16 tiges servicos
ecossistémicos, sendo: quatro de suporte (formac#ertiidade de
solos, manutencdo da biodiversidade, producdo paméeciclos
biogeoquimicos); cinco  culturais  (valor  culturais,valor
turistico/recreativo, valor educativo e cientifiolor estético, valor
espiritual e religioso); trés de provisdo (recurgesqueiros, agua para
abastecimento, plantas medicinais); e quatro ddaego (quantidade e
qualidade de agua, controle da erosdo/sedimentaegolacdo da
qualidade do ar, regulacdo do clima local).
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Caracteristicas fisicas: clima, solo, relevo e gaph

O clima da regido de Florian6polis é consideraddipo Cfa:
mesotérmico Umido sem estacdo seca definida e @rép wquente,
tipico da regido litoral sul do Brasil, com distritéo de chuvas mais ou
menos regular ao longo do ano, porém com uma ctacéo
relativamente maior nos meses de verao e um poeEOMMO inverno.
A média anual das precipitagdes fica em torno 8@0Lmm.

Em um levantamento realizado por Oliveira (2002n atados de
1947 a 2001 obtidos junto a CIRAM, os ventos pradantes na regido
de Florianépolis sdo o vento Norte3{%), seguido pelos ventos
Sudeste17%), Sul £16%) e Nordeste~(L0%). Os demais 20% sé&o
pertencentes as demais dire¢fes ou referentesia@erde calmaria.
Ainda de acordo com Oliveira (2002), apesar dosogepredominantes
na regido serem originarios do quadrante Nortenais atuantes como
agentes modificadores de relevo, com maiores \dddeis e com maior
capacidade de transporte sdo os ventos do quadalnte

A regido é caracterizada por uma topografia acadlentnas
porcdes sul, oeste e norte, com altitudes infesiar®00 metros, e uma
faixa de restinga situada na porcdo leste. As msialtitudes estéo
situadas ao longo da crista que contorna a bac@apacio da lagoa,
representada pelo Morro da Chapada (440 m), Moard apera (383
m), Morro da Boa Vista (367 m) e Morro do Peri (384 Na maioria
das encostas, predominam declividades acentuadtas, 20 e 45%
(Penteado, 2002).

De acordo com Oliveira (2002), a lagoa do Peri i@ origem a
partir da “transgressdo marinha no Holoceno, estaseparada do
oceano no seu setor leste, por um proeminente c@m@®oso, enquanto
que no setor oeste limita-se com o embasamentalicres.

Quanto a granulometria, Oliveira (2002) constatae g maior
parte do sedimento de fundo da lagoa é compostsilmuito fino, o
qual esta presente em quase toda a por¢cdo sultee dsedagoa, bem
como boa parte das porcdes noroeste e centrakefesdinas e médias
estdo presentes principalmente nas por¢cdes ntastee
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Caracteristicas bioldgicas: flora

De acordo com Oliveira (2002), a cobertura vegatabacia da
lagoa do Peri segue o padrdo apresentado para delanta Catarina,
obedecendo a estrutura geoldgica local em dois rdomprincipais:
Floresta Pluvial Atlantica (Mata Atlantica) no emmhmento cristalino,
ocupando a maior parte do entorno da lagoa (posiideseste e norte),
apresentando um bom estado de preservacédo; e Yagefboranea na
planicie costeira, associada ao substrato areresEnte de origem
flavio-marinha e edlica, pobre em nutrientes, osdalesenvolveu uma
vegetacao tipica de restinga. Além dessas duasaf@es, pequenos
reflorestamentos de espécies exoéticas e plantagieem ser
observados na bacia.

Bacia hidrogréfica

A lagoa do Peri encontra-se a aproximadamente mrésos
acima do nivel do mar, o que a classifica comoddaguspensa” (Poli et
al., 1978) e de agua doce, e mantém contato penteaoem 0 mesmo
através de um canal de despejo (canal Sangradar) ftaxo
unidirecional lagoa- mar. E alimentada por dois cursos d’agua: o rio
Cachoeira Grande e o rio Ribeirdo Grande, e seciantnte por
pequenos coérregos (IPUF, 1978).

O rio Cachoeira Grande possui uma extensdo deni, h&sce a
uma altitude de 280 m e apresenta uma declividashande 20 cm/m,
drenando uma area de 1,66 km2. O rio Ribeirdo &rapdr sua vez,
nasce a 285 m de altitude, possui uma extensagdemde declividade
média de 12 cm/m e drena uma area de 6,98 km?2 (IPQ¥8; Lapolli et
al,, 1990).

A retificacdo do rio Sangradouro, em 1975, acauretm
rebaixamento do nivel da agua na lagoa em ceraioidemetros, ao
passo que a construcdo de uma barragem na entvackndl da lagoa
em 1988, elevou o nivel da agua em cerca de unon#etonstrucao da
estacdo de tratamento da CASAN levou a uma novagde de quase
um metro no final da década de 1990.
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Historico de estudos limnoldgicos na Lagoa do Peri

A profundidade maxima observada na lagoa do Peéridol1
metros, com média de 5 metros, o que a distingunalaria das lagoas
costeiras que apresentam profundidades médias 8lemektros e
raramente ultrapassam os cinco metros (Kjerfve4)98rnando-a um
ambiente ainda mais singular.

Silva e Senna (1997) constataram que a lagoa apaesaséncia
de anoxia e um relativo grau de homogeneidade ie$pam suas
caracteristicas limnolégicas, classificando-a caootipo polimitico.
Também afirmaram, através da medicdo de indicaddoegrau de
trofia, que a lagoa do Peri apresenta boas corsl@@reservacao.

Laudares-Silva (1999) encontrou as menores e nsaiore
temperaturas da 4gua até agora registradas pagaado Peri: 15°C e
30°C, assim como constatou a ocorréncia de pequestestificacdes
térmicas, com variagdes de até 2°C entre supeditimdo, em estudo
realizado entre margo/1996 e fevereiro/1997. A naeantora registrou
condicdes relativamente boas de oxigenacédo da éguando entre 5,6
e 8,3 mg/L e também auséncia de anoxia.

Os dados de pH existentes para a lagoa do Pecaimdjue suas
aguas sao geralmente neutras, mas variam entrendet®e acidas
(pH=6,0; Laudares-Silva, 1999) e levemente basi¢pbi=8,1;
Simonassi, 2001).

Estudos que registraram a variacdo mensal nas moacées de
nutrientes da lagoa mostram que estas sdo cordddede baixas a
moderadas comparadas a outras lagoas costeiras,caooentracao
média de nitrogénio total de 547 pg/L e de fosfrtal de 15 pg/L
(Laudares-Silva, 1999).

Quanto as concentragfes de clorofila-a, Simonaé§il) obteve
valores médios entre 15,5 e 38,4 pg/L em 1998, arnquLaudares-
Silva (1999) encontrou médias variando entre 7 g4 | 18,74 ug/L,
em 1996.

A comunidade fitoplanctdnica é tipica de aguasigentais, com
dominéncia de poucas espécies. Laudares-Silva \lI89Periodo de
mar¢o/1996 — fevereiro/1997 encontrou uma riqgueeasal variando
entre 10 e 29 taxa, e Grellmann (2006), no peritelnovembro/2004 —
setembro/2005, obteve resultado semelhante (11 @axa). Quanto a
densidade mensal, um aumento significativo foi plzato de 1996 para
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2004: de 3.079 a 41.246 individuos.tn{Laudares-Silva, 1999) para de
40.305 a 116.961 individuos.rl(Grellmann, 2006).

Ainda em relacdo a comunidade fitoplancténica, baestSilva
(1999) encontrou dominancia da cianobactébglindrospermopsis
raciborskii em apenas dois meses de coleta e considerou aieespéc
abundante em seis outros meses. As esp®timscystis irregularee
Pseudoanabaena galeatambém mostraram dominancia em ao menos
uma coleta. No total, 16 taxa foram consideradom@dntes no periodo
de 1996-97. Uma mudanca significativa pdde ser rohda na
comunidade fitoplanctbnica em 2004-05 (Grellmar0Q&), quandcC.
racisborskii foi a Unica espécie dominante durante os 12 mdses
coleta, exceto no més de setembro/2005, quandoalfmindante
juntamente conbimnothrix planctonicae Monoraphidium irregulare
Somente quatro espécies foram consideradas abesdamt 2004-05:
C. raciborskij L. planctonicaM. irregulare e Chlorella sp.

Um estudo mais recente envolvendo a qualidade da &g
Lagoa do Peri foi por Hennemann e Petrucio (20A1xgoa apresenta
agua doce o ano inteiro, com baixa condutividadé, gpdximo a
neutralidade e uma coluna d'agua relativamente beaigenada. E
classificada como oligotrofica para as concentsgde nutrientes e
meso-eutrofica para transparéncia e clorofila-a. refgnta
homogeneidade espacial e heterogeneidade sazahglandmetros de
gualidade da agua (Hennemann e Petrucio, 2011).

Outro estudo recente na Lagoa do Peri quantifi@tagas de
producdo priméria, respiragdo e metabolismo em /2009 (Tonetta,
2012), observando auséncia de variacao verticebsepca de variacéo
sazonal significativa nas taxas de produgcdo pramarirespiracdo, e
alternancia sazonal entre autotrofia (verdo e pa@msg e heterotrofia
(outono e inverno) no metabolismo. Condigbes lintda de luz e
nutrientes, para o crescimento fitoplancténico,afior os fatores
atribuidos as menores taxas de producdo primagan&iadas neste
ambiente em relagdo a outros ambientes tropicaisutdropicais.
Cyanobacteria e Chlorophyta foram o0s grupos maigoitantes da
comunidade fitoplancténica, em termos de densigadigersidade, com
destaque par&ylindrospermopsis raciborskiue dominou na maior
parte do periodo de estudo.

A comunidade zooplancténica foi examinada pela @rmvez
durante 12 meses na Lagoa do Peri, em quatro eegideeriodo de
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abril de 2011 a mar¢co de 2012. A comunidade zoopdaita foi
composta por alta densidade de rotiferos, cladéa®@equeno porte e
copépodos ciclopdides. A riqueza da comunidaddddi6 taxons sendo
os rotiferos dominaram em todos 0s pontos de aagestr e
praticamente em todos os periodos do ano em rigdezaspécies e
densidade. A comunidade mostrou homogeneidadeiakgmrém com
variabilidade temporal. A presenca e dominanciaci@mobactérias
filamentosas é o principal fator que tem reguladaoanunidade,
tornando-a dominada por rotiferos, caracteristica @mbiente
eutrofizado. A temperatura da agua foi o fator @tmé que mais
contribuiu para a variacdo da comunidade ao longoteinpo. A
modificacdo da composicdo do zooplancton, com pgasede espécies
indicadoras de eutrofizacdo corBoachionus calyciflorusBrachionus
angularis e Asplanchnasp, podem confirmar que a agua da lagoa Peri
esta passando um processo negativo que pode eaunsaumento do
estado tréfico, causando grande impacto na quaidda agua e
alterando a comunidade bioldgica (Gerzson, 2013).

O trabalho mais recente envonveldo a comunidade
fitoplanctbnica da Lagoa do Peri (Silveira, 2018)pstrou que, de
maneira geral, a diversidade de espéciesfoi bdewdo principalmente
a dominancia por poucas espécies de cianobactéfias.grupos
funcionais selecionados pelo ambiente foram caidts
predominantemente de cianobactérias adaptadaxa lbailinosidade,
intensa mistura e temperaturas elevadas. A preseniggnte da espécie
fixadora de nitrogéni€ylindrospermopsis raciborskioi observada em
alta proporcdo em toda a série temporal, com etewdmhsidade de
heterocitos. Assim, a fixagdo de nitrogénio paestar exercendo papel
crucial para o sucesso da espécie. As andliseézadad indicaram que
os fatores fisicos da agua foram os principais gtumds da dominancia
das populagbes de cianobactérias no sistema. Deinmageral, a
estrutura e dindmica do fitoplancton da lagoa do &emonstraram
estar relacionadas a limitacdo por luz e nutriendessolvidos -
direcionados pelos padrées de mistura - somados amplo gradiente
temporal de temperatura, promovendo 0 sucessgéeies adaptadas a
este cenario.
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3. HIPOTESES

A partir das informacgdes anteriormente apreseniadaseguintes
hipéteses foram testadas pelo presente estudo:

» Os parametros de qualidade da agua apresentargaando
sazonal de variagdo associada a subtropicalidads, néo
apresentardo diferencas significativas entre 0s s ano
amostrados, tendo em vista a condicdo de protegémacia
hidrogréfica;

e O fésforo (P) sera o nutriente limitante ao crescito do
fitoplancton em uma escala de tempo maior, e aertragao
de clorofila-a estara associada a temperaturapernislidade
de P, sendo maior nas esta¢cBes mais quentes eogaand
concentracfes de P na 4gua forem maiores;

» Os registros paleolimnoldgicos nos testemunhosdenento
indicardo uma melhora na qualidade da &gua (redog&o
nutrientes) da Lagoa do Peri em longo prazo, bemoco
aumento da contribuicdo da matéria organica deerig
autoctone, tendo em vista a recuperacdo da vegetdga
entorno e as altas concentracdes de clorofila vhdas na
lagoa;

e Havera auséncia de diferencas entre os dois pamids 0s
testemunhos de sedimento serdo coletados, tendastaras
profundidades semelhantes, o espelho d'agua retadnte
pequeno de lagoa e auséncia de heterogeneidadsaés@a
qualidade da agua;

» Haverd variacdo sazonal nas concentra¢cfes e faten®sno
sedimento, em funcdo da temperatura e seus efgitoe 0s
produtores primarios e decompositores, bem conavetitas
significativas entre os diferentes pontos amostado
associadas a granulometria e ao conteudo de matgéaica;

* Encontrar-se-4  correlagbes  significativas entre  as
concentracfes de P no sedimento e parametros tidagiea
na coluna d’agua e a densidade dos principais grtrpticos
bentbnicos existentes na lagoa.
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4. OBJETIVOS E JUSTIFICATIVA

Somente através de dados de longo prazo da qualid#adgua é
possivel compreender as causas e efeitos das desiapas
concentracdes de nutrientes e do processo deigzat@d de um corpo
d'agua, afim de definir estratégias de gestao stésteis e com o maior
custo-beneficio possivel (Heathwaite et al., 1996).

Dessa forma, compreender como variam 0s princpgaiimetros
de qualidade da &gua no curto e longo prazo, beno d® que forma
eles se relacionam com o sedimento, sdo conheamé&mdamentais
para buscar entender o funcionamento dos ecossistaquaticos e
compreender a dominancia de cianobactérias, agsimo determinar as
melhores estratégias de gestdo para ambientesisfragde grande
importancia ecoldgica, econémica e social coma@gsds costeiras.

Assim sendo, 0 presente estudo teve como objetingpreender
como parametros de qualidade da agua variam naaalidigua e no
sedimento em diferentes escalas temporais e espaaidagoa do Peri,
por meio do monitoramento mensal, bem como atralgsestudos
paleolimnoldgicos que sdo capazes de registraddéade informacgdes
sobre o corpo d'’dgua no sedimento. As informacdsilas também
tinham como objetivo fornecer subsidios para eapli@as altas
concentracdes de clorofila-a encontradas na aqesan das baixas
concentracdes de nutrientes dissolvidos.

