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RESUMO

Embora seja reconhecida a diferenca na ciclagentadleono entre sistemas aquaticos
temperados e tropicais, 0s estudos sobre a imp@atéla matéria organica nos processos
ecoldgicos e biogeoquimicos ainda sdo escassosrdnierdes tropicais, principalmente no
Brasil. Nosso objetivo foi caracterizar espacialteenporalmente a matéria organica
dissolvida-DOM no lago Dom Helvécio (DH, MG) e coangr por meio de estudos também
em outros sistemas aquaticos (reservatorio da RhexiH/MG e lago Carioca-MG) o efeito
das diferentes fontes de DOM na transparénciapdiBpidade de nutrientes e espectro de
absorcdo de CDOM. Amostras de agua subsuperfitoagsn coletadas (2012-2014) para
analise de Clor-a, solidos em suspenséo, DOC, CeOQMtrientes. Foram obtidos dados de
profundidade e pluviosidade, além de medidas indatradiagcdo PAR e UV. SUVA, Ss.

205 850-400 Ry M, &poma40€ &powmzss foram utilizados para avaliar a qualidade de DOIM.

foi mais transparente nos periodos chuvosos dsiagins e 0 estudo de particioKi(PAR)
mostrou que embora 79% da atenuacéo PAR tenhaeuido ao tripton, a variagcao temporal
de Kd(PAR)foi melhor explicada pelas variacdes de Clor-aaP¥M as diferencas sazonais
foram maiores que as espaciais e a pluviosidadeugbesitivamente a quantidade de carbono
aromatico, sugerindo uma entrada de DOM al6ctone &® chuvas. Houve uma redugcédo no
volume de chuvas nos anos de coleta em comparagi@icos anteriores e considerando o
efeito da pluviosidade observado, é possivel estimalancas também nos padrées sazonais
de entrada de DOM e nutrientes com consequéncias @&cossistema. Em contraste, o
eutrofico reservatorio da Pampulha apresentou D@ddgninantemente de origem algal.
Comparando os dois sistemas, demonstramos quentatstfontes de DOM afetam a
sazonalidade de nutrientes, transparéncia e qdalida DOM. Por fim, avaliamos o efeito
das diferentes fontes de DOM no espectro de absaigdDOM através de experimento de
mesocosmos no lago Carioca. DOM al6ctone teve feftgo na curva de absorcéo de
CDOM entre 300 e 400 nm, enquanto DOM autOctone eatwmn a absor¢do nos
comprimentos de onda mais curtos. Dessa forma, aaacteristicas Opticas (como
transparéncia e susceptibilidade de DOM para fdim@egradacéo) dependem das fontes de

DOM, o que gera uma série de consequéncias pamassistema.

Palavras-chave: DOM, CDOM, matéria organica, cgaiie de atenuacéo, radiacdo
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ABSTRACT

Although it is recognized the difference in carboytling between temperate and tropical
aquatic systems, studies on the importance of argamatter in the ecological and
biogeochemical processes are still scarce in tab@novironments, especially in Brazil. Our
aim was to characterize spatially and temporaléy dissolved organic matter-DOM in Lake
Dom Helvécio (DH, MG) and compare through studiesther aquatic systems (Pampulha-
BH reservoir/MG and Lake Carioca/MG) the effectdifferent sources of DOM on lake
transparency, availability of nutrients and CDOMsaiption spectrum. Subsurface water
samples were collected (2012-2014) for analysi€lofa, suspended solids, DOC, CDOM
and nutrients. Rainfall and depth data were obthiime addition to in situ measurements of
PAR and UV radiation. SUVA4 S75.205 Sss0-400 SRy M and @pomaao @cpomzsa Were used to
evaluate the DOM quality. DH was more transparanthe stratified rainy periods and the
Kd(PAR)partition study showed that although 79% of PARratation was due to tripton, the
temporal variation ofKd(PAR) was better explained by changes in Chl-a. Seasonal
differences in DOM were greater than spatial, aadfall positively affected the amount of
aromatic carbon, suggesting an allochthonous DOMitinvith rains. There was a reduction
in rainfall in the sampling years compared to poesgi years and considering the observed
effect of rainfall, it is possible to estimate chas in seasonal patterns also in the DOM and
nutrients inputs with consequences for the ecosysta contrast, the eutrophic Pampulha
reservoir presented DOM predominantly from algalrse. Comparing the two systems, we
show that different DOM sources affect the seastynaf nutrients, lake transparency and
DOM quality. Finally, we evaluated the effect offdient DOM sources in CDOM spectra
through mesocosms experiment in the Lake Cariottaciithonous DOM had a strong effect
on the CDOM absorption curve between 300 and 400 while autochthonous DOM
increased absorption at shorter wavelengths. Timespoptical characteristics (such as lake
transparency and DOM susceptibility to photo armtbgradation) depend on DOM sources,

which cause several consequences for the ecosystems

Keywords: DOM, CDOM, organic matter, attenuatioeficient, radiation
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APRESENTACAO DA TESE

A estrutura da tese foi organizada conforme desnds seguintes tdpicos:

Introducdo: abrange uma revisdo bibliografica sotudiacdo, propriedades épticas
aparentes e inerentes e matéria organica em densass aquaticos. Os objetivos da
tese estdo descritos ao final da Introducéo e tiais especificos se encontram em

cada capitulo.