Os objetivos especificos foram:

» Compreender como parametros de qualidade da agwa e
limitacdo por nutrientes variam no tempo em umadagpsteira
subtropical e quais seriam os fatores que determioa
influenciam nessa variacao;

« Determinar quais caracteristicas da agua podemr esta
contribuindo para as altas concentracbes de dmafi
encontradas em baixas concentracdes de nutrieistesvitios
observadas na Lagoa do Peri;

» Estimar variagBes temporais e espaciais em longaopnas
fontes, no histérico de deposicdo e na preservdgamatéria
organica nos sedimentos, por meio de parametros
paleolimnoldgicos;
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» Compreender como as diferentes formas de fosfogalico e
inorganico) variam espacial e temporalmente nosregdos de
uma lagoa costeira;

» Avaliar quais caracteristicas da dgua e da comdeitientbnica
podem estar influenciando na ciclagem do fosfortreens
compartimentos pelégico e sedimentar da Lagoa do Pe
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Abstract

Temporal variability in some water quality paramgtean play
an important role in determining the presence dnohdance of primary
producers, and consequently in the trophic stadeo#tmer characteristics
and uses of lake ecosystems. In this sense, tlsergretudy aimed at
understanding temporal dynamics of some troph&vesit water quality
parameters in different time scales and their ¢aticen and influence in
phytoplankton biomass (chlorophy) in a shallow subtropical coastal
lake. Peri Lake is located in Florian6polis islandsouthern Brazil and
samples were taken monthly between March 2007 abduBry 2013.
The lake showed low dissolved nutrients concemtnatiespecially
phosphorus (P) (median dissolved P: 2.0)gand high chlorophyla
(median: 20.8 pgY) concentration. Total nitrogen (TN) concentration
varied broadly, with a median of 672.8 pg'Land total P (TP)
concentration was low (median: 13.5 pg)LA seasonal pattern of
variation concerning dissolved and total P and rdgoyll a
concentration was observed, associated mainly teithperature and
wind speeds, but no clear pattern was observedniiwogen (N)
fractions. Significant differences were observeddifferent years for
some parameters, with higher chlorophyll a and toieconcentration
in the last three years sampled. The lake was deresd potentially P
limited during the majority of the study period aamgbositive correlation
was found between chlorophyla and total and dissolved P
concentration. Phytoplankton biomass (as chlord@)yvas apparently
controlled by water temperature and P availabi{itiN: TP ratio and
dissolved P). Water transparency (as Secchi dep#s) strongly and
negatively  influenced by  chlorophyll a  concentration.
Cylindrospermopsis raciborskdibilities to compete for P and light seem
to be important factors determining its success @ominance in this
low P coastal ecosystem. The fluctuating P supgplgbably associated
to sediment resuspension by wind in this shallowtevtedy, is an
advantageous factor for cyanobacteria and has g@oriamnt role in
chlorophylla dynamics. Thus, high chlorophyl concentration in this
subtropical lake seems to be related to the Pdunitondition,
shallowness and low water column transparency, lwhie probably
favouring the dominance &. raciborskii especially in higher summer
temperatures, and leading to high chlorophytioncentration even in a
low dissolved nutrient environment.
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1. INTRODUCTION

The most important chemical elements affectinghiogtate are
nitrogen (N) and phosphorus (P), what makes thduatran of the
availability and quality of long-term records ofedfe nutrients to
establish trends and rates of change very impo(tdeathwaiteet al,
1996). Total N (TN) and total P (TP) pools in frestters can include a
complex set of chemical fractions that may varyhieir availability for
biological uptake. In spite of that, the TN:TP oatian be a good proxy
for the relative availability of these two importaiements to the biota
over ecologically meaningful time and space scgdésrner, 2008).

TN:TP ratios have been commonly used to infer phigtakton
nutrient limitation in experimental and field stedi(e.g. Chislockt al,
2014; Figueredet al, 2014). The exact ratio at which either nutrient
becomes limiting may vary among lakes as well athiwilakes,
depending on the phytoplankton community that igsent, and
therefore, a range of N:P ratios have been proptsedassify the
nutrient limitation status of lakes (Abeit al, 2010). On the other hand,
reviews and studies indicate that the molar Retlfiatio of 16:1 can be
used for inferring potential nutrient limitation lgtismeieret al, 2004;
Abell et al, 2010; Loladze and Elser, 2011). Klausmeaital. (2004)
suggested that field surveys should focus lessvamnage values and
more on the variation in particulate and dissolvedrient ratios, by
using higher spatial and temporal resolution ar$emting the range of
values observed rather than just averages. Thealhas we attempted in
the present study.

Concerning the discussion of which nutrient is prathantly
limiting in freshwater ecosystems, ‘The Phosphorusnitation
Paradigm’ states that P generally controls biokigizimary production
in oligotrophic lakes over multi-annual time scallest co-limitation by
multiple factors would be the rule in most lakegroshorter time scales
(Sterner, 2008). In a review concerning global ieuatr cycles, Arrigo
(2005) highlighted that co-limitation of primaryqaucers by multiple
resources can occur in some parts of the worldesaoncand that this
phenomenon is most commonly observed in oligotpistems.

Cyanobacteria can be an important component ofptiraary
producers in freshwater ecosysten@ylindrospermopsis raciborskii
(Woloszynska) Seenayya and Subba-Raju is a higtidyptave bloom
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forming cyanobacteria capable of producing toximsl aommonly
observed over a wide range of ecological conditidghat has been
expanding its global distribution from the tropit®swvard temperate
climates (Padisak, 1997; Hamiltat al, 2005; Stukeret al, 2006;
Vidal and Kruk, 2008). The migration @. raciborskii toward more
southern latitudes in South America is relativelgcant, and
demonstrates the wide tolerance, plasticity andesgof the species in
subtropical climates (Piccieit al, 2011).

In this context, Peri Lake is a freshwater subtrabsystem with
low P concentration and dominanceGfraciborskii Understanding the
characteristics that allow high chlorophyd concentration and
cyanobacteria dominance in this low nutrient fragécosystem is
important before more intensiv& raciborskiiblooms occur and, more
importantly, before the occurrence of toxin releaslkich would affect
the entire biota and ecological equilibrium in th&e, as well as the
water supply to thousands of people. Moreover, rstdeding the
processes underlying nutrient cycles in freshwateosystems are
particularly important in the face of increasinghanpogenic nutrient
release and climate change (Arrigo, 2005).

In this sense, the present study aimed at undelisgtemporal
dynamics of some trophic relevant water qualityapaeters in different
time scales and their correlation and influencphigtoplankton biomass
(chlorophylla) in a subtropical coastal lake ecosystem (Pere).aker
a 6-years period. Our hypotheses were: a) watditgjparameters will
show a seasonal pattern of variation because afuhtopical location
of the lake, but no significant variation among rggasince the
watershed is inside a protected/preserved areapHytoplankton
biomass (as chlorophydl) will be constantly limited by P, reflecting in
high N:P ratios; c) chlorophyd will be controlled by P availability and
water temperature.

2. METHODS
2.1. Study Area

Peri Lake is located Santa Catarina State, Soutliraril
(27°44'S and 48°31'W). It has a surface area af brf? surrounded by

mountains covered by Atlantic Rain Forest and saRdsgtinga (forest
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formation typical of sandy coastal plains and dyjnaad almost the
entire drainage basin is within a conservation giManicipal Park)

with relatively low human influence since 1981. iIReke is considered
a coastal lagoon due to the geographic locationgeadogical origin,

but presents some features that are quite diffdrent other coastal
lagoons worldwide, such as a maximum depth of 1,.Gn average
depth of approximately 4.2 m, and no sea wateuamite (freshwater).
It is a polymictic water body, the water colummnisll oxygenated, and
presents a relative spatial homogeneity (verticahd horizontally)

concerning water quality features (Hennemann anmuéte, 2011).

Since 2000, the lake supplies potable water forag@mately 100,000
people. The climate in the area is characterificaibtropical (Kbppen-
Geiger cfa — Kottek et al, 2006), with rainfall and winds well
distributed along the year, but relatively moregfrent and stronger in
spring and summer months (September-February).

Studies developed intermittently in the last 18rgdaave shown
that phytoplankton in Peri Lake is dominated mdsthe year by the
potentially toxic cyanobacteriur@ylindrospermopsis raciborskiiand
that its density and dominance are increasing (aeegdSilva, 1999;
Tonettaet al, 2013). In monthly samplings in 2009-2010, Tonettal.
(2013) foundC. raciborskii densities between 11,074 and 231,886
ind.mL? (mean: 86,734 ind.nit), with dominance ranging between
33% and 96% (mean: 73%).

2.2. Sampling and analysis

The present study consisted of monthly samplinglofsical,
chemical and biological parameters in four depth®me central site
~9.0 m depth): surface=Q.1 m), Secchi depth={.0 m), photic zone
limit (=3.0 m) and aphotic zone®.0 m). Samples were taken during 72
months (March 2007 to February 2013), using a &h Dorn bottle. A
map of Peri Lake watershed and the location otcteral site sampled
in the present study can be seen in Henneraaah (2015).

Transparency (with a Secchi disk), pH, dissolvegigex (DO)
and water temperature (WTemp) were measumesitu with specific
probes (YSI and WTW). Climate data (air temperatwiad speed and
rainfall) was provided by ICEA (hstituto de Controle do Espaco
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Aéred) from the Defence Ministry, Brazilian Federal gomment,
taken from the Floriandpolis airport station (5r6 kom Peri Lake).

Dissolved inorganic nitrogen (DIN) was determinedtee sum of
nitrite (N-NG,” - Goltermaret al, 1978), nitrateN-NO; - Mackerethet
al., 1978) and ammoniumN¢(NH," - Koroleff, 1976); inorganic
phosphorus was measured as soluble reactive phospleRP -
Strickland and Parsons, 1960); total phosphorusratndgen TP and
TN — Valderrama, 1981) were also determined. Deteclimit was
around 1.0 pgt for all methods. Nutrients were measured in
laboratory from filtered and unfiltered frozen watamples kept in
polyethylene bottles at —20°C. Chlorophal(Chla) concentration was
obtained by filtering 500 mL water samples througiass fibre filters
Millipore AP40 followed by extraction with 90% aosie according to
the method and equations described by Lorenzerv{196

In order to work with six complete datasets of l@nths to
compare among years variation, we considered Degei®7, January
2008 and February 2008 as summer 2007; Decembed, Zdbuary
2009 and February 2009 as summer 2008, and soifferddces among
seasons and years were tested by Kruskal-Walliysigaof variation,
followed by multiple comparisons. Spearman’s cati@h was also
applied between all variables, including climat¢éadaf the seven days
previous to sampling dates. General Linear ModélMEBwas applied
with Chl-a concentration as dependent variable, and physibalinical
and climate parameters as continuous predictoatisttal analyses and
graphs were made in the software Statistft4StatSoft) and Microsoft
Excel 2007.

3. RESULTS
3.1. Dynamics of Trophic Relevant Parameters

Monthly rainfall varied between 0 mm and 478 mnithwa mean
of 112 mm/month in the 2007-2012 period, and acdated year
precipitation ranged between less than 1000 mn®@82nd 2012, and
around 2000 mm in 2010 and 2011. Air temperatureedaaccording to
the subtropical climate between 0.0°C and 38.6°@nduthe study
period, and mean annual temperature gradually asex from 2008
(19.8°C) to 2012 (21.4°C) (Fig. 1).
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Fig. 1 Monthly climatic variables (rainfall and minimumaximum and
mean air temperature) in Peri Lake along the spahod (March 2007 —

February 2013). Data provided by ICEA — Ministryléfense — Brazilian
Government.

The four sampled depths did not show clear sigamific
differences concerning the parameters analyzedefwealumn was well
mixed), so the four depths were grouped in monthians for the
statistical analysis. Water temperature (Fig. 2ayied seasonally
(summer > fall > spring > winter), with all seasosagnificantly
differing from each other p&0.01). Dissolved oxygen (DO) was
significantly higher in winter (Fig. 2a), and watemperature and DO
varied inversely to each other, as expected becafistower G
solubility in water with increasing WTemp. Watedwon was always
well oxygenized. Water pH (Fig. 2b) remained cltseneutrality and
did not varied among years, but it was significartigher in spring
when compared to fall and wintep<0.01). Secchi depth (Fig. 2b)

remained around 1.0 m most of the time and showadeteease in 2011
and 201240.8m) £<0.01).
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Fig. 2 Monthly mean of water temperature and dissolveggen (a), and
Secchi depth and pH (b) in the study period (M&@07 - February 2013).

Total P (Fig. 3a) varied from 4.0 to 39.1 pg (median: 13.5 pg
LY and showed higher concentration in summer montheen
compared to fallg<0.01). In spite of the ten times difference betwee
minimum and maximum values, TP remained aroundntieelian in
most months sampled in 2007-2012. Total P was ipelitcorrelated
with Chl-a and negatively with rainfall (Tab. 1). Median TRid. 3a)
was 672.8 pg t, ranging from 90.6 and 1752.6 ug'.LNo clear
seasonal pattern of variation was observed for DM it varied

significantly among year9€0.01), with lower concentration in 2010-
2011 than in 2007-2009 and 2012.
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Dissolved nutrients concentration were very lowgeneral, and
showed no clear seasonal pattern of variation, pixfie SRP, which
showed a tendency of higher concentration in summenths. SRP
(Fig. 3b) varied between undetectable and 10.8 figntedian: 2.0 pg
L™, with considerable variation among months and'sieA positive
correlation was observed between SRP andaGidncentration, wind
speeds and Wtemp, but a negative correlation veasdf with N-NH,"
(Tab. 1).

Concerning dissolved N fractions, the broad montalsiation in
the N-NH," (Fig. 3b) concentration (from undetectable to 96¢pL";
median: 11.1 ug ), resulted in non-significant variation among ear
and seasons, except for lower values in 2@&P.01). Nitrate (Fig. 3c)
varied from undetectable to 26.7 pg (median: 6.4 pgt) and showed
lower concentration in 2008 and 2012 in comparief009 and 2010
(p<0.05). Nitrate varied considerably among monthsit Ispring
concentration was significantly lower than othelasss [§<0.01).
Nitrate was negatively correlated with wind (Tap. Nitrite (Fig. 3c)
had very low concentration (median: 0.4 i§ tange: undetectable to
1.3 pg Y and can be considered negligible in the N cytlBéri Lake
for the biota.
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Peri Lake.
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Table 1L Spearman's correlation between chlorophyll-arients and climate
data in Peri Lake during the study period (MarctD26- February 2013).

Marked correlations (bold) are significantpa®0.01.
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In spite of the low dissolved nutrients and TP amsuChla
concentration (Fig. 4) was high, varying from 4@ Iii* to almost 60.0
pg Lt (median: 20.8 ugt), and showed the expected pattern of higher
concentration in summer when compared to the atbasonsp<0.01).
The last years sampled (2011 and 2012) had highecentration
(p<0.01) than previous years, and 2007 was significaower than all
sampled years. Additionally, Chl-was negatively correlated to N-

NH,", Secchi depth and DIN:SRP.
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Fig. 4 Monthly mean of Chl-aoncentration (ugt) and TN:TP and DIN:SRP
ratios for the period of March 2007 - February 201 3eri Lake. The dashed

line is the Redfield mass ratio (7.2:1).

3.2. Nutrient Limitation and Chlorophyll-a Relatioghips

TN:TP molar ratio in Peri Lake (Fig. 4) varied frofnto 451
(median: 105). Higher values were observed in 2@00D9 and 2012
(p<0.05), decreasing in 2008 and especially in 20048 2011. A
tendency of lower TN:TP ratios could be observegdummer months.
On the other hand, when the ratio for dissolvedienis DIN:SRP is
considered (Fig. 4), the median ratio decreasesiderably to 20,
ranging from 1 to 482. The year of 2012 showed iBggmtly lower

DIN:SRP than the previous yeaps<(.01).
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Results from the GLM were significant (F = 7.237% R0.60;
adjusted Rz = 0.5J = 0.000) with transparency (Secchi depth), Wtemp
and TN:TP ratio as the stronger most significargdpmtors of Chl-a
variation (Tab. 2).

Table 2 General Linear Model (GLM) results, with Chlas dependent
variable. Multiple R2 = 0.596; adjusted R2 = 0.5 3 0.00000.

beta F p
Intercept 4.946 0.030
TN:TP ratio -0.570 4.868 0.031
Water Temp 0.279 6.785 0.012
Secchi depth -0.617 37.211 0.000

4. DISCUSSION

The results found in the present study show thaemquality
parameters show considerable temporal variatioomes®mf them
showing clear seasonal patterns and others shoyéady variation.
The importance of Wtemp and P in directly contngli Chla
concentration in Peri Lake was demonstrated. HighaQoncentration
causes low transparency in the water column. Nifbsrashowed
considerable temporal fluctuations, but TN:TP wieigher than 50 the
majority of the sampling period, indicating a préding condition of P
limitation of primary producers.

4.1. Dynamics of Trophic Relevant Parameters

Water temperature, DO and pH were influenced bgmea air
temperature variation, with Wtemp closely followiagy temperature,
lower DO concentration in higher temperatures, higher pH in the
warmer most active growing season (spring), probasisociated to
higher CQ production. Lower DO was observed in periods ghitChl-
a, what can also be a consequence of higher consamipt respiration
processes. Previous studies in Peri Lake showed thiga seston is
predominantly composed by organic particles andindiv cells
(Laudares-Silva, 1999), which explains the negatiweelation found
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between Secchi depth and Ghland the lower transparency values
observed in the last years sampled, when higheraGldncentration
was also detected.

Concerning total nutrients, high and low TP consmns
observed in some occasions could be related to swart rainfall
previously to sampling dates (Tonet al, 2013). The tendency of
higher TP concentration in summer is probably atdated to higher
wind speed and frequency usually observed in #dsa@n, as well as to
the higher phytoplankton biomass and P storage&éngie cells; this
explanation is reinforced by the positive correatibbetween TP and
Chl-a. Negative correlation between TP and rainfall che a
consequence of the dilution effect of rainfall wateer the already low
TP concentration, since the preserved watersheddwmi significantly
contribute to P-inputs to the lake.

Concentration of TP similar to the observed in Heake is
usually found in relatively protected tropical asdbtropical lakes,
considered oligotrophic and showing low @Ghtoncentration, such as
Cabiunas Lagoon (Marottat al, 2010), Lake Annie (Torrest al,
2012) and some reservoirs in Australia (Burfaidal, 2007). This
becomes clearer when we observe datasets withedéakes around the
world, such as the one provided by Solometnal. (2013). Most
subtropical shallow lakes show much higher TP coimaedon (e.qg.
Jame<t al, 2009; Fabret al, 2010; Andradet al, 2012).

In relation to TN concentration, the years of 20dfid 2011
showed periods of high rainfall, what could havd haliluting effect in
TN concentration, leading to lower concentratiortto$ nutrient in the
water. A low rainfall period followed in 2012, wiidowered lake water
level, could also have influenced in the higher TNncentration
observed in the lake this year. The lack of sedspaiern for TN is
probably associated to high variance among montias decoupling
with temperature and Chl- differently from TP. Total N concentration
similar to Peri Lake is usually found in more eptic lakes, with
higher TP concentration, but with similar Ghlamounts (Solomoset
al., 2013).

Low dissolved nutrients concentration and lack ofclaar
seasonal pattern of variation in general (except3&P) could be
associated to the relatively well distributed ralhfalong the year.
However, rainfall can vary broadly among months awén years,
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which could be also a factor influencing in tempovariation in
dissolved nutrients concentration in the water molu The low
dissolved nutrients concentration observed in #ke imay be related to
high recycling rates, the well oxygenated waterucwl and high
assimilation by the phytoplankton and bacterial samities, which
result especially in low nitrate and SRP conceiaingt(Hennemann and
Petrucio, 2011). Lack of significant point and rmoint sources of
pollution associated with the preserved watershed eontribute with
this low dissolved nutrients condition.

The tendency of higher SRP observed in summer rmargh be
related to stronger and more constant winds in sleiason, what is
corroborated by the positive correlation (p<0.0dyrfd between SRP
and wind. A positive correlation was also obserbetiveen SRP and
Chl-a concentration in Peri Lake along the present Itmgn study,
what is expected in water bodies limited by P. Pbsitive correlation
between total and dissolved P fractions andd@mleans that when there
is a higher availability of dissolved P (increasiB&P in the water
column), part of it is rapidly assimilated by phg@nkton, increasing
both Chlaand TP.

Variation in N-NH," could not be directly related to any other
parameter, except in the last seasons sampledhichvN-NH," low
concentration was followed by high Caland though may be associated
to consumption of N-Nii by primary producers. This hypothesis is
reinforced by the negative correlation found betw€al-a and N-NH;".
Concerning N-N@ variation, spring is typically a high activity gving
season for phytoplankton, after the cold tempeestand lower light
availability in winter, and could have led to higié-NOs; consumption
and its depletion in the water column.

Chlorophyll a demonstrated the expected seasonal pattern,
positively correlated with water temperature andvetd a gradual
increase from 2007 to 2012. Since this pattern m@tsobserved for
nutrients and no important alteration was obsemmedte lake watershed
in the last two decades, especially due to thetfedtalmost the entire
lake watershed is preserved and within a conservatiea (Municipal
Park) with limited human influence, the increas@igl-a concentration,
especially in 2012, could be related to higher terafures (mean annual
temperature gradually increased from 2008 to 20t@n 19.8 to
21.4°C) and/or lower rainfall (a significant drapthe lake water level
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could be observed in its margins throughout 20C})l-a was also
negatively correlated with DIN:SRP, which meang tlihen there is a
higher proportion of SRP, phytoplankton primary duction is
stimulated.

Chlorophylla concentration higher than 20 pg'lis usually
observed in eutrophic and highly human influencedsgstems (e.g.
Huszaret al, 2000; Torreset al, 2012). Water bodies with Chl-
concentration similar to Peri Lake usually have muaigher P
concentration. In a study in five subtropical shalllakes in Uruguay
(characteristics similar to Peri Lake), TP concaimin were
considerably higher than Chl{Pacheceat al.2010) in comparison with
concentration observed in Peri Lake. Fragesal. (2011) also found
Chl-a values similar to our study lake, but in much leigdissolved P
concentration in a subtropical shallow lake in beat Brazil. Large
subtropical shallow lakes in USA and China alsowslmmnsiderably
higher TP concentration than Peri Lake, but simiGil-a content
(James=t al, 2009).

These high levels of CHd-in low-P Peri Lake are difficult to
explain, but can be associated to the dominan&& adciborskiiin the
phytoplankton community, which is a superior conipetfor nutrients
and light, as will be further discussed in the n&xttion, and to a low
predation pressure, since the zooplankton commuymiggents only 16
taxa and is dominated by rotifers, which was aldobated to the
presence and dominance of filamentous Cyanobadferia. Gerzson,
unpublished data).

Results from Hennemann et al. (2015) show incrgasutrient
accumulation in the sediments of Peri Lake in mrecent times, which
can mean that the system is becoming more eutraighic but these
nutrients are being buried in the unsatured sedsnesspecially P,
because of the well oxygenated water column. TRkgagation also
contributes in the understanding of high N:P raitiothe lake, which are
discussed below.

4.2. Nutrient Limitation and Chlorophyll Relationships

TN:TP molar ratio in Peri Lake showed a conditidrpotential P
limitation during almost the entire period of studyonsidering the
Redfield molar ratio of 16:1 (Redfield, 1958). Tigsin agreement with
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studies that say that freshwater oligotrophic esi@sys not subjected to
pollution sources are usually P-limited (DowningldavicCauley, 1992;
Sterner, 2008).

In the present study, periods of lower TN:TP ratespecially in
summer, can be associated to P inputs from sedintestispension,
which are more intense in spring and summer, agqusly discussed,
and are the most likely explanation for the loweX:TP ratios in
warmer more windy periods.

The dissolved nutrients ratio DIN:SRP showed a itamd of
potential light P limitation and probably co-lintian by N and P during
most of the studied period. Significantly lower DBRP in 2012 was a
consequence of both an increase in SRP and a dedredl-NH,", and
was accompanied by high Cal-Higher availability of SRP probably
promoted phytoplankton growth and depletion of NNHDissolved
nutrients concentration (of both N and P) are s ilo Peri Lake that
both nutrients can be considered limiting most lé time indeed,
although the positive correlation between @Hnd P indicates that P-
limitation is more intense and more important ie kbng term.

Variations in nutrient stoichiometry can be assmdanot only
with different species composition in the phytofdam community, but
also with different cellular components, which hakeir own unique
stoichiometric properties (Arrigo, 2005). In theseaof Peri Lake, the
great time variability in N:P ratios may also refl@eriods of resource
acquisition (high N:P) and periods of exponentiedvgh with cellular
assembly (low N:P). The high TN:TP ratios obserwethe majority of
the sampling period can mean that primary producerstain high
proportion of resource-acquisition machinery indideir cells and that
the community has achieved a state of competitigailibrium
(Klausmeyelet al, 2004).

Another possible explanation for the high TN:TRamfound in
Peri Lake comes from Elset al. (2009), that suggested that enhanced
N inputs from the atmosphere during the past séde@ades of human
industrialization and population expansion appearhave produced
regional phytoplankton P limitation, and are fawogrthose relatively
few species that are best able to compete for ithigirlg P. Indeed,
Hennemanrt al. (2015) showed that paleolimnological records iat#ic
increased N deposition in Peri Lake in recent desadhich could be
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influencing in the dominance and high densities @f raciborskii
observed in the system.

The success oC. raciborskii has being attributed to several
intrinsic competitive factors, including a high #rage capacity and a
high-affinity cellular P uptake system (Istvanoviet al, 2000).
Additionally, it has been demonstrated that thegsehas the ability to
grow under conditions of P-limitation that are ablg limiting to other
Cyanobacteria (Jenseh al, 1994; Padisak, 1997). Possatital. (2009)
showed that dominance of this cyanobacterium cafiavamired in lakes
with fluctuating P supply, and Amarakt al. (2014) recently
demonstrated growth  optimization of phosphate-iiicC.
raciborskiito short-term nutrient fluctuations in P supplyhieh was
attributed to its physiological flexibility.

Cylindrospermopsis raciborskitolerance to low light levels
(Briand et al, 2004), the capacity to fix atmospherig (Moisanderet
al., 2012), phenotypic plasticity concerning pigmesige and growth
rates (Bonillaet al, 2012), together with the competitive advantages
concerning P mentioned above, probably have catéibto the success
of this species, maintaining high Ghlkoncentration in the low nutrient
context (specially P) of Peri Lake. According to &ml et al. (2014),
the adaptive behavior of this species may helpxfdain its invasive
success in a wide range of aquatic ecosystems Wwherérequently the
limiting resource. Presence and dominanc€.ofaciborskiicould even
be contributing to the ongoing state of P limitatiobserved in Peri
Lake. A more detailed discussion @n raciborskii dominance in low
light and low-P conditions in Peri Lake can be fdun Tonettaet al.
(2015).

Similarly to Peri Lake, subtropical Lakes Javied dreandro in
Uruguay are coastal shallow lakes limited by lighd P, showing co-
dominance byC. raciborskiiand other colonial Cyanobacteria (Fabte
al., 2010). In a review in temperate German lakespiaaolet al. (2012)
also found thaC. raciborskiireached higher bio-volumes in lakes with
high N relative to P concentrations. In tropicakdaof Lagoa Santa
(Brazil), a persistent bloom d&. raciborskii also occurs under low P
availability (Figueredo and Giani 2009).

Concerning GLM results, the negative influence dFETP ratio
on Chla concentration corroborates the discussion abomee dower
N:P ratios indicate a higher P availability and de#& higher
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phytoplankton biomass, especially in a P limitediemmment such as
Peri Lake. The negative relationship with Secclptddtransparency) is
probably a consequence of the fact that highatdncentration in the
lake causes low water transparency, and not thesiigp Additionally,
lower transparency was observed in periods of lowaiafall (e.g. 2012),
which resulted in lower water levels in the lakel &wgher concentration
of phytoplankton biomass. Lower light availabiligould also be
favouring dominance ofC. raciborskii as previously mentioned.
Temperature showed a positive influence in &bbncentration; in fact,
cyanobacteria usually grow better at higher tentpeza (Huszaet al,
2000; Paerl and Huisman, 2008), such as the ors\add in Peri Lake
during summer. Although Lirlinget al. (2012) showed that
chlorophytes growth rates are similar or even highan cyanobacteria
in temperature experiments, their results also sldothvatC. raciborskii
had higher growth rates in water temperature 05%7,. which is the
mean water temperature observed in the hottesthmoieri Lake.

As already pointed-out, P may generally control ldgcal
production in oligotrophic lakes over multi-anndhe scales but co-
limitation of multiple nutrients is probably theleuin most lakes over
shorter time scales (Sterner, 2008). This seentsetthe case in the
oligotrophic Peri Lake ecosystem, since TN:TP avéonger time scale
indicated P-limitation, while an analysis in shortane periods and
considering the dissolved nutrient fraction showett co-limitation can
occur relatively frequently. Time fluctuations obssd in DIN:SRP
ratio in Peri Lake are advantageousCtoraciborskij since the species
shows several adaptations to fluctuations in P Igupmcluding
tolerance to low nutrients concentration and cdpaof rapid
assimilation of available nutrients, as discusssa/a

It is quite clear in the literature that severglexgs can influence
nutrient cycling, dynamics and availability in atjpaecosystems,
including sediment characteristics, bacterial comityy land-use
patterns in the watershed, food web structure, @xygoncentration,
physical characteristics of the lake, among otl{elsathwaiteet al,
1996; Elseet al, 2007). According to Heathwait al. (1996), even in
the absence of a land-use change, nutrient tranapdrtransformation
can be affected by a combination of internal anerel factors. The
author showed an example according to which inargamputs of
atmospheric N from increased emissions from foesl combustion
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combined with the decreasing nutrient requireméribiests in a more
steady state could result in N leaching, even thoomjor land-use
change had not occurred. This could be the casBemm Lake and
together with the BMixing capacity of Cyanobacteria could be
contributing to the P-limited condition observedhe present study.