Capitulo 1: manuscrito aceito com revisdes no pew® Anais da Academia
Brasileira de CiénciasDevido a noticia do aceite ter sido dada ao fardnho, ndo
foi possivel incluir as revisfes sugeridas peléstawna verséo do artigo nesta tese. No
entanto, as sugestdes e criticas feitas peloregigstao disponibilizadas no Anexo |
da tese. Trata-se de um estudo realizado no lago Belvécio (Médio Rio Doce,
MG, Brasil) cujo objetivo foi avaliar a contribuig@le cada componente opticamente
ativo na atenuacao da radiacao fotossinteticanativie na coluna d’agua.

Capitulo 2: manuscrito formatado para ser submetaperidodicoLimnologicaapos
consideracfes da banca. Este estudo também faadaino lago Dom Helvécio e o
objetivo foi avaliar as diferencas espaciais e tnaip na qualidade e quantidade da
matéria organica dissolvida considerando mudaregntes na pluviosidade regional.

Capitulo 3: manuscrito aceito no periodidournal of Limnologye se encontra
disponivel em: _http://dx.doi.org/10.4081/jlimnol1359 . Este trabalho foi
realizado no lago Dom Helvécio e no reservatori®dmpulha (Belo Horizonte, MG,

Brasil). O objetivo foi comparar os efeitos dasrbhtes fontes de matéria organica
dissolvida na atenuacdo da radiacdo fotossinteéintemativa e ultravioleta e na

disponibilidade de nutrientes nos dois distintsgesnas tropicais.

Capitulo 4: manuscrito formatado para ser submeitm@eridodicoBiogeochemistry
apos consideracdes da banca, e originado a partimdexperimento de mesocosmos
no lago Carioca (Médio Rio Doce, MG, Brasil), comparte do projeto Carbon
Cycling in Lakes (COCLAKE). Este projeto foi desetwdo em parceria com 0
pesquisador dinamarqués Peter Anton Staehr. O m@tousfoi escrito na
Universidade de Aarhus (Roskilde, Dinamarca) derantmeu periodo de doutorado
sanduiche (2015-2016) e contou com a colaboracfestpiisadores dinamarqueses e
brasileiros. O objetivo foi avaliar sobre condicéaperimentais os efeitos do aumento
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das concentracbes de matéria organica alécton&det@oe na absorcdo espectral da
matéria organica dissolvida colorida.

Consideracdes finais: abrange a aplicabilidadeteztualizacédo e importancia dos

resultados gerados com esta tese e as perguntasrguam com este trabalho.
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INTRODUCAO
A radiacdo solar e as propriedades 6pticas dos gistmmas aquaticos

O fluxo de energia nos sistemas aguaticos, assSino ¢ws terrestres, depende da incidéncia
de radiacdo solar, a qual influencia fortementecasdicbes quimicas e biolégicas dos
ecossistemas afetando o metabolismo e funcionanaepiético Parsons et al., 1984; Kirk,
1994; Helbling e Zagareze, 2003; Loiselle et &09D.

A radiacdo solar € subdividida em trés faixas sdgua Comissdo Internacional de
lluminagé&o (CIE) ultravioleta JV — comprimentos de onda entre 100 e 400 nm)yelisiu
radiacéo fotossinteticamente ativa (PAR — entre dd®@0 nm) e infravermelho (maior que
700 nm). A radiagdo UV ainda é dividida em UV-C {80 nm), UV-B (280-315 nm) e
UV-A (315-400 nm). UV-C é completamente absorvidgéapcamada de o0z6nio, chegando a
superficie terrestre apenas UV-B e UV-A e PAR.

Os ecossistemas aquaticos possuem a capacidaddlate entre 2 a 100% da radiacao
incidente na superficie da agua, sendo esta qaaetidependente das condi¢cdes da superficie
(plana ou ondulada) e do angulo de incidéncia dassrsolares. Por isto, em estudos de
radiacdo subaquética o horario de amostragem értampe e deve ser limitado aos horérios
de menores porcentagens de reflexdo, entre 10e004h00 h. A reflexdo somada a refracao,
absorcéo e dispersao da radiacdo solar sdo derganipeaopriedades 6pticas dos ambientes
aquaticos (Kirk, 1994; Esteves, 1998). A agua, rdgwmateriais particulados bioticos e
abibticos em suspensado na coluna d’agua (como tplarc detritos), e a matéria organica
dissolvida séo responsaveis por absorver e/ou rdepea luz solar, e sdo denominados
componentes opticamente ativos (Kirk, 1994; Pfaohky 2002; Branco e Kremer, 2005;
Kelble et al., 2005). A fracdo dissolvida somen&eisaa absorcdo, enquanto as particulas
organicas e inorganicas causam predominantemesfeerdao (“scattering”), exceto o0s
produtores primarios (fitoplancton, macréfitas dopas) que contribuem em ambos os

processos (Figura 1).