5. CONCLUSIONS

Peri Lake showed a seasonal pattern of variatiancaming
dissolved and total P and Chleoncentration, associated mainly with
temperature and wind speeds, but no clear pattasolserved for N
fractions, partially confirming hypothesis “a”. Othe other hand,
significant variations were observed among the syesampled, with the
last three years (2010-2012) showing significanffetinces in
comparison to the 2007-2009 period, especiallelation to Chla and
N concentration. Climate differences among yeaspeeially rainfall
and air temperature, seem to be important factdigeincing in this
yearly variation.

The lake showed a condition of potential P lim@atduring most
of the study period (hypothesis “b”) and a positbeerelation between
Chl-a and P. GLM showed that Chlseems to be controlled mainly by
temperature and P availability, confirming hypothes”. Sediment
resuspension by wind is probably an important Rcgunfluencing in
Chl-a patterns.C. raciborskii abilities to compete for the limiting P
seem to be an important factor determining its esg@nd dominance in
the lake.

These conclusions have very important management
consequences for coastal ecosystems such as Reridspecially in the
context of future global climatic changes involvingmperature
elevation and alteration in rainfall and wind paie as well as increase
in cultural eutrophication. Additional nutrient atemperature variation
experiments with the phytoplankton community andseegch
concerning sediment influence in the water quadifyyamics of this
shallow lake are important future studies to bedcmted in order to
better understand the dynamics of trophic relevaaitameters and
Cyanobacteria dominance and behaviour in low-P repluial water
bodies.
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Abstract Paleolimnology of lake sediments can be a
powerful tool to assess various aspects of lake history
and catchment change through elemental, isotopic and
molecular analysis of the sedimented organic matter
(OM). In this sense, the objective of the present study
was to investigate the source, depositional history and
preservation of OM in the sediments of two different
sites in Peri Lake (southem Brazil) to better understand
the nature and direction of environmental changes.
Therefore, two sediment cores were sampled and
analysed for total organic carbon (TOC), total nitrogen
(TN) and total phosphorus (TP) concentrations and ele-
mental ratios, and stable isotope ratios of C and N (8 Be
and 8'°N). Both cores showed similar general tenden-
cies, with increasing amounts of OM (range 1-35 %),
TOC (2.55-258.40 mg g '), TN (0.30-25.97 mg g ")
and TP (0.03-4.72 mg g ') from the bottom toward the
top more recent layers. TOC:TN ratios (range 8.1-14.7)
showed a slight decrease in recent times and indicated a
mixture of allochthonous and autochthonous contribu-
tion to the OM, with predominance of the last source.
TN:TP (range 0.2-51.3) indicated a condition of
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potential limitation by P in general. Both §"*C (range
~25.58 10 —20.85) and 8'°N (range 2.6 to 7.1) showed a
decreasing pattern toward the top of the cores, in oppo-
sition to macronutrient concentration. Differences in the
depth variation pattern between the two cores were
associated to the marginal location of one of the cores.
The results suggest that nutrients and primary produc-
tion are increasing in the lake.

Keywords Paleolimnology - Santa Catarina - Stable
1sotope ratio - Sediment core - C:N ratio

Introduction

It has long been recognized that bottom sediments play
an important role in lake ecosystem dynamics, both as
sinks and sources of nutrients, thereby strongly influenc-
ing lake trophic status and biodiversity (Trolle et al.
2010). Paleolimnology of lake sediments can be an
important tool to assess various aspects of lake history
and catchment change, as the organic matter (OM)
content of sediments includes a variety of elemental,
isotopic and molecular indicators that can be used to
reconstruct paleoenvironments of lakes and their sur-
rounding land areas (Meyers 2003). Paleolimnological
studies have much to contribute to freshwater conserva-
tion, since they can provide essential information that is
otherwise unavailable or of limited quality. relating to
questions associated with the definition of pre-pollution
baselines and natural variability and the evaluation of
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the magnitude, direction and causes of change
(Battarbee 1999).

Despite evidence for substantial alteration during its
sedimentation, the OM that is preserved in the sediment
retains its original source signature and reflects the
environmental conditions prevailing in the watershed
at the time of deposition (Meyers 1997; Das et al.
2008). Organic matter can enter a lake from the water-
shed (allochthonous) or be produced within the lake
itself (autochthonous). The study of carbon (C), nitrogen
(N) and phosphorous (P) ratios and concentrations and
C and N stable isotope ratios (8"C and 8N, respec-
tively) of preserved OM has been successfully used as a
proxy to understand these OM sources and
paleoenvironmental information (Lehmann et al. 2004;
Vreca and Muri 2006; Das et al. 2008; Torres et al.
2012).

Increased primary production stimulated by nutrient
loadings to the basin results in increased sediment de-
position of organic C. Sediment deposition of N and P
has also been shown to increase with primary produc-
tion (Wolin and Stoermer 2005). Atomic C:N ratio has
been widely used to identify the different sources of OM
(algal versus land-plant) in lake sediments (Meyers
2003; Das et al. 2008; Torres et al. 2012). Alterations
in the N:P ratio in the sediments may have also impor-
tant effects on community composition of phytoplank-
ton, especially on the cyanobacteria (Eilers et al. 2004).

Carbon and N stable isotope ratios can offer an
excellent mean to trace different biogeochemical pro-
cesses and may allow for a detailed understanding of the
origin and cycling of OM in modern lacustrine environ-
ments (Lehmann et al. 2004). The C isotopic composi-
tion of OM in lake sediments is important for ssing
OM sources, for reconstructing past productivity rates

and for identifying changes in the availability of nutri-
ents in surface waters (Meyers 2003; Torres et al. 2012).
Nitrogen isolopic ratios can similarly help to identify
sources of OM to lakes and to reconstruct past produc-
tivity rates (Terranes and Bemasconi 2000; Gu 2009;
Torres et al. 2012). Both §"*C and §' N may also serve
as an additional, qualitative line of evidence for inferring
past lake trophic status (Brenner et al. 1999).

The main objective of our study was to assess the
source, depositional history and preservation of OM in
the sediments of a subtropical lake by using macronu-
trient concentrations and elemental ratios (C:N and
N:P). and stable isotope ratios (8"3C, 8"°N). Specific
aims were to establish baseline conditions, compare
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depositional patterns in different sites and describe the
nature and direction of environmental changes in the
lake.

Materials and methods
Study site

Peri Lake 1s located in southern Brazil, in the south-
eastern portion of Santa Catarina island (27° 44’ S and
48° 31" W), in the city of Florianopolis. Its surface
area of 5.07 km” is surrounded by mountains covered
by Atlantic Rain Forest in the north, west and south
portions, and by sandy restinga in the east (Fig. 1).
Peri Lake is considered a coastal lagoon due to the
geographic location and geological origin (Holocene
marine transgression), but presents some features that
are quite different from those of coastal lagoons in
general, such as a maximum depth of [1.0 m, an
average depth of 4.2 m and no direct seawater influ-
ence (freshwater). The bottom of the lake is com-
posed mainly by silt and clay (~70 %), which pre-
dominate in the northwest, west and southern por-
tions of the lake, and fine and medium sands
(~25 %), which can be observed in higher proportions
in the northeast and eastern portions of the lake.

The drainage basin is approximately 20 km?, and
most of it is within a conservation area protected by
law (Municipal Park) since 1981, with limited human
influence and occupation. Two main rivers discharge in
the lake, coming from the forested mountains (Fig. 1):
Cachoeira Grande River (in the west portion of the lake)
is 1.7 km long and rises at 280 m of altitude; Ribeirdo
Grande River rises at a 285-m altitude and is 4.6 km
long. The lake is connected to the sea by a unidirectional
outflow channel (seawater never enters the lake). Since
2000, the lake supplies potable water to the inhabitants
of the south and east portions of the island (=100,000
people). The lake is polymictic and presents a relative
spatial homogeneity concermning water quality features
(Hennemann and Petrucio 201 1). Nutrient concentration
is low, but chlorophyll-a concentration and phytoplank-
ton densities are high, with dominance of the potentially
toxic cyanobacterium Cylindrospermopsis raciborskii
most of the year (Komérkova et al. 1999; Hennemann
and Petrucio 2011; Tonetta et al. 2013). The climate is
characteristically subtropical.
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Fig. 1 Location map of Peri Lake with indication of the core sampling sites (P1 and P2) and the main characteristics of the drainage basin

Sampling and analysis

Because of the potential for wind-induced mixing of
deposits in shallow lakes. the ability of sediments in
such water bodies to preserve an accurate record of
past environmental conditions has been questioned
(Engstrom et al. 2006). In this sense, Peri Lake pro-
vides a very special condition to study depositional
sediment history in shallow lakes, since it has two
deeper sites (=10 m) in different locations: one in the
centre of the lake and one very close to the margin
(Fig. 1). All other areas in the lake are shallow (<4 m)
and very susceptible to wind resuspension, and that is
the reason why we took only two sediment cores in
the two deepest regions. We are aware that sampling
a limited number of cores restricted our capacity to
describe different sedimentation patterns in other
areas and may also have omitted or masked some
important information, but we also believe that the
location (centre and margin) and depth where the
cores were taken are good representatives of the lake
sedimentation history.
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In this sense. two sediment cores were taken at the
two deepest sites in Peri Lake in October 2012 with
acid-washed 1-m PVC tubes (diameter 75 mm), adapted
to a sediment corer. Core P1 (63 ¢cm) was taken in the
central portion of the lake, at a 9.0-m depth. and core P2
(60 cm) was taken at the south-western margin, at a
10.5-m depth, between the outfall of the two main rivers
of the lake watershed (Fig. 1). After sampling, the cores
were carefully transported to the lab, where they were
sliced at 2-cm intervals, except for the interval between
20 and 35 cm in core P1 that was sliced at 3-cm inter-
vals. Sediment lithology (colour, size and texture) was
noted as the cores were sliced. After slicing, samples
were dried at 60 °C for at least 72 h and ground in a
mortar and pestle.

Organic matter content was estimated by weight loss
on ignition at 550 °C, as described by Engstrom et al.
(2009). Total phosphorus (TP) was determined as phos-
phate with ammonium molybdate and ascorbic acid
reaction in a spectrophotometer (Koroleff' 1976) after
combustion and HCI extraction (Aspila et al. 1976).
Sediments were analysed for total organic carbon
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(TOC), total nitrogen (TN) and B0 and “NMN
isotopes at the UC Davis Stable Isotope Facility
(California) using an Elementar Vario EL Cube elemen-
tal analyser interfaced to a PDZ Europa 20-20 isotope
ratio mass spectrometer, after pre-treatment with HCl to
remove carbonates. For a detailed description of the
methods, please access: http://stableisotopefacility.
ucdavis.edu/13cand15n.html.

Results and discussion
Organic matter and nutrients

Core P1 showed a pattern of decreasing OM with depth
(Fig. 3a), varying between 3 and 31 % and closely
related to alterations in fine (rich in OM) and coarse
sediments. The first 33 cm of the sediment core had a
dark brown colour and high OM content (=25 %) and
was characterized by a predominance of silt, clay and
very fine sand. A transition zone was observed between
33 and 47 em, where fine sands appeared, and OM, silt
and clay decreased, especially downward 43 cm. From
49 cm to the bottom of the core, OM, silt and clay
decreased even more and fine and medium sands in-
creased. The last two bottom samples (4 ¢cm) showed
increased OM content (=20 %).

The marginal core P2 showed a different pattern
from core P1, with higher OM (=30 %) in the top
20 cm, followed by a sharper decrease to less than
5 % between 24 and 32 cm, and a small increase and
stabilization around 10 % from 34 c¢m toward the
bottom of the core (Fig. 4a). Sediment grain size
closely followed the OM pattern, with dark brown
silt and clay and some very fine sand predominating
in the top 22 cm, an increase in fine and medium sand
between 24 and 30 ¢m, followed by an increase in the
proportion of clay between 32 and 36 cm, and pre-
dominance of grey muddy sediments from this depth
toward the bottom of the core.

As can be noted from the results presented above, in
spite of the well-oxy genated water column (Hennemann
and Petrucio 2011), OM content in Peri Lake sediments
can be considered high. Clear variations along the depth
of the cores were observed for the OM content, which
was usually higher in core P2 when compared to core
P1. In both cores, the relatively constant OM in the first
20-30 cm, when a gradual decrease was expected as a
result of diagenetic processes, could be related to
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increasing OM deposition in recent years. Significant
decreases observed in the OM content in both cores
from 20 to 30 em downward followed changes in the
composition of the sediments, with increase in coarse
grains, which could be related to human alterations in
the watershed. As can be observed in the 1938 picture in
Fig. 2. a portion of the lake watershed was used for crop
plantation in the past, what could have increased the
input of coarser grained sediments (Wolin and Stoermer
2005), reducing the OM content in the sediment record.
A significant recovery of the original Atlantic Rain
Forest occurred in the last decades. as can be observed
in the 2012 picture (Fig. 2).

The increase in OM from the bottom toward the top
in both cores may be an indication of higher primary
productivity in recent times, since higher primary pro-
duction results in higher phytoplankton biomass, which
increases the deposition of OM in the sediments. Higher
allochthonous contribution from the marginal forest
probably resulted in higher OM and TOC:TN in core
P2, since it is located very close to the margin and
receives leaf and other forest debris more directly and
in higher amounts than central core P1. This will be
further discussed in the next section. A sharper decrease
is observed in the middle of core P2, followed by a slight
increase and stabilization at 10 % OM from 40 cm
toward the bottom, which may also indicate a period
of higher productivity in relation to the period represent-
ed in the middle of the core.

TOC varied greatly between 9.43 and 25840 mg g '
in core P1, but remained around 100 mg g in the first
35 cm, followed by a decrease until 57 cm, when the
TOC content slightly increased to around 50 mg g '
(Fig. 3b). TOC was strongly and positively correlated
(p < 0.05) with OM. TN and TP, and negatively corre-
lated with §"°N (Table 1). TOC also varied greatly
between 2.55 and 152.85 mg g ' in core P2, showing
higher values at the top 20 em (=130 mg g Y, and then
sharply decreasing to values lower than 30 mg g to-
ward the bottom (Fig. 4b). TOC was positively corre-
lated with OM, TN and the TN:TP ratio, and negatively
with 8'3C and §"*N in core P2 (Table 2).

In core P1, TN varied from 0.82 t0 25.97 mg ¢ " and
followed the same pattern as the TOC content (Fig. 3¢),
and was positively correlated (p < 0.05) with OM, TOC
and TP, and negatively with §'°C and 5'°N (Table 1).
TN in core P2 varied from 03010 15.22 mg ¢ ' andalso
showed the same pattern as the TOC content with a
sharp decrease at 20 em (Fig. 4¢). TN was also
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Fig. 2 Peri Lake aenal pictures from 1938 and 2012. Differences in land use and forest cover in the lake watershed can be noticed. Pictures
obtained from the Florianopolis prefecture geoprocessing system, available at http://geo.pmfsc.gov.br

positively correlated with OM and negatively with 8'°N
in core P2 (Table 2).

TP varied from 0.04 1o 0.93 mg g™ in core P1 and
showed a pattern of variation similar to the OM, TOC
and TN contents (Fig. 3d), with higher values around
0.75 mg g in the first 33 cm, followed by a sharp
decrease and an increase at the bottom of the core. TP
was also positively correlated (p < 0.05) with OM,
additionally to TOC and TN, and negatively with §'°N
and the TOC:TN ratio (Table 1). Differently from core
P1, TP varied greatly from 0.03 to 4.72 mg ¢ ' in core
P2, with lower values (<1.5 mg g ") at the top 32 cm,
followed by a significant increase to more than
3.5mgg ' from 34 to 38 cm, and then a slight decrease
toward the bottom, varying around 2.5 mg g ' (Fig. 4d).
TP was positively correlated with §'*C and §'*N and
negatively with the TOC:TN ratio (Table 2).

Increased primary production stimulated by nutrient
loadings to the basin results in increased sediment de-
position of organic C. Sediment deposition of N and P
has also been shown to increase with primary produc-
tion (Wolin and Stoermer 2005). According to
Augustinus etal. (2006), TOC values also reflect chang-
es in in situ lacustrine and terrestrial OM biomass, and
peaks of TOC can possibly reflect increased influx of
terrestrial OM.
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In this sense, vertical variation in TOC, TN and TP in
core P1 all followed a pattern similar to OM and showed
a positive correlation with it (p < 0.05), indicating higher
nutrient content in recently deposited (upper) sediment
layers, probably associated with the higher primary
production (and probably stimulating it). Lower TOC,
TN and TP from 30 cm toward the bottom of the core is
an indication of lower productivity. TOC, TN and TP
also increased slightly in the last bottom centimetres of
the core, supporting the suggestion of higher productiv-
ity in the older layers. Core P2 TOC, TN and TP
contents also followed the OM pattem, with the higher
content in younger sediments indicating higher nutrient
availability and productivity, followed by a sharp de-
crease al 20 cm and a slight increase in the bottom
sediment layers, reinforcing the higher productivity hy-
pothesis in the older portion of the cores. TP in core P2
showed a deviation from the pattern, with considerably
high values from 34 cm toward the bottom of the core,
which may be an indication of a more eutrophicated
period with higher productivity. Differences in TOC,
TN and TP contents in core P2 in comparison to core
P1 are probably related to higher allochthonous contri-
bution in the core closest to the forested margin and to
the discharge points of the two main rivers in Peri Lake
watershed.
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Fig. 3 Geochemistry data of central core P1. a Organic matter content—OM (%). b Total organic carbon—TOC (mg g'l)A ¢ Total
nitrogen—TN (mg g ). d Total phosphorus—TP (mg g ). e TOC:TN ratio. f TN:TP ratio. g 5'>C (%a). h §'*N (%)

Lacustrine productivities are affected by environmen-
tal changes. Delivery of nutrients from the surrounding
watershed is increased or decreased as local precipitation
varies, sometimes making the accumulation of OM in
sediments a useful paleoprecipitation proxy (Meyers
1997). Alterations in rainfall patterns and temperatures

could have increased nutrient imput to Peri Lake and
stimulated primary production. Hennemann and
Petrucio (2010) showed in microcosm experiments in
the same lake that higher temperatures can indeed sig-
nificantly increase chlorophyll-a concentration, especial-
ly in colder seasons and if followed by higher P inputs.

Table 1 Spearman correlation matrix (7 values) for all measured parameters in core P1

%0OM TOC TN ™ TOC:TN TN:TP (o 8N
%OM 1.000
TOC 0.956 1.000
™ 0.957 0.985 1.000
™ 0.964 0.909 0.931 1.000
TOC:TN —0.625 —0.604 —0.660 —0.616 1.000
TN:TP 0313 —0.182 —0.195 —0.434 0.088 1.000
8C -0.222 —0.308 —0.375 —-0.182 0.654 0317 1.000
8N —0.715 —0.687 —0.741 —0.700 0.899 0.130 0.685 1.000

Ttalicized values are significant at p < 0.05
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Fig. 4 Geochemistry data of marginal core P2. a Organic matter content—OM (%). b Total organic carbon—TOC (mg g"). ¢ Total
nitrogen—TN (mg g ). d Total phosphorus—TP (mg g '). e TOC:TN ratio. f TN:TP ratio, g §°C (%). h 8'°N (%)

The study conducted by Trolle et al. (2010)
showed that vertical concentration profiles of C, N
and P in lake sediments can be higher in the upper,
most recently deposited sediment strata, driven large-
ly by natural diagenetic processes and not necessarily

by eutrophication, since organic species of C, N and P
will undergo a natural decay with time, thereby gen-
erating naturally lower concentrations in the deeper
and older sediments. Variations in OM and nutrients
may also be related to alterations in sediment grain

Table 2 Spearman correlation matrix (- values) for all measured parameters in core P2

%OM TOC TN TP TOC: TN TN.TP 83 5N
%0OM 1.000
TOC 0.809 1.000
™ 0.852 0.970 1.000
TR 0.069 -0.221 —0.106 1.000
TOC:TN 0.011 0.274 0.128 —0.805 1.000
TN:TP 0325 0.661 0.350 —0.838 0.737 1.000
el —0.169 —0.433 —0.352 0.726 —0.745 —0.799 1.000
5N —0.321 —0.539 —0.504 0.524 —0.493 —0.697 0.727 1.000
Ttalicized values are significant at p < 0.05
@ Springer
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size, due to alterations in the lake watershed (e.g.
deforestation) and climatic factors (e.g. higher rain-
fall) (Meyers 2003). In the case of Peri Lake, a grad-
ual decrease with depth in the cores was not observed
for OM or nutrients in the upper, most recently de-
posited sediments, which may be an indication of
increasing productivity and nutrients in the lake in
more recent times. However, a general pattern of
decrease in OM and macronutrients with time along
the entire core length coincided with a decrease in
fine-grained sediment and an increase in coarser sed-
iments in deeper sediments and can be associated to
deforestation observed in the watershed in the past.

According to Trolle et al. (2010), a significant corre-
lation between surficial sediment TP concentrations and
sediment OM is expected. as the organic C content of
the sediment presumably will increase with increased
water column productivity. The authors also found a
significant correlation between sediment TC and TP
concentrations in the vertical profiles, as observed in
Peri Lake. Pulatsu et al. (2008) found that bacteria in
oxic sediments can retain P, what could also have hap-
pened in the top layers of Peri cores, resulting in the
higher TP content observed, especially in core P1.
According to Fontes et al. (2013), bacterial community
plays an important role in the metabolism of Peri Lake
and, thus, influence nutrient dynamics and record in the
sediments.

Lake sediment TP profiles may potentially be used as
indicators of incipient eutrophication (Carey and Rydin
2011). Especially in core P1, in spite of the low water
column nutrient concentration observed in Peri Lake
(Hennemann and Petrucio 2011), increasing nutrients
in the sediment records, in water column chlorophyll-a
concentration and in cyanobacterial dominance in this
lake are indicative that the water body is changing
toward a more eutrophicated state. It is difficult to
identify the source(s) causing this change (natural or
anthropogenic), but climatic changes are possible fac-
tors contributing to it.

C:N and N:P ratios

The contribution from different sources of OM is vari-
able in different lakes and even within a lake, and can be
identified through variations in TOC:TN ratios of sedi-
ments, because the sedimentary OM derived from ter-
restrial vascular plants (>20) and from in-lake algae
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(<10) has different TOC:TN molar ratios (Meyers and
Eadie 1993; Meyers 1994, 2003).

In core P1, the TOC:TN ratio varied little, between
11 and 14, showing an increasing pattern from the top to
the bottom of the core (Fig. 3e). The TOC:TN ratio was
negatively correlated (p < 0.05) with OM and macronu-
trients and positively with 8"°C and 8'°N (Table 1). The
TOC:TN ratio showed a wider variation in core P2,
between 8 and 15, and a different pattern, with higher
ratios at the top 30 em (=12), a decrease from 30 to
46 cm (=8) and a slight increase (=11) toward the bottom
(Fig. 4e). A negative correlation was observed between
TOC:TN and TP, and 8'3C and 8"5N (Table 2).

In Peri Lake, the TOC:TN ratios showed a general

pattern of mixed autochthonous and allochthonous
sources of OM, with higher algal contribution. In core
P1, older portions of the core indicate a more mixed
condition, and younger sediments show an increasing
importance of autochthonous algal-derived OM toward
the top of the core (Fig. 3e). This pattern can be related
to the increasing nutrient content in the younger sedi-
ment layers that probably stimulated water column pri-
mary producers, increasing autochthonous OM.
Alterations in rainfall patterns and temperatures associ-
ated to climatic changes could have increased nutrient
inputs to lake and primary production rates, as previ-
ously discussed. Additionally, the deforestation and
higher human interference that occurred in some por-
tions of Peri Lake watershed in the past could have
resulted in higher contribution from allochthonous ma-
terials in older sediment records. The negative correla-
tion of TOC:TN with OM and macronutrients corrobo-
rates the above discussion. since higher OM and nutri-
ents can be associated with higher primary production
within the lake, which results in higher autochthonous
contribution and lower TOC:TN ratios, as previously
mentioned. Correlations with isotope ratios will be
discussed in the next subsection.

Core P2 showed older sediments (downward 32 ¢cm)
with dominance of OM of algal origin, followed by an
intermediate brief period of mixed allochthonous/
autochthonous contribution (24-30 ¢m). and younger
sediments also with a mixed contribution, but with
predominance of autochthonous OM (Fig. 4e), similar
to that observed in the top layers of core P1. The period
of higher allochthonous contribution could also be as-
sociated to the deforestation and higher human interfer-
ence that occurred in the past. Younger sediments in
core P2 showed a slightly higher TOC:TN ratio (12)
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than core P1 (11), which can be a consequence of the
position of core P2 closer to the margin and to the river
discharge points. Apparently, sediments in core P2 were
deposited more slowly than in core P1. since alterations
in OM, nutrients and TOC:TN ratios occur first (closer
to the surface) in core P2. This is probably related to
different internal water currents in the lake and to the
deep central position of core P1, which receives and
accumulates more materials from the shallower areas of
Peri Lake.

Similarly to Peri Lake, TOC:TN values ranged be-
tween 10 and 14 at most sample intervals in coastal Lake
Pupuke (New Zealand) core. indicating a mixed
terrestrial-aquatic source for the OM (Augustinus et al.
2006). In Lake Nattmalsvatn (Norway) sediments, C:N
ratios ranged from 8 to 13, which was also considered an
mdication that OM comes predominantly from aquatic
sources and that in-lake production was high (Janbu
et al. 2011). The C:N ratios in Lake Ledvica
(Slovenia) decreased in contemporary sediment, and
this was associated to either a lower terrestrial contribu-
tion or an increased primary production in more recent
sediments (Vreca and Muri 2006). Torres et al. (2012)
associated the concurrent increase in TP and decline in
TC:TN to eutrophication and greater primary produc-
tion in the Lake Okeechobee (Florida), fuelled by great-
er P input, which could also be the case in Peri Lake,
since the decrease in TOC:TN ratio was accompanied
by a higher TP concentration in younger sediment
layers.

The TN:TP molar ratio in core Pl (Fig. 3f) showed

no clear depth variation pattern, varying from 16 to 51,

with values higher than 20 along the majority of the
core. except in the bottom layers. According to the
Redfield ratio, the record in Peri Lake sediments indi-
cates an environment potentially limited by P, which is
in accordance with water column TN:TP ratios mea-
sured by Hennemann and Petrucio (2011) in the lake
in 2008-2009. The TN:TP ratio in the margin core P2
(Fig. 4f) varied from less than 1 to values as high as 50,
showing values around 20 in the top sediment layers,
followed by a significant drop in the bottom samples,
caused by both a decrease in TN and an increase in TP
concentrations. These lower bottom ratios may be in-
dicative of N limitation, and the shift from a condition of
N limitation to a potential P limitation in younger sed-
iments may have been influenced by the presence and
increased importance of N,-fixing cyanobacteria in the
lake 1n recent times (Tonetta et al. 2013).
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Another possibility is that other factors lead to higher
TN:TP ratios in recent times, and this new condition of
potential P limitation allowed cyanobacteria. especially
C. raciborskii, to succeed in Peri Lake. Elser et al.
(2009) suggested that the enhanced N inputs from the
atmosphere during the past several decades of human
industrialization and population expansion appear to
have produced regional phytoplankton P limitation and
are favouring those relatively few species that are best
able to compete for the limiting P, such as C. raciborskii.
This species is known as an unusually capable compet-
itor, especially in relation to P, showing high phosphate
storage capacity and a high-affinity cellular P uptake
system (Istvanovics et al. 2000). Moreover, it has been
demonstrated that the species has the ability to grow
under conditions of P limitation that are already limiting
to other cyanobacteria (Jensen et al. 1994; Padisak
1997).

Carbon and nitrogen stable isotopes

Stable isotope analysis is an excellent tool to study C
and N biogeochemical cycles in lacustrine systems (Gu
et al. 2006). The isotopic composition of OM in lake
sediments is important for assessing OM sources,
reconstructing past productivity rates and identifying
changes in the availability of nutrients in surface waters
(Meyers 2003; Das et al. 2008).

For core P1, the lowest 8'3C value was —25.58 % at
45 em, and the highest value was —20.85 %o at the
bottom of the core (61 em). A tendency of decreasing
values could be observed from the older bottom sedi-
ment layers to the younger top ones (Fig. 3g).
Additionally to the correlations previously cited, §'°C
was also positively correlated with 8'°N (Table 1). §'°C
varied slightly less in core P2, from —25.33 %o to
—21.67 %o. and followed a similar increasing pattern
with sediment depth, but showed a sharper increase at
30 cm. An inverse pattern in relation to TOC and TN
was observed in 8°C of core P2, with lower values in
the top 30 ¢cm (around —25 %o) and an increase Lo around
—22 %o from 32 cm toward the bottom (Fig. 4g).
Additionally to the previously cited correlations, §'3C
was also positively correlated with §'°N in core P2
(Table 2).

Phytoplankton discriminate against "*C in the water
column when CO, concentration is high, resulting in
lower 63C in the sedimented OM., which should be the
case in Peri Lake, due to its water pH values ranging
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usually from 6 to 7. relatively low depth and relatively
constant wind influence and high pCO, values
(Hennemann and Petrucio 2011; D. Tonetta pers.
commun.). Carbon isotope values that are depleted in
3¢ can also be an evidence of contribution from bacte-
rially assimilated C to the sedimentary C biomass, either
coupled or uncoupled to surface water phytoplankton
production (Terranes and Bernasconi 2005). Lower
8'3C in younger sediment layers in Peri Lake could be
related to higher contribution from bacterial C, which
has been shown to have an important influence in the
lake metabolism (Fontes et al. 2013). Torres etal. (2012)
also attributed low 8'3C in oligotrophic Lake Annie to
contribution from the heterotrophic microbial
community.

An additional possibility is that the §'°C shifis in the
uppermost deposits may simply reflect very high rates
of fossil fuel combustion in recent years that produced
atmospheric CO, with a more depleted C isotopic sig-
nature (the Suess effect) (Brenner et al. 1999).
Furthermore, forested watersheds provide isotopically
light C (Gu et al. 2004), which could be influencing in
the decreasing '*C toward the top of the cores, since
the Atlantic Rain Forest in the lake watershed has been
recovering from periods of deforestation in the past
(Fig. 2).