10
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Figura 1 - A radiagdo solar na superficie aquatica e na coluna d'agua.

As propriedades Opticas sdo divididas em apard®@® - apparent optical properties) e
inerentes (IOP - inherent optical properties). AG#® aquelas que dependem da natureza
angular do campo luminoso, como o coeficiente dawgtcdo difusa da radiacdo na coluna
d’agua Kd) (obtida in situ através de radiémetros e disc&edechi) e a reflectancia para o
sensoriamento remoto (Kirk, 1994; Morris et al.939Effler et al., 2010). Em contrapartida,
as IOP dependem somente das concentracfes dos reamgs opticamente ativos, e séo
representadas pelos coeficientes de absorcéo idgaadela matéria particulada e dissolvida
presentes na agua (obtidossitu com equipamentos modernos ou em laboratério ardgé
amostras de agua coletadas em conjunto com umiaeaeapectrofotométrica) (Morel, 1988,
1991; Kirk, 1994; Huovinen et al., 2003; Zhang kf 2007a). A atenuacdo da luz decai
exponencialmente com a profundidade e é dependiogecoeficientes de absorcdo e
disperséo, que por sua vez dependem das concexsrdgé componentes opticamente ativos
na coluna d’agua (Obrador e Pretus, 2008). Degsaafoa camada fética (limite inferior é
definido como a profundidade onde a intensidaderiaga corresponde a 1% da radiacdo que
atinge a superficie) pode variar de poucos centimet dezenas de metros de profundidade
dependendo da capacidade do meio em atenuar gdadiabaquatica (Esteves, 1998).

11
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A quantidade de energia luminosa e o tamanho da fita disponivel na coluna d’agua
(principalmente a PAR) sé&o fatores limitantes @adastribuicdo e abundancia dos produtores
primarios e a produtividade do sistema, que porvaraafetam todo o funcionamento do
ecossistema (Parsons et al., 1984; McMahon e1292; Gallegos e Moore, 2000; Zhang et
al., 2007b). Nos ultimos anos, o interesse tambébmeso efeito da radiacdo UV e seu
impacto subaquético tem aumentado devido a cresdéecidéncia de raios ultravioleta por
causa da reducdo da camada de o0zonio estratoskriambém pela modificacdo dos

ambientes aquaticos em funcao de poluicao locagiemal (Campbell et al., 2011).
A matéria organica: origem, caracteristicas e imj@oicia para 0s ecossistemas aquaticos

A matéria organica (OM — organic matter) € conigtdude uma fracao particulada (POM —
particulate organic matter) e uma fracao dissolyiz@M — dissolved organic matter). POM é
representada pela biota aquatica (por exemploghast fitoplancton, zooplancton) e por
detritos organicos e inorganicos subprodutos deordposicdo e metabolismo aquético,
enquanto que a DOM por convencgao representa opasiaos organicos menores que 0,2-0,7
um (Kalenak et al., 2013). A matéria organica disial colorida (CDOM - colored
dissolved organic matter) é a fracdo de DOM camaalborver radiacdo solar nas faixas do
UV e PAR por possuir cromoforos em sua estruturagA e Benner, 1996), o que influencia

as propriedades Opticas dos ecossistemas aquaticos.

DOM ¢é o principal reservatorio de carbono orgaminoecossistemas aquaticos (Bertilsson e
Tranvik, 2000) e a sua dindmica temporal e espéaialrecebido maior atencdo nos ultimos
anos devido ao seu importante papel em processtgans e biogeoquimicos (Cole et al.,
2007; Tranvik et al., 2009). Tambéem ¢é atualment®nmkecido como o principal substrato
para a comunidade bacteriana e representa a baselela tréfica planctonica (Farjalla et al.,
2006). Através do fenbmeno “microbial loop” o baictelancton transforma DOM em POM,
a qual pode ser assimilada pelo protozooplanctorarfA et al., 1983). Além disso, a
mineralizacdo de DOM por bactérias heterotroficaspgrciona a reutilizacdo da forma

inorganica pelos produtores para a producao pranfAdam et al., 1994).

Além da degradacdo microbiana (biodegradacao)aoniportante forma de degradacéao de
DOM ¢ a fotodegradacédo, que devido a capacidadeDdeM em absorver radiacdo provoca
a oxidacao parcial ou total da molécula, sendoidag#o total a transformacédo de CDOM até
CO,. Sendo assim, a fotodegradacdo pode ser de enompogtancia na mineralizagdo do

12
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CDOM, podendo ser comparada a processos comoieaggEgpfitoplanctdnica (Granéli et al.,
1996) e mineralizacao pelo bacterioplangtdmado et al.2006).