8"°N varied from positive values 0f2.66 10 5.80 %o in
core P1, with the same tendency of increasing values
with sediment depth observed for 8'°C and the same
sharp decrease at 45 cm (Fig. 3h). In addition to previ-
ously cited correlations, §'°N was also negatively cor-
related (p < 0.05) with OM (Table 1). In core P2, §'5N
varied from 2.60 to 7.11 %o, which was also slightly
higher than in core P1. and showed a pattern similar to
8'13¢C, with lower values at the top 26 cm, increasing
toward the bottom of the core (Fig. 4h).

The 6"°N isotope ratio has also been widely used as a
proxy to determine OM sources and in lake processes
(Brenner et al. 1999; Vreca and Muri 2006; Torres et al.
2012). Nitrate is the most common form of dissolved
inorganic nitrogen (DIN) used by non-N,-fixing algae,
whereas land plants receive Ny from atmospheric N
fixers in soil (Meyers 2003). The typical higher 8'°N
values of dissolved NOs~ (7-10 %o), in comparison to
the atmospheric Ny (0 %o), help to investigate the
sources of N and, hence, the sources of OM (Das et al.
2008). In Peri Lake, both cores showed a pattern of
decreasing 85N from the older bottom (=5-6 %) to
the top most recent (=3 %o) sediment layers. Although
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multiple factors can control the 8'*N of sedimented OM
(Brenner et al. 1999), some possible explanations for
§"N variation in Peri Lake can be raised.

In well-oxygenated waters, nitrification converts iso-
topically light ammonium to nitrite and nitrate.
Depending on which form of N is used, phytoplankton
may either be enriched or depleted in "*N (Lehmann
et al. 2004; Gu 2009). The changes in the N isotopic
signature in Peri Lake sediment record may indicate a
change in the sources of DIN along the time span
represented by the core. Although the water column in
the lake is well oxygenated, recent studies have shown
that ammonium is the N source more available for
primary producers than nitrite and nitrate (Hennemann
and Petrucio 2011), what could be contributing to the
lower 6N in recent deposits. Vreca and Muri (2006)
also attributed the progressive '°N depletion in Lake
Ledvica to changes in sources of DIN during the last
century.

Vreca and Muri (2006) also attributed a decrease of
3 %o inboth 8"°C and §'°N in Lake Ledvica to increased
terrestrial contribution that could be reflected in a tem-
porary increase of primary producers in this oligotrophic
lake. Tn Peri Lake, the decrease in §'°C and 8'°N in both
cores associated to OM and nutrient enrichment in re-
cent deposits is probably a consequence of increased
primary production in the lake. Higher nutrient avail-
ability makes primary producers discriminate against
the heavier isotope. decreasing C and N ratios, as will
be further discussed. This hypothesis is corroborated by
the negative correlation found between §'°C and §'°N

and macronutrients and the positive correlation ob-
served between 8'°C and 8'°N and TOC:TN in core
P1, since lower TOC:TN indicates higher autochtho-
nous production.

In core P2, 8'3C and 8'°N were negatively correlated
with TOC:TN ratio. Higher allochthonous contribution
{0 OM reflects in higher TOC:TN ratios and lower §'°C
and §"°N. as discussed above. and this relationship
observed only in core P2 can be a consequence of its
location very close to the margin, resulting in a more
intense influence from OM originated from the forest.

Gu et al. (2006) attributed the low 8'°N in the par-
ticulate OM of Lake Wauberg, Florida, to an annual
cyanobacterial bloom of Cylindrospermopsis sp. (Gu
2009). In this sense, the increasing abundance and dom-
inance of C. raciborskii (Tonetta et al. 2013) could be
also contributing to decreasing §'*N in Peri Lake, since
N fixation from this heterocystous cyanobacterium
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could be causing more N to be fixed and there is no
fractionation in the N fixation process (Fogel and
Cifuentes 1993; Eilers et al. 2004; Gu 2009).

Additionally, the TN:TP ratio in Peri Lake core sed-
iments and in the water column (Hennemann and
Petrucio 2011) indicates a condition of potential P lim-
itation in recent times, which means that N is probably
not limiting for primary producers, which can discrim-
inate against the heavier isotope, decreasing the §'°N
content in the sedimented OM (Meyers 1997). Lake
Annie also showed a pattern of increasing 3'°N with
core depth, and this lower SN in recent times was
attributed to high N availability, N fixation from alloch-
thonous OM (since plants also discriminate against '°N
during N fixation), and heterotrophic and methane-
oxidizing bacteria (Torres et al. 2012). Isotopically de-
pleted end products from the heterotrophic metabolism,
such as CO, and NH,", will be utilized by primary
producers that will display isotopically depleted autoch-
thonous OM (Torres etal. 2012). Increasing in those end
products is probably also contributing to lower §'*C and
§'5N in recent times in Peri Lake.

Conclusion

The data obtained in the sediment cores in Peri Lake
indicate that variation of C, N and P cycles occurred in
the lake inrecent times, probably due to both natural and
anthropogenic influences. Stratigraphic fluctuations in
macronutrients and §'3C and 8'°N values of sedimented
OM probably reflect a combination of factors, including
a shift in relative contribution of autochthonous/
allochthonous OM, in relative microbial biomass and
activity and in nutrient limitation, and increasing au-
tochthonous primary productivity. These changes are
probably associated to alteration and recovery of the
forested watershed and to climatic changes. Increasing
in OM and macronutrients in recent times of the sedi-
ment record, together with the observed increasing
chlorophyll-a concentration and dominance of
cyanobacteria in the water column in the last decade,
indicates that the ecosystem is changing toward a more
eutrophicated state. The results have important manage-
ment consequences, especially because of the presence
and dominance of the potentially toxic C. raciborskii.
The opportunity to sample in two deep sites located
at the centre and the margin of a shallow lake showed
interesting results, especially that general tendencies
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remained similar in both cores and that differences
associated to the higher marginal contribution (alloch-
thonous materials) to core P2 influenced the deposition-
al history registered in the core.

The paleolimnological record showed signs of incip-
ient eutrophication in the studied lake that could not be
observed even in long-term monitoring of macronutrient
concentrations in the water column. Results also showed
that the sampling site has important influences in the
depositional history registered in the core and that sed-
iment records are important tools to better understand

lake history and evaluate the magnitude, direction and
causes of changes, effectively contributing to the con-
servation of these important freshwater ecosystems.
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Abstract

Phosphorus (P) has been recognized as the masélcrititrient
limiting lake productivity. Phosphorus sources dids can be external
(allochthonous) and internal (autochthonous). Esfigcin shallow
oligo-mesotrophic lakes, sediments can be an irapbrinternal P
source to the system. In this sense, the aim optbsent study was to
understand the temporal and spatial variation @@ its organic and
inorganic forms in the sediments of an oligo-mexaitic shallow lake
(Peri Lake) in southern Brazil, and to assessdf thre related to water
column parameters and sediment characteristicsnimaetry and
benthic fauna). Sampling was conducted monthly fidarch 2007 to
May 2009. The main results found were: 1) P formd eoncentration
varied seasonally, with organic P and total P iasireg in the sediments
in warmer periods; 2) P forms and concentration aried among the
sampling sites, associated mainly with sedimeningseze composition
and organic matter content; 3) quantities and tesliof P in the
sediments were correlated with water charactesistiespecially
temperature, chlorophyd, nitrate, dissolved oxygen, pH and total P; d)
some benthic functional feeding groups showed figgmit relationships
with temporal variation in sediment P, includingttgaing-collectors,
shredders and filterers and filtering-collectorfieTresults suggest a
strong importance of temperature mediated contifolsediment-P
release, both directly, through its direct effeictprimary production
and decomposition rates, and indirectly througheiffects on other
water and sediment characteristics, especiallyhliied oxygen.

Keywords: Phosphorus release, subtropical lakeémsed phosphorus,
macroinvertebrates, Southern Brazil.
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1 Introduction

Phosphorus (P) has been recognized as the mosalcnititrient
limiting lake productivity. Phosphorus sources dids can be external
(allochthonous), comprising point and non-point rsea such as
rainfall, runoff, soil leaching, industrial and mcipal effluents, and
internal (autochthonous) from the system itselthsas aquatic plants,
phytoplankton, bacteria and sediments (Kaiserile2002, Torres et al.
2014).

Especially in shallow lakes, sediments can reptesemmportant
source of P, due to the high ratio of sedimentamrfto water column
(Sendergaard et al. 2001, Dong et al. 2011). Thofa governing P
release from sediments comprise redox reactiorsgration, mineral
phase solubility and mineralization of organic mat{Gachter and
Meyer 1993, Lijklema 1993). Dissolved oxygen (D@ifrates, pH and
temperature are among the most important contgpliarameters, as
demonstrated by a number of studies (e.g. AndesisenJensen 1992,
Kleeberg and Dudel 1997, Katsev et al. 2006, Spearal. 2006,
Anthony and Lewis 2012, Wu et al. 2014).

The classical model for P fluxes between sedimantswater of
Mortimer (1941) links sediment P efflux to redoxnddions at the
sediment-water interface that are effectively aulgd by the DO
concentration in bottom water. According to the eipdvhen the
sediment surface is oxic, dissolved phosphaterangly adsorbed to
iron oxyhydroxides, what limits the P efflux by pemting phosphate
diffusion into the water column from deeper redusediments. When
anoxic conditions occur in the sediment surfaces) oxyhydroxides
are reduced and phosphate can be released int@ateecolumn.

Other factors potentially influencing sediment Remndéion in
sediments include: quantity and quality of the aigacarbon input,
bioturbation by benthic organisms, types and qtandf primary
producers, rooted plant activity, sediment resusioen by winds,
sediment grain size, bacterial activity, among bthgediment
characteristics (Gachter and Meyer 1993, Wetzell2@aliman et al.
2007, Chuai et al. 2013, Zhu et al. 2013, Kleelmrd Herzog 2014).
Feedback interactions between the sediment andvditer column can
also critically affect the magnitude and dynamidstlme P fluxes
between the sediments and the water column (Katsalv 2006).

77



In this sense, the aim of the present study wamterstand the
temporal and spatial variation of P and its orgamid inorganic forms
in the sediments of a subtropical oligo-mesotrohallow lake and to
assess if they are related to water column parameted sediment
characteristics (granulometry and benthic faunapsddl on the
information presented above, we expected to find:

a) Seasonal variation in P forms and concentratiogeisiments

determined by temperature via its effects on pnym@oducers

and decomposition.

b) Spatial variation in P forms and concentration agnhon

sampling sites related with different sediment myrasize

composition and OM content;

¢) Significant correlations between P in the sedimanis some

key water column variables, such as pH, temperaf@ and P

concentration;

d) Significant relationship in temporal sediment Piaion and

the benthic fauna, related to the behaviour okedfit functional

feeding groups.

2 Material and Methods
2.1 Study Area

Lake Peri is located in Southern Brazil, in the theenstern
portion of Santa Catarina island (27°44’S and 48%31in the city of
Floriandpolis. Its surface area of 5.07 km?2 is sunded by mountains
covered by Atlantic Rain Forest in the north, wastl south portions,
and by sandy Restinga in the east. Lake Peri isidered a coastal
lagoon due to the geographic location and geolbgiggin (Holocene
marine transgression), but presents some featuatste quite different
from coastal lagoons in general, such as a maxiaepth of 11.0 m, an
average depth of 4.2 m, and no direct sea watkreinfe (freshwater).
The bottom of the lake is composed mainly by giltl &lay (~70%),
which predominate in the northwest, west and sontpertions of the
lake, and fine and medium sands (~25%), which eaoldserved in the
northeast and eastern portions of the lake.

The drainage basin is approximately 20°kamd most of it is
within an area protected by law (Municipal Parkjcei 1981, with
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limited human influence and occupation. Two maieats discharge in
the lake, coming from the forested mountains: CatrhdGrande Stream
and Ribeirdo Grande Stream (Fig. 1). The lake ieoted to the sea by
a unidirectional outflow channel. Since 2000, takel supplies potable
water to approximately 100,000 people. The lak@dl/mictic and
presents a relative spatial homogeneity concenvaigr quality features
(Hennemann and Petrucio 2011). Nutrient conceotrais low, but
chlorophyll-a and phytoplankton densities are highh dominance of
the potentially toxic cyanobacteriu@ylindrospermopsis raciborskii
most of the year (Koméarkova et al. 1999, Hennemand Petrucio
2011, Tonetta et al. 2013). The climate is charatieally subtropical,
with rainfall and winds relatively well distributealong the year, but
with higher frequencies and intensities in spring aummer (October —
March).

2.2 Sampling and analysis

The present study consisted of monthly samplinglofsical,
chemical and biological parameters in the wateurool and sediments
in five sites (Fig. 1), during 26 months (March ZG@ May 2009). Site
1 (S1) was located in the centre of the lake, aasd tive deepest one (8.0
m); site 2 (S2) was 2.8 m deep and close to thehdige point of
Cachoeira Grande Stream; site 3 (S3) was located the outflow of
Ribeirdo Grande Stream, with a mean depth of 2.3it@;4 (S4) was
situated near the beach in the northeastern parfitime lake, with a 1.5
m mean depth; site 5 (S5) was 2.8 m deep, locatetha extreme
northern portion of Peri Lake. Site 5 was samplexinf May 2008 to
April 2009 (12 months).
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Figure 1. Location of Peri Lake and the five sardphkites. Adapted from
Hennemann et al. 2015.

Transparency (Secchi depth) was measured usingck-bihite
Secchi disk, and pH, dissolved oxygen (DO) and w&enperature
were measureth situ with specific probes (YSI and WTW). Climate
data was provided by ICEA (“Instituto de Controle Bspaco Aéreo”)
from the Defence Ministry, Brazilian Federal Govesnt, from the
Floriandpolis airport station (5.5 km from Lake Per

Water was sampled using a 3 L van Dorn bottle. dhssl
inorganic nitrogen was determined as the sum aftai(N-NG," -
Golterman et al. 1978), nitrat?&N\{NOs - Mackereth et al. 1978) and
ammonium K-NH," - Koroleff 1976); inorganic phosphorus was
measured as soluble reactive phosphoBiRP(¢ Strickland and Parsons
1960); total phosphorus and nitrogdriP(vandTN — Valderrama 1981)
were also determined. Nutrients were measured horddory from
filtered and unfiltered frozen water samples kappolyethylene bottles
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at —20°C. Chlorophyla (Chl-a) concentration was obtained by filtering
500 mL water samples through glass fibre filterslliptire AP40
followed by extraction with 90% acetone accordingtte method and
equations described by Lorenzen (1967).

Sediment samples were collected right after waterptes at the
same five sampling sites between March 2007 and 08¢ using an
Ekman-Birge graber (15 x 15 cm). Samplings for glametry and
macroinvertebrates analysis were conducted onthenperiod of May
2008 to April 2009. At each sampling site, four géem were collected
for analysis of aquatic macroinvertebrates andetlsemples were taken
for sediment analyses (grain size, organic matied @hosphorus
contents). In the laboratory, the samples were adsnd sieved at
0.250 mm mesh size and all macroinvertebratesnedawere sorted,
counted and preserved in 70% alcohol. The aquatiod was sorted
under microscope and identified to the lowest taxwoic level possible.
The organisms belonging to Chironomidae family wereunted on
semi-permanent  slides and subsequently identifiednder
stereomicroscope, using appropriate literature gfEAR95, Trivinho-
Strixino and Strixino 1995).