A absorc¢éo da luz pelo CDOM ainda provoca uma skrieonsequéncias para 0s organismos
e processos aquaticos, dentre elas a competicaduzeVisivel com os produtores primarios
(Kostoglidis et al., 2005) e protecdo dos organsmquaticos contra 0s raios nocivos UV
limitando sua penetracdo a superficie da colungudd(Granéli et al., 1998). Em
contrapartida provoca o fotobrangueamento da collihgua que consiste na perda de
coloracdo da agua devido a fotodegradacdo do CDOMue expbe 0s organismos as
radiac6es nocivas (Del Vecchio e Blough, 2002).dBessssim, as propriedades de absorcao
luminosa de CDOM torna-o um importante regulador ptadutividade ecossistémica,
podendo favorecer a producdo primaria (atravesategiio contra excesso de radiagcdo PAR
e UV) ou inibir (devido a competicdo por luz), aléme afetar a estrutura termal e
profundidade da camada de mistura da coluna d’@pres, 1988; Fee et al., 1996, Bezerra-

Neto et al., submetido).

Existem duas fontes de DOM em ecossistemas agsatioatinentais: fonte aloctone,

originada da degradacao de vegetacao e solo tefrestle DOM entra no sistema aquatico
carreada pelas chuvas (Kieber et al., 2006; Mdteal., 2009); e fonte autéctone, produzida
dentro do sistema como resultado principalmentedelgradacéo ou lise de células dos
produtores primarios (Kritzberg et al., 2004; Garitlette e Del Giorgio, 2012). A composicao
guimica e as caracteristicas Opticas de DOM (caddicde DOM) estdo relacionadas com a
sua fonte, e possuem susceptibilidades distintaspaocessos de degradacdo por micro-
organismos e fotodegradacao (Wetzel et al., 19%5til8&on e Tranvik, 2000). A DOM

autoctone € formada por compostos simples de ba@so molecular como carboidratos,
proteinas, lipideos e aminoacidos (Wetzel, 200iguanto a DOM al6ctone é constituida de
uma mistura de compostos aromaticos de alto pedecular que formam as substancias
hamicas (Thurman, 1985). As substancias humicagseptam o principal componente de
DOM em sistemas aquaticos naturais e sdo constitudt acidos fulvicos (compostos

hidrofilicos) e acidos humicos (compostos hidrofos) (Piccolo, 2001).

O metabolismo bacteriano pode ser suportado por #dtone e autdctone, mas existem
estudos que mostram que apenas uma pequena fre¢ioM aloctone é incorporada como
biomassa pelas bactérias e transferida para aacadéca (Cole et al., 2006; Roland et al.,

2010). Nos tropicos, as substancias humicas saoriames fontes de energia para a

13
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comunidade microbiana, mas estudos demonstram gi#® enais relacionadas com a
respiracéo do que com a producédo bacteriana (Areiadb, 2006; Farjalla et al., 2009a). Em
contrapartida, as bactérias possuem a capacidaatesoheilar rapidamente DOM autéctone de
origem algal Chen & Wangersky 1996). Portanto, atualmente ét@aeiconceito de que
DOM autdctone algal possui maior labilidade parsicegradacdo (Farjalla et al., 2009b;
Fonte et al.,, 2013), enquanto DOM aldctone é masceptivel para a fotodegradacdo e
absorve fortemente a radiacdo na faixa do UV (Ae@&@enner, 1994; McKnight et al., 1994;
Benner, 2002; Helms et al., 2008). Devido a conigkde e alto peso molecular as
substancias humicas séo recalcitrantes para add®g@ microbiana, e por isso tendem a se
acumular em lagos podendo representar 80% de D@Vi(Wetzel et al., 1995). No entanto,
apos a fotodegradacdo parcial as substancias hginpodem se tornar foto-produtos
biodisponiveis para a comunidade microbiana aumdnta producdo do bacterioplancton
(Vahatalo et al.,, 2003). Nos trépicos, a fotodegcdd e biodegradacdo sdo favorecidas
devido a elevada radiacéo solar e altas tempesatiurante todo o ano, embora poucos ainda

sdo os estudos nesses ecossistemas.

A concentracdo e qualidade de DOM em lagos podenheterogéneas verticalmente na
coluna d’agua ou horizontalmente, em funcdo daiprioade de fontes de carbono, como
tributarios, margens com vegetacao e outras caistatas hidroldgicas da bacia hidrografica
(Wetzel, 1992; Tao, 1998; Porcal et al., 2004; Kghdlis et al., 2005). Temporalmente as

concentragcbes de DOM também podem variar em fude&portes esporadicos ou sazonais,
sendo estes ultimos controlados pelo regime deashau pulso hidrolégico (Farjalla et al.,

2002, Suhett et al., 2006, Brandéo et al., 2016)bdta a importancia de DOM seja clara e
bem demonstrada, a distribuicAo de DOM no espagampo ainda foi pouco estudada,

especialmente em lagos naturais tropicais e anasiesutrofizados (Toming et al., 2009;

Zhang et al., 2011, Brandéo et al., 2016).

Atualmente as metodologias mais acessiveis queiteenno estudo da composicdo e origem
de DOM séo analises espectrofotométricas de CD@KMnalmente combinadas com estudos
de fluorescéncia (Helms et al., 2008). Através sjpeetro de absorcdo de CDOM podemos
extrair métricas que fornecem caracteristicas sabqgeialidade das moléculas de carbono
como: aromaticidade (absorbancia especifica para- BWVAs4 Weishaar et al.2003);
fonte, mudancas devido a fotodegradacdo e tamarthecubar (“spectral slope” - ;%5 205
Helms et al., 2008); mudancas devido a biodegradéspectral slope” — $50-406 Helms et
al., 2008); relacéo entre fotodegradagédo e biodegéo (“slope ratio” - @ Helms et al.,

14
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2008); tamanho molecular estimado (“molecular weigh250/a365”; De Haan and De Boer,
1987; Peuravuori e Pihlaja, 1997). Tais métricas $&lo largamente utilizadas para analisar
as propriedades o6pticas em ambientes aquaticosetadgs (Zhang et al2007c, 2009;
Helms et al.,2008; Bracchini et al.2010), mas poucos sdo o0s estudos utilizando essa
abordagem em sistemas tropicais, principalmentérasil (por exemplo Teixeira et al., 2011,
2013; Bittar et al.2015).

Pretendo com esta tese contribuir com estudos deripdades 6pticas em ecossistemas
aquaticos tropicais. Além disso, estudos que awalmarticularmente as mudancas no
espectro de absorcdo de CDOM em funcdo das fontemsformacdes de DOM ainda sdo
escassos inclusive em ambientes temperados (Heélals 8013; Reader et al., 2015) e, até
onde pude verificar na literatura disponivel, aitcedser um trabalho pioneiro nesta

abordagem (capitulo 4) em sistemas tropicais.
Objetivos

Esta tese teve como objetivo inicial o estudo d@apactemporal da distribuicdo e qualidade
de DOM no lago Dom Helvécio (Médio Rio Doce, MGaBit). Primeiramente avaliei qual a

contribuicdo de CDOM na atenuacao da radiacao Péseriago (capitulo 1). Neste capitulo
considerei quatro amostragens espaciais em 20h8losema em cada estacdo do ano
contemplando os periodos de estratificacdo e raisissim como os periodos intermediarios.
Além disso, inclui também amostragens mensaiszesglds em um Unico ponto na zona

pelagica entre 2011 e 2012.

O entendimento da variacdo espacial e temporal @& Do lago Dom Helvécio foi o
objetivo do capitulo 2. Para isso realizei seisstragens entre 2012 e 2014, onde avaliei 0s

periodos de entrada do DOM aléctone com as chuvas.

No capitulo 3 o objetivo foi comparar dois sisteragaaticos com diferentes fontes de DOM
quanto as caracteristicas 6pticas, qualidade de [e@bhcentracdes de nutrientes. Para isto,
utilizei duas amostragens realizadas no lago Doluéd® (seca e chuva em 2013) e inclui
duas amostragens realizadas no reservatorio dauftaanBelo Horizonte, MG, Brasil) na

mesma época.

Por fim, o capitulo 4 teve como objetivo avaliaefeito de DOM aléctone e autéctone no
espectro de absorcdo de CDOM. Para isto, realimegxperimento de mesocosmos no lago
Carioca (Médio Rio Doce, MG, Brasil), um lago pmwi ao lago Dom Helvécio dentro dos
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limites do Parque Estadual do Rio Doce. Foi maaigmineste experimento as concentragdes
de matéria organica aléctone e nutrientes (o gtima crescimento fitoplanctdnico com

consequente aumento de DOM autdctone), assim catisp@anibilidade de radiacao solar.

Todas as amostragens foram realizadas em ecoszsst@quaticos em Minas Gerais. No
entanto, os capitulos e artigos foram escritos ¢etaapente ou iniciados na Universidade de
Aarhus, Dinamarca, durante meu periodo de doutosatholuiche (entre abril de 2015 a
fevereiro de 2016). Assim, todos os trabalhos cantacom a participacdo do coorientador

Peter Staehr, e o capitulo 4 também com outrosuEeglpres estrangeiros.
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Partitioning of the diffuse attenuation coefficient for photosynthetically available

irradiance in a deep dendritic tropical lake

Luciana Pena Mello Brand&3! Ludmila Silva Brighenti?, Peter Anton StaehFrancisco

Antonio Rodrigues Barbosa?, José Fernandes Bekietia®-

1- Department of Bioscience, Aarhus University,demksborgvej, 399, DK-4000 Roskilde,

Denmark.

2- Limnea, Institute of Biological Sciences, Unisidlade Federal de Minas Gerais, Av.

Antonio Carlos, 6627, 31270-901, Belo Horizonten® Gerais, Brazil.