Grain size distribution of the sediment particlessvdetermined
by sieving (Suguio 1973). Organic matter (OM) cobhteas estimated
by weight loss on ignition (LOI) at 550°C, as désed by Engstrom et
al. (2009). Total phosphorus (TP) was determineglassphate with
ammonium molybdate and ascorbic acid reaction ecttspphotometer
(Koroleff 1973) after combustion and HCI extracti¢ispila et al.
1976). Inorganic phosphorus (IP) was determinedlaily to TP, but
no combustion was made previously to the HCI ektvaqAspila et al.
1976). Organic phosphorus (OP) was calculated sahbiraction of IP
from TP. Proportion of OP in relation to TP (%0OPasacalculated as
OP divided by TP.

2.3 Statistical Analysis

Temporal and spatial variation concerning TP, IP, @OP and
OM content in the sediments were tested by one-Waglysis of
Variance (ANOVA), followed by Tukey post-hoc. Pear's correlation
was also applied between sediment characteristidsvaater column
parameters and climate data of the seven daysoue\Mb sampling
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dates, in order to verify the linear relationshgiviikeen each parameter.
Data was log x+1 transformed in order to improvealiqy for the
analyses. Statistical analyses and graphs were maithe R-Program
version 3.2.2, Statistica 7® (StatSoft) and Micfo&xcel 2007®.

Non-metric multi-dimensional scaling (NMDS, vegaackage),
using Euclidian distance matrices, was performedexplore broad
spatial between TP, OP and OM and four sedimemm giae categories
(silt, fine sand, medium sand and coarse sand) grabbrsampled sites.
When the stress value was in the range of zero.ip the two-
dimensional representation was sufficient to dggtish the groups
formed in relation to grain size and TP, OP and @lWes (Clarke and
Warwick 2001).

Multiple regression analysis was conducted to eramihe
relationship between TP, OP and OM and seven hetthictional
feeding groups (predators, collectors, filterindlextors, filterers,
scrapers, shredders, gatherer-collectors). We atesluthe plausibility
of each model by Akaike’s model selection criteriamich selects the
model closest to the "real" process
underlying the biological phenomenon under studyur(®am and
Anderson 2002). Grain size and benthic communifgrination were
taken from Lemes-Silva et al. (2016) and Lisboal e2011).

3 Results
3.1 Temporal and Spatial Variation in Sediment P

The TP concentration in the sediments of Peri haged from
17.1 to 1,452.4 pgl (mean: 479.9 ugl and was significantly
different among the five sampled sites (Fig. 2fhv@1 > S3 > S2 > S5
> S4. The OP content prevailed in all sites intrefato 1P, with mean
%OP higher than 60%; site 4 showed the lowest @Pagstion among
all sampled stations. The %OP only differed sigaffitly between site 4
and the other sampled sites (except site 5). Onother hand, OM
content of the sediments in Peri Lake was sigmnitigadifferent in all
sampled sites (Fig. 3), except between site 2 arnkaB showed similar
OM content; site 4 also showed the lowest OM cdnten
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Figure 2. Mean total phosphorus content in thersedis of Peri Lake, in pg.g
! in the five sampled sites, with differentiatioativeen organic phosphorus —

OP (dark grey) and inorganic phosphorus — IP (ligigy), along the study
period (March 2007 — May 2009).
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Figure 3. Monthly organic matter content in theismhts of Peri Lake, in %,
in the five sampled sites along the study periodrg¥t 2007 — May 2009).

Concerning temporal variation in P content in tediments of Peri
Lake (Fig. 4), sites 1, 2 and 3 showed similar terap variation
patterns, generally with lower TP concentrationd Exwer OP content
in colder months. In general, %OP was lower in 286@sons when
compared to seasons in 2008 for all sites (exdepbs
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Figure 4. Monthly total phosphorus

Site 5

content in Redke sediments, in pgigin

site 1 (a), site 2 (b), site 3 (c), site 4 (d) asi 5 (e), with differentiation
between organic phosphorus — OP (dark grey) andyamic phosphorus — IP
(light grey), along the study period (March 200May 2009).

3.2 Correlations of Sediment P with Climate and Wadr Column

Parameters

Correlations of P content in the sediment, inclgdirP, IP, OP
and %OP, along the study period with some watelityusarameters
were conducted for each sampling site (Table lpnder to better

understand which factors could

be influencing #ragoral variation in

sediment P in Peri Lake. Climate data, dissolvetlients (except for
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nitrate), TN and Secchi depth were not correlateth vany of the
sediment P contents and are therefore not shovahite 1. Sediment P
in site 5 was also not correlated to any of thenate data nor to the
water column parameters (probably because of tdecesl sampling
period) and is also not shown.
TP in the sediments was positively correlated V@tii-a in site
1, with DO and pH in site 3, and negatively witkratie (NO3) in site 2.
IP was positively correlated with DO and NO3 iresitl, 3 and 4, and
negatively with pH in site 4, and with TPw in aites. OP showed a
positive correlation with Chéin site 1, with WTemp and pH in site 3,

and with TPw in site 4. Negative correlations wiP were only
observed in site 2 with NO3. %OP was positivelyrelated with
Wtemp in sites 1 and 3, and with Ghand TPw in sites 1, 3 and 4. A
negative correlation was observed between %OP @ddnDsites 1, 3
and 4, and with NO3 in sites 2, 3 and 4.

Table 1. Pearson’s correlation between TP, IP, @P%OP in the sediments and
water column parameters for sampling sites 1, @)@ 4, in Peri Lake, along the
study period (March 2007 — May 2009). Significamirrelations §<0.05) are
marked in bold.

WTemp pH DO Chl-a TPw NO3
S1 TP 0,19 0,17 0,14 0,52 -0,15 0,27
P -0,12 0,13 041 0,17 -0,51 0,53
OoP 0,26 0,15 0,04 0,60 -0,07 0,10
%O0P 0,48 0,04 -0,49 0,67 0,51 -0,39
S2 TP -0,03 -0,22 0,21 0,20 -0,23 -0,53
IP -0,35 -0,21 0,17 -0,07 -0,44 0,10
OoP 0,10 -0,18 0,19 0,24 -0,03 -0,56
%O0P 0,36 -0,03 0,07 0,23 0,25 -0,56

S3 TP 0,26 0,47 0,41 0,05 0,05 -0,10
IP -0,28 0,12 059 -036 -041 0,42

OP 0,47 0,46 0,12 0,25 0,28 -0,26

%O0P 0,45 0,08 -0,53 0,43 0,41 -0,42

S4 TP -0,09 -0,36 0,05 0,04 -0,03 0,18
IP -0,29 -0,44 0,44 -0,36 -0,47 0,55
OoP 0,26 -0,12 -0,41 0,33 0,53 -0,18

%O0P 0,40 0,25 -0,58 0,45 0,66 -0,49
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3.3 Influence of Grain Size and Benthic Fauna on 8anent P

NMDS with grain size and P forms as related to degysites
(Fig. 5) shows that sites 1, 2 and 3 are very aimhowing a higher silt
content, and sites 4 and 5 have higher fine andumedand contents.
Site 4 had greater fine sand content while sitehédwed a higher
medium sand proportion compared to other sites. NMDS also
shows that the sites with the higher silt contang, also the sites with
the higher TP, OP and OM contents.
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Figure 5. NMDS of the five sampling sites considgrgrain size categories (silt,
fine sand, medium sand and coarse sand), phospfamas (TP, OP) and the
organic matter (OM) content.
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Multiple regression analysis between TP, OP and &id the
seven benthic functional feeding groups for eachpdiag site is shown
in Table 2. For site 1, neither OM nor TP and ORewelated to any of
the seven functional groups. In site 2, TP, OP @Mlwere negatively
affected by gathering-collectors, and positivelyeetied by filtering-
collectors. In site 3, TP, OP and OM were posijiveifluenced by
shredders. Differently, for site 4, filtering-calters were negatively
related to TP, while OP was positively relatedilieriers, and OM was
not affected by any feeding group. Site 5 showedsitive relationship
between OP and filterers, but no relationship betw&P and OM and
the seven benthic functional feeding groups.
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4 Discussion
4.1 Temporal and Spatial Variation in Sediment P

TP concentration in the sediments of the five saohites in
Peri Lake was higher in S1 > S3 > S2 > S5 > S4chhwas closely
followed by the OM content in each site, showingttimost of the P in
the sediments is stored inside living cells andonganic detritus
materials. The composition and TP content of sedinsamples also
showed substantial spatial heterogeneity in othall@v lakes (e.g. Liu
et al. 2012, Kangur et al. 2013). This horizoniffedences in sediment
TP within the lake can be associated to macrofawseiment
granulometry, debris from fauna and flora, watgutdewind influence,
among others (e.g. Doremus and Clesceri 1982, &aeimd Meyer
1993, Lijklema 1993, Kleeberg and Dudel 1997, Ad &n2009).

Doremus and Clesceri (1982) showed that four timese P was
sequestered in the humic fraction than in the iaoig (Fe/Ca) fraction
in oligotrophic Lake George. The results of thekperiments also
suggest that microbial activity and OM, includingndiving detritus,
aid in the immobilization of P in sediments. Insttsens, the higher
content of OM and silt in sites 1, 2 and 3 in Rexke probably explain
the high P content observed in these three sitesnwompared to sites
4 and 5.

Besides grain size composition, different quargitead qualities
of sediment bacteria may also have influenced flerdinces in TP, OP
and IP content in Peri Lake. Gachter and Meyer §19%ave long
demonstrated the importance of bacteria in sedifesuntent, showing
that these organisms also depend on P as a nuridrare able to take
it up from the organic substrate or from the water.this sense, a
substantial part of the P might be incorporatetianterial biomass and
the net release can be controlled by bacterial ddrfar P.

The mineralization of organic material also inflaes in the P
content of sediments, and since OM comes from uargpurces, with
variable phosphate contents and biodegradabilifigéma 1993), it can
also influence in spatial P heterogeneity. In Pkake, detritus
distribution among various shore compartments dawsvariability,
related to differences in macrophytes presenceximpity to the
discharge points of rivers, litter from the lake rgias (Pieczynska
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1993, Hennemann et al. 2015), and along with diffees in sampling
site depth (different light availability), can benportant factors
influencing in the quality of OM sources and ratésmineralization,
what can also contribute to the observed differemed® content among
sites.

It is important to highlight that differences incBntent observed
in the sediments were not reflected in water coluith and SRP
concentration, since Hennemann and Petrucio (20il)e already
demonstrated that there is no significant diffeemsnamong the same
sampling sites concerning water quality parameters, similar period.
This is probably associated to the shallow depthseved in the lake
and relatively frequent and significant wind inflwe in this coastal
waterbody, since wind velocities higher than 4 mase capable of
completely mixing a water body to a depth of 6 m,cbeating waves
and circulation currents (Kleeberg and Dudel 1997).

Concerning the temporal variability in sedimentnPPieri Lake,
according to Lijklema (1993), within a year the iseght matrix will be
fairly constant except for the pool of non-refragt@rganic material.
Consequently, the adsorptive capacity of the sedinier phosphate
varies mainly due to changes in redox conditionted to the
temperature cycle and the course of organic deposiPhosphate in
microbial biomass and iron associated phosphatebeaimportant as
transient pools since they are influenced by teatpee and redox
conditions (Caraco 1993, Montigny and Prairie 1993)

Burger et al. (2007) attributed the large seasdiféérences in
release rates observed in shallow polymictic LaketoRia (New
Zealand) in part to variable sedimentation rated &m changes in
temperature, which controls rates of biological ivétgt oxygen
consumption and redox potential. Although seasdiféérences were
not as large in Peri Lake, the temporal variatitisesved can also be
associated to variable sedimentation rates (inflagnby shallowness
and wind), temperatures and DO concentration insgiment-water
interface.

A complex of climatic, hydrological as well as hgdhemical
factors was regarded as the cause of differencesnadd in P release
from sediments in 1992 an#i993 in Lake Miggelsee (Germany —
Kleeberg and Dudel 1997). Differences in water terafure, which
influences biological processes and especially D@centration in the
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water, was the probable explanation for the difiees in P release
between the two years. Differences between years also observed in
our study, especially in %0P.

According to Kangur et al. (2013), feedback in Eheycling can
also have an important effect in increasing shermt temporal
differences: an increase in P release from de sadsnleads to
increased primary production in the water columhjclw can increase
OM sedimentation flux, which increases the amodi®i® and the rates
of oxygen and ferric oxyhydroxide consumption ie gediment, which,
in turn, further increases the release of P froesédiments.

Correlations between sediment P characteristicschntite and
water column parameters along the studied period ad the
understanding of factors influencing in temporalydamic in Peri Lake
and will be discussed in the next section.

4.2 Correlations of Sediment P with Climate and Watr Column
Parameters

Water temperature had a positive influence in tieddntent in
Peri Lake sediments. The effect of temperature oarfeentration in the
sediments has been demonstrated in several studersen and
Andersen (1992) found that water temperature aloogld explain
nearly 70% of the seasonal variation in sedimenelBase in three
shallow eutrophic lakes. Kleeberg and Dudel (19%8sociated
increasing temperatures with higher aerobic mingatibn processes
and consequently lower DO in the water column, Widan increase P
release from the sediments. Spears et al. (20@6) adsociated high
temperatures to elevated €onsumption by bacteria, which temporally
removes the oxygenated surface layer and alsosese to the water
column.

In the P-limited Peri Lake, enhanced IP releasanfrthe
sediments (increasing %O0P) associated to higheco@sumption and
lower DO solubility in higher temperatures is cdpabf increasing
primary production in the water column, which résuh higher OM
deposition, further increasing the OP content. Higliemperatures also
stimulate conversion of IP in OP by benthic primgsyoducers,
increasing OP content in the sediments even mone.etVal. (2014)
presented a similar explanation for the temperagffiects on P release
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from shallow Lake Xuanwu (China) sediments in thkiboratory
experiments. According to the authors concluside thigher the
temperature, the more P is released and the Idhgetime to achieve
equilibrium of release.

As observed in Peri Lake, no substantial differebewveen the
DO concentration in surface and near-bottom watas wetected in
summer in shallow polymictic Lake Peipsi (Kanguakt2013). In this
sense, we can assume the entire water column whexygenated in
the sampling days. See appendix for additional BfOrination in Peri
Lake. The negative correlations found in summer é@@centrations in
the water with sediment OP and TP concentrationd.ake Peipsi
(Kangur et al. 2013) are similar to the negativeradations found
between DO and %OP in Peri Lake. This result caa bensequence of
higher temperatures in summer, which decreases @lbikty and
increases assimilation of P by primary producerd bacteria, what
increases %O0OP in the sediments, as previously siscu

On the other hand, IP in the sediments of Peri Lales
positively correlated to DO. A higher DO conceritmtin the overlying
water generally decreases P effluxes from sedim@tasgur et al.
2013), which can maintain a higher IP content tempim the sediments.
Results found in both Lake Peipsi and Peri Lakenstiat variation in
O, concentration in the water column can significamtifect P release
rates from the sediments.