Abstract

We studied the effects of particulate and dissolegdically active components on the
attenuation of photosynthetic active radiation (BAR a tropical lake. The temporal and
spatial distribution of tripton, Chd-and apom(440) and their relative contribution to the
diffuse PAR attenuation coefficierd) was investigated at 21 sites (dry and wet seazods
two intermediate periods) and at monthly interval gelagic site. Higher values &€d were
observed during the mixing period, characterizedablyigher concentration of tripton and
Chl-a compared to the stratified rainy season. In treiapsampling PAR attenuation was
dominated by tripton absorption/scattering (avereaative contribution of 79%), followed
by Chla (average 11.6%). In the monthly sampling triptonl £€hla accounted for most of
the Kd with relative contributions of 47.8% and 35.6%gspectively. Multiple linear
regression analysis showed that @h&nd tripton in combination explained 97% of the

monthly variation inKd (p<0.001), but Chl-a had more influence (highegression
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coefficient). Thus, although most of light attenoatwas due to tripton, seasonal variations in

phytoplankton abundance were responsible for miasteatemporal fluctuations iKd.

Key words:CDOM, chlorophylla, Kdpartition, light attenuation, tripton.

Resumo

Noés estudamos os efeitos dos componentes opticaragnos particulados e dissolvidos na
atenuacao da radiacao fotossinteticamente ativ&®)fef um lago tropical. As distribuicbes
temporal e espacial do tripton, Ghle apom(440) e suas contribuicdes relativas no
coeficiente de atenuacao difusa PARI) foram investigadas em 21 pontos (estacdes seca e
chuvosa e dois periodos intermediarios) e em ialermensal em 1 ponto pelagico. Maiores
valores deKd foram observados durante periodo de mistura, @izatio por maiores

concentracdes de tripton e Ghleomparados com o periodo chuvoso estratificado. Na
amostragem espacial, a atenuacdo PAR foi dominatia gbsorcao/dispersdo por tripton
(média contribuicao relativa 79%), seguido por €kinédia 11.6%). Na amostragem mensal
tripton e Chla contribuiram com a maioria d6éd com média dasontribuicdes relativas de

47.8% e 35.6%, respectivamente. Analises de regrdsgear multipla mostraram que Ghl-

e tripton explicaram 97% da variacdo mensalkab (p<0.001), mas Chl-a teve maior
influéncia (maior coeficiente de regressado). Coofueimbora a maior atenuacdo da luz
ocorreu devido ao tripton, variagcbes sazonais nanddncia do fitoplancton foram

responsaveis pela maioria da flutuacéo tempor#&ldo

Palavras-chave: atenuacéo da luz, CDQiyofila-a, particdo deKd, tripton.
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Introduction

Availability of photosynthetically active radiatidPAR; 400 to 700 nm) in the water column
provides the energy for primary producers andkeyadeterminant of the overall productivity
of aquatic ecosystems (Parsons et al. 1984, Ki8d19Vhile it is well known that PAR is
attenuated exponentially with depth, little is kmowf the causes for temporal and spatial
variability in the vertical diffuse attenuation ¢beent for down-welling PAR Kd; m-1) in

tropical lakes.

Light attenuation in aquatic ecosystems is basidalk sum of light absorbing and scattering
optically active components present in water. Thesaponents are phytoplankton pigments
(of which chlorophylla dominates), colored dissolved organic matter (CDOplyre water

and tripton (defined in this type of studies as pagmented particulate matter) (Kirk 1994,

Pfannkuche 2002, Branco and Kremer 2005, Kelbéd. &005).

Studies aiming to determine the relative contritnutof optically active components kKd
have previously concentrated on shallow lakes (Sodyl and Koncsos 1991, Blom et al.
1994, James et al. 1997, Van Duin et al. 2001 sPBreet al.2003, Zhang et al.2007a, Zhang et
al. 2007b, Balogh et al. 2009), estuaries and ab&gjoons (Phlips et al.1995, Christian and
Sheng, 2003, Lund-Hansen 2004, Kelble et al. 20@Bnaguchi et al. 2013), while little
information about partition dkd is available on deep (Effler et al. 2010) and itaplakes

(Loiselle et al. 2008). The patrtition of this optliproperty is based on the equation:

Kd = Kw+ Kcpom + Ktri+ Kehi-a (Equation 1)

whereKyy is the partial attenuation coefficient by pure evakcpom by CDOM, Krg, by

tripton andKcpi.a by Chla (Kirk 1994, Phlips et al. 1995).
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The concentrations of optically active componemis how these attenuate light in the water
column determine the amount of light available pbotosynthesis. Therefore, the available
light restricts production, abundance, and distrdyu of pelagic and benthic primary
producers, with implications for higher trophic &w in the ecosystem (Parsons et al.1984,
McMahon et al. 1992, Gallegos and Moore 2000). iBtudhboutKd partition provide
important understanding of how each component spamsible for the attenuation of light
and this fact also allows predict the underwaghntlclimate from the concentrations of these

components (Zhang et al. 2007).

Spatial variations in PAR light attenuation coa#fits are expected in large and dendritic
lakes because of the differences in depth and mioxito the border, which leads to less
stability of the water column and increased inplitabochthonous matter. The shallower
regions of the lakes are susceptible to wind drisetiment resuspension which increases the
concentration of suspended matter in the watemeoland reduces light penetration and thus
primary production (Somlyody and Koncsos 1991). seheariations also differ between
seasons due to higher input via rainfall (rain @driand due to mixing of water column (dry

period).

Lake Dom Helvécio (DH - Minas Gerais, Brazil) isleep dendritic tropical lake located in a
preserved area surrounded by Atlantic Forest. Alghothere is a greater input during rainy
season, the water column stability in DH is langehiis period (Brighenti et al. 2015) and the
allochthonous matter coming with runoff from ranesnains retained below the thermocline
due to differences in water temperature (Reyno@3®® Redistribution of particulate matter
into the upper mixed layers accordingly occurs myrihe dryer and colder season which
therefore is characterized by less transparent rwdtellowing these observations, our
hypotheses are that: 1) the total suspended mait8M (Chl-a and tripton) present greater

relative contribution in the attenuation of PAR iedbn at all the sampling stations and
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seasons, as CDOM occurs at low concentrations ke D41 and absorbs more in the range of
ultraviolet spectrum; 2) the spatial variability®AR attenuation coefficient values among the
21 sites can be explained by the influence of @lke khore in the closest sites (direct input of
allochthonous organic matter and shalower watemrsol compared to deeper sites); 3) the
PAR attenuation coefficient is higher during thgedrmixing period due to elevated levels of
suspended matter in the water column. In ordeegbthese hypothesis, our objectives were to
document the spatial and temporal contributionripitdn, Chla and CDOM in total PAR
attenuation througKd partition study at Lake DH and determine how \aies in optically

attenuating conditions depend on the time and mpésampling.
Materials and Methods
Study site

Dom Helvécio lake is located inside the Rio Docat&tPark — PERD Southeast Brazil
(S19°46.94’, W42°35.48). The lakes complex in aldle Rio Doce is one of the most
important districts of lakes in Brazil, with apprmately 130 lakes, 42 of them located inside
the PERD area, which is the largest remnant ofAtitentic Forest in Minas Gerais, totaling
36000 ha (Maia-Barbosa et al. 2010) (Fig. 1). Take is one of the deepest natural lakes of
Brazil (maximum depth: 39.5 m), surrounded by Alilarforest. It is oligotrophic (total
phosphorus: 3.0-22.0 pug*Lannual mean 11.2 pg*LChl-a: 0.5-11.0 pg L, annual mean
4.5 pg ), has a perimeter of 37.7 km, area equal to 5@7x¥ and volume equal to
5.94x10 m® (Bezerra-Neto and Pinto-Coelho 2008). Dom Helvési@ warm monomictic
lake, with thermal stratification period beginnimgSeptember and lasting until April (rainy

period) and a mixed period from May to August (deyiod) (Barbosa and Tundisi 1980).

Field measurements
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The spatial sampling was carried out in Januarynf8ar), April (transition-Autumn), August
(Winter) and December (transition-Spring) 2013 hisampling stations in the lake (Fig. 1c).
Although in tropical environments the four seasame not well defined and then are
commonly separated into dry and rainy periods inatiq studies, we included in this study
the samplings during the transitions periods (aut@amd spring) because they are important
intermediate periods between the rainy and dry aseasTemporal samples were taken
monthly at a single station in the pelagic panthef lake (station 8, Fig. 1), from June 2011 to
November 2012. Six data of temporal sampling and ohthe spatial sampling stations
(station 1 in January 2013) were not included dhalysis because the Ghineasurements

were not analyzed in a timely manner and the vakere of low accuracy.

Upon monthly sampling at the central deep regidatis 8) of the lake, vertical profiles of
water column temperature (°C) were measured eveatemfrom surface to 28 m using a
Hydrolab DS5 probe. The surface irradianceg) (Eas obtained by a solar radiation sensor

(WE300, Global Waté&) mounted just above lake surface on a buoy locattéhis station.