Concerning pH correlations with P forms ( site #) showed a
negative correlation with IP, what indicates thmathis site with low OM
content, increase in pH may be leading to IP reléasn the sediments.
Indeed, according to Boers (1991), a higher pH esitise desorption of
phosphate from B& hydroxides, resulting in a release of phosphate
from the sediments. Boers (1991) also affirmed tle&hanced
photosynthetic activity can lead to higher pH byhdrawing CQ from
the water and shifting the GBICO/CO equilibrium. In this sense, the
positive correlation observed between TP/OP withipkite 3 could be
associated with higher primary production in warmawnths, which
increased pH and TP/OP accumulation in the sedanent

The positive correlation of NO3 with IP in sites3land 4 can be
associated to the effect that NO3 has in the Pimgydhrough its
influence on the iron cycling. According to Card@993), the presence
of NO3 can indirectly inhibit P release from sedirse since NO3 can
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inhibit the reduction of oxidized iron (£9 to the reduced form (E8,
maintaining higher F& levels and preventing P release. Conversely, the
OP content in the sediments showed a negativelatore with NO3 in
sites 2, 3 and 4, which could be associated to ¢eatyre, since it is
capable of increasing bacterial denitrification gaeses (consuming
NO3) and increase OP content in the sedimentseagopisly discussed.
Jensen and Andersen (1992) argued that NO3 coatentrcould
reduce P release in winter and early summer, kerease it in late
summer. In other words: NO3 can have differentatéfeon P release
depending on seasonal aspects (especially tempeEraais apparently
happens also in Peri Lake.

TP concentration in the water column showed a mnagat
correlation with IP in the sediments in the foumpéed sites showed in
Table 1. This can also be an effect of temperatsiece higher
temperatures can increase IP release from the satiinto the water
column (by increasing mineralization rates and easing DO),
stimulating primary production and increasing TRaantration in the
water. Increased IP release from the sedimentOdigoroduction and
deposition from the water column associated to drigiemperatures
both contribute to the positive correlation obsdribetween TP in the
water and %OP in the sediments.

As can be concluded from the discussion above, é¢estyire and
DO in the water column seem to be critical in seshtrP fluxes in Peri
Lake. According to Gachter and Meyer (1993), if eeliment surface
of a lake is permanently oxic, it will accumulateuRtil its P content
reaches its P binding capacity, and then, the sadimvould start to
release P even under oxic conditions. Relativey i? content in Peri
Lake sediments and the well oxygenated water colunaty be an
indication that the systems is accumulating P engédiments. When it
reaches the P-binding capacity, higher P releatss rare probable,
which can have dramatic consequences to this Relinihke dominated
by potentially toxic Cyanobacteria.

4.3 Influence of Grain Size and Benthic Fauna on 8anent P

The higher TP, OP and OM content in sites with &rghilt
content found in Peri Lake was expected, sinceiesutave shown that
the P adsorption rate increases with the increadi@e particles of the
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sediments, due to high surface area, and thatisorpites are mainly
affected by the percentage of fine particles laas 63um (An and Li

2009, Zhu et al. 2013). Heterogeneity in particdpatial distribution in
the lake can be influenced not only by depth amxiprity to margins
and rivers discharge points, but can also reflbet impact of water
currents in the lake (Kangur et al. 2013).

Concerning relationships found between TP, OP avida@d the
seven macroinvertebrates feeding groups in eaclplsamsite, they
could represent only an indirect effect relateds¢éasonal temperature
variation, but they may also represent an importafitence of the
benthic organisms in the P cycling in the sedinveaiter interface, since
studies have shown that macroinvertebrates can hsiveng
relationships with P in the sediments (Wazbinzkd &uinlan 2013,
Zhang et al. 2014).

In site 1, no significant relationship was idertifiby the multiple
regression analysis followed by selection of thstlpeodel by Akaike’'s
criterion. This could be related to the deepnesshisf sampling site
(~8m), absence of light and low richness in the nmiagertebrate
community (Lemes-Silva et al. 2016). The deep mgiof aquatic
ecosystems have restrictions limiting the develagnoé some species
due to the decrease of light penetration in theewaplumn and many
aquatic organisms not adapting to the prevailingdd@ns (Pech et al.
2007), what may explain the very poor species rarmbthis site with
dominance of tolerant taxa such as oligochaetes.

In site 2, both P forms and OM were negatively cfd by
gathering-collectors, and positively affected bytefing-collectors.
Gathering-collectors feeding on fine particles OM the sediments
(Merrit and Cummins 1984, Cummins et al. 2005) méweugh the
sediments actively, and could be moving and resuBpg sediments
and breaking the oxic surface layer, releasingofnfthe sediments to
the water column. On the other hand, filtering-®ctbrs remain buried
in the sediment, collecting and filtering materiélem the sediment
surface and bottom waters, and excreting insides#tément matrix,
which could be increasing P and OM content in thkeliments
(Malmquist et al. 2002).

Shredders influenced TP, OP and OM positively te 8. This
feeding group feeds on leaves and other organieriabtsuch as wood,
needles and fruits by biting into them or by cugtior boring through
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them. So, shredders excrete materials usually ceaapof particles that
are smaller and of a different quality than whatythte (Tomanova and
Usseglio-Polatera 2007), facilitating incorporatiorthe sediments and
by smaller organisms, increasing P and OM in tités s

Differently, for site 4, which showed a very low Gddntent, and
higher fine sand proportion, the benthic communitas poor,
dominated mainly by Tanaidaceans (gathering-caltsftand Diptera
larvae ofLopescladiussp. (filterer). Gathering-collectors are organisms
adapted to feed on fine particles deposited onsthtestrate surface
(Wallace and Webster 1996) and filterers are osyasiadapted to feed
on particles in suspension. Some filter feeders m{8idae,
Chironomidae and Philopotamidae) and gatheringectuls
(Tanaidacea and Oligochaeta) may increase the iguahtOM in the
environment by ingesting minute particles and eggstompacted fecal
particles larger than those originally consumeduslthese animals may
perform two very important functions: (a) the rerabuf fine particles
of OM from suspension (which would otherwise passsed through
that area) and (b) the supply of larger particlestlveir feces to a broad
spectrum of deposit-feeding detritivores (Walland 8/ebster 1996).

The positive relationship between OP and filterersite 5 could
be associated to P-rich excretion in the sedimbptdilterers taking
particles from the bottom waters, which is increbaad stimulated by
higher benthic activities in warmer temperaturekisTsite is rich in
suspended OM from leaves and has a higher fine caradse sand
proportion.

5 Conclusions

From the results and discussion above, we canwdadhat: 1) P
forms and concentration varied among the samplitegs,sprobably
associated with different silt contents, depth bé& twater column,
bacterial and macroinvertebrates quantity and caitipo; most of the
P was in organic form (OP), so sites with higher ©dhtent showed
higher P contents as well. 2) P forms and concémtrealso varied
seasonally, with OP and TP increasing in the sedisnen warmer
periods (especially spring and summer), as a reduftigher primary
production and decomposition rates; effects of &napire in other
parameters, such as DO and pH, could also incrigagefluence on
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seasonal P dynamics. 3) Quantities and qualitie® of the sediments
were correlated with water characteristics, esfigdi@mperature, Chl-
a, NO3, DO, pH and TP; temperature has probably bodirect effect

through stimulation of primary production and depasition, and an
indirect effect through its effect on other vareb(DO, pH, NO3); DO
concentration in the water column also plays a &mmehtal role in

sediment P dynamics in shallow Peri Lake. 4) Soemtic functional

feeding groups showed significant relationshipswémporal variation

in sediment P, including gathering-collectors, ddexs and filterers and
filtering-collectors; their behavior and feeding bitats could be

associated with the kind of the relationship id@éedi (positive or

negative).

These results offer strong evidence to suggesintpertance of
temperature mediated control of sediment-P releidseugh its direct
effects in primary production and decompositiosatand also indirect
influence through its effects on other water ardireent characteristics,
especially DO concentration in the water.

The information obtained in the present study sthimprove our
understanding on how shallow lake systems and sadif content may
respond to changes in water quality parameterfienfature. Further
studies includingn situ and laboratory experiments are needed to better
understand the relationships found and to developnagement
strategies under different land use and climategdacenarios.
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Figure A: Monthly dissolved oxygen (DO) concenwati(in mg.L") in the
surface and near bottom (~ 6m) depths in Site Rein Lake, from March 2007

to May 2009.
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8. CONCLUSOES GERAIS

Em relacdo aos parametros de qualidade da aguayvobsse
variagdo sazonal apenas para as concentracéesfdmfé clorofila-a,
sendo que esta variacdo pode ser associada adeasazonal tipica de
ambientes subtropicais na temperatura do ar e tensidade e
frequéncia dos ventos. Variagbes interanuais sigtifas também
foram observadas, especialmente entre o periodaligie amostragem
(2007-2009) e o periodo final (2010-2013), as quaislem estar
relacionadas a diferencas climaticas entre os aaw®strados,
especialmente nas precipitacbes acumuladas e tetm@er médias
anuais.

A Lagoa do Peri mostrou-se um corpo d'dgua potémeiate
limitado por fésforo durante a maior parte do pdwiade estudo. Esta
constatacdo foi reforcada pela correlagdo posiilvservada entre as
concentracdes de clorofila-a e de fosforo totakeadvido. Por meio de
andlise de regressdo mdlltipla, constatou-se que i@mabsa
fitoplanctbnica parece ser controlada principalmema temperatura da
agua e pela disponibilidade de fésforo (por meioad@io TN:TP e do
fésforo solavel dissolvido).

Dessa forma, com base nos resultados acima endostrdoi
possivel concluir que as altas concentracdes defitdea encontradas
na Lagoa do Peri podem estar associadas, prin@pédma limitacao da
comunidade por fésforo, & pouca profundidade (gaeilith a
resuspensdo do fosforo no sedimento) e a baixap@maéncia da agua,
condicbes estas que favorecem a dominéncia de beattrias, em
especial d€ylindrospermopsis raciborskii

Os dados obtidos nos dois testemunhos de sedimeldtados na
Lagoa do Peri mostraram que alteragbes nos cicscatbono,
nitrogénio e fosforo ocorreram em tempos mais resers variagbes
estratigraficas nos macronutrientes, nas razdee enttrientes e nas
razBes isotdpicas da matéria organica sedimentiterm provaveis
mudancas nas contribuicées relativas de fontectauigs e aldctones
de matéria organica, na biomassa e atividade leatast na limitacdo
por nutrientes, e na produtividade primaria dcesist. Essas mudancas
podem estar associadas a alteracdes e recuperagéiegdtacdo no
entorno da lagoa e sua bacia hidrografica, bem camoudancas
climaticas (temperatura, ventos e pluviosidade). édddéncias de
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aumento nas concentragcbes de nutrientes e matégi@nica nos

testemunhos de sedimento em tempos mais recerdEsnn que o

ambiente esta passando a um estado tréfico maadelee, embora as
concentracdes de nutrientes atuais na coluna d'agoademonstrem
isso, as concentracbes elevadas de clorofila-a mindacia de

cianobactérias podem estar refletindo estas mudanca

Em relagdo a variacdo espacial e temporal na raatéganica e
concentracBes de fosforo no sedimento, o presesitelce observou
variacdes sazonais significativas, com concentmgde fésforo e
matéria organica maiores em periodos mais quesdesciadas a taxas
mais elevadas de producdo primaria e decomposiGbém foram
observadas diferentes concentractes de fésforaé@ianarganica entre
0s pontos amostrados, 0 que pode ser associadonsido de silte,
bactérias e macroinvertebrados benténicos, bem @mpmfundidade
em cada ponto. A maior parte do fosforo encontredlasistiu em
fésforo organico, de forma que os pontos com mzboteldo organico
apresentaram as maiores concentracdes de fosforo.

As quantidades e formas de fosforo nos sedimemtdsdoa do Peri
puderam ser relacionadas com caracteristicas da, &gpecialmente
temperatura, pH e concentracdes de clorofila-aatoite oxigénio
dissolvido. A temperatura da agua parece ser @ fafis importante,
podendo tanto ter efeitos diretos quanto indirets concentracdes de
fésforo no sedimento.

RelacBes significativas também foram observadasre ergs
concentracdes de fosforo no sedimento de cada pbmteoleta e
diferentes grupos funcionais de macroinvertebragiwayés de analises
de regressdo multipla. Os padrbes de comportantEniocomocgéo e
alimentacdo de catadores-coletores, fragmentadditsadores e
filtradores-coletores puderam ser associados agdet positivas ou
negativas encontradas.

Os resultados encontrados no presente conjuntetdéos fornecem
forte evidéncia da importancia da temperatura mirote de processos
chave no funcionamento do ecossistemas lagunatgsogigais. A
temperatura tem capacidade de influenciar nas taeagroducédo
primaria e decomposicdo na agua e no sedimento, dienmo na
ciclagem de fosforo — considerado um recurso linbtaao sistema,
entre os compartimentos pelagico e sedimentar.
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Os resultados obtidos também permitem concluir gsta lagoa
costeira vem passando por um processo de aumentosiEm
produtividade, ou seja, de elevacdo em seu estafloot que parece
estar associado mais a condi¢des naturais do igfleéncias antrépicas
diretas.

As conclusdes acima tém grande importancia do pdatuista do
gerenciamento de ecossistemas costeiros como aaldgo Peri,
especialmente em um contexto de futuras mudangeatidas globais
envolvendo aumento da temperatura e alteracBes padsdes de
precipitacdo e ventos, bem como de possiveis osete eutrofizacao
cultural. Os resultados encontrados ressaltam ertanria de se
proteger os corpos d'agua costeiros e suas bad@eghéficas,
preservando-se a vegetagdo nativa e mantendo-seninole do uso e
ocupacdo humanos em seu entorno. As informacdédashiambém
contribuem para uma melhor compreenséo de comensistde lagos e
lagoas costeiros podem responder a mudancas nidagieatla 4gua no
futuro.

O registro de informacdes nos sedimentos mostrouss&
ferramenta importante para entender a histériaodoocd’agua e avaliar
a magnitude, direcdo e causas de altera¢gOes, mantto efetivamente
para a conservacao de ecossistemas de agua dgcande relevancia,
como a Lagoa do Peri.

A manutenc¢éo da qualidade da agua da lagoa é femdahpara que
o0 Parque Municipal da Lagoa do Peri continue aefoen os diversos
servicos ecossistémicos que vem oferecendo nosnoslti anos,
especialmente em relacdo a provisdo de agua pastealimento e
recursos pesqueiros, ao seu valor turistico/recret ao suporte a
manutencdo da biodiversidade, & producdo primariaog ciclos
biogeoquimicos.

Experimentos adicionais especificos envolvendo lagdie entre
nutrientes, temperatura e as comunidade bacteriandes produtores
primarios, bem como estudos mais detalhados ackréafluéncia do
sedimento na dindmica da qualidade da 4gua degta osteira, serao
importantes para melhor compreender a dinAmicadanetros tréficos
relevantes, bem como a dominancia e comportamentiadobactérias
em corpos d’agua subtropicais com baixas concdigsage fosforo.
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