For spatial analysis, vertical profiles of photagwtically active radiation (PAR) (between
10:00 and 14:00) were performed using a radiom@#C Biospherical Instruments). The
profiles were made on the sun side of the boatdiivgpishadows and measurements during
days with great clouds were avoided. The radiometes attached to a battery and notebook
with the software LoggerLight ™ (Biospherical Instrents) while collecting radiation data
PAR and depth during descent and ascent up of tbeep In the spatial sampling the
maximum depth of measurement of radiation was ddfion the field when PAR reached 1
HEinsteins m2 s. For monthly analysis, light pexilvere measured at depths 0.1, 1.0, 2.0 and

3.0 m using a model UA-002 light sensors (HOBO
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Water samples (0.5 m from the surface) were cateetsing a van Dorn bottle (5L) and
filtered immediately for Chk (0.47um Millipore filter) and TSM (AP040 Millipore filtey,
and the filters were frozen until analysis. Watamples were also filtered for analysis of
dissolved organic carbon (DOC) and colored dissbleggganic matter (CDOM) (0.2gm
Millipore filter) and stored in amber glass bottl§zre-washed with distilled water and

hydrochloric acid 10%) at 4°C in the dark.
Laboratory analysis and calculation of the optipabperties

The diffuse PAR attenuation coefficietdd) was calculated as the linear slope between depth
and the natural logarithm of the measured downagllPAR radiation. FronKd we
calculated the depth of the euphotic zong, 4.6 /Kd; m) where 1% of the radiation

incident on the surface is reached (Kirk, 1994).

The measurement of concentration of @hWwas obtained by acetone extraction (90%)
measured in a spectrophotometer (UV-VIS Shimadzwj6d and 750 nm and calculated
according to APHA (1998). Total suspended matt&MT mg L) were determined by the
gravimetric method, considering the difference ket the dry weight of AP40 Millipore
filters (105°C for 2 hours) before and after tHedtion of water samples (APHA 1998). The
tripton represents the non-living fraction of thasgension material, but in this study it
represents the non-pigmented part of TSM (non-giigtkton particulate matter). This was
obtained subtracting the dry weight of the phytagtan from the TSM. The ratio between
concentration of Ch& corrected by pheophytin and the dry weight of pplankton was
assumed 1:100 (Phlips et al. 1995). Thus, the cdrateon of the Chh corrected by
pheophytin (mg L-*) was multiplied by 100 to obtahe dry weight of phytoplankton and
then subtracted from TSM (mg L-1) to obtain the aantration of tripton (mg L-t) (Christian

and Sheng 2003).
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The DOC concentration (mg™) was obtained by catalytic oxidation method of hhig

temperature using TOC Analyzer (Shimadzu TOC — %000

The spectral absorption of CDOM was measured at 440 (apom(440)) in a

spectrophotometer (UV-VIS Shimadzu) using 5 cm guauvette and Milli-Q water as a
reference. The absorption spectra of each sammepesdormed in triplicate and determined
using the Spectrum Pack Program software (Shimadzy The absorption coefficients were
derived from the absorption spectra (A) at 440 immt) according to the equation 2 (Kirk,

1994):
acoom(440)= 2.303A(440) 1 (equation 2)

Wherel is the optical path of the cuvette (in meters)sédption coefficients were corrected
for backscattering by subtracting the value ofdbefficient at 700 nm from the absorbance at
440 nm. The spectrophotometric absorption coefiiceg 440 nm was used as an index of

CDOM concentration (Williamsoat al. 1996).

We used the software Lake Analyzer (Read et al1P@d determine the depth of the upper
mixed layer (4ix) and the water column stability (Schmidt Stabifgt) from monthly
temperature profiles. Mean available light in tiper mixed layer (Fea; mol photons rif d

) was estimated from surface light, light attenmrtind mixing depth as described in Staehr
and Sand-Jensen (2007). Accumulated rainfall rexbi@t every three hours was obtained
from a meteorological station located less than 2n kfrom the Ilake

(http://sinda.crn2.inpe.br/PCP/

Unfiltered water samples were taken for analysitotdl nitrogen (TOC Analyzer, Shimadzu

TOC - 5000) and total phosphorus (according to Meatk et al. 1978).

Partitioning of the difuse PAR attenuation coédiit
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The partition ofKd was performed for the spatial (integrating thetigpalata from four
seasons sampling in 2013) and temporal data (mps#rhpling at site 8 in 2011 and 2012)

separately, but using the same equations.

The attenuation of the PAR radiation can be partéd according to the following equation 3

(Yamaguchi et al. 2013):
Kd = Kw+ Kcpom + Ktsm (equation 3)

where Ky, Kcpom and Krsy are the partial attenuation coefficient due tqeesively pure

water, @pom(440) and TSM in the PAR range (400 to 700 nm).

The light attenuation by the pure wattkj was assumed to be constant at 0.027®mith
and Baker 1978). The PAR attenuation by CDC4gpom) was estimated according to the

equation 4 (Pfannkuche 2002, Lund-Hansen 2004, gkaal. 2007a):
Kcpom = 0.221 * apom(440) (equation 4)

Where,acpom(440)is the value of the absorption coefficiemtasured at 440 nm and 0.221 is

the specific absorption coefficient of CDOM at 44Q.
The light attenuation of TSM can be subdivided adicy to the equation 5:
Krsm= Kchrat Krri (equation 5)

WhereKch.a and Krg| are the partial attenuation coefficients of phyamgiton (as measured
by Chl-a) and tripton, respectively. To calculate tkesy we subtracted the suifiKy +

Kcoowm) from Kd (Yamaguchi et al. 2013).

A simple linear regression analysis was performetiveen theKrsy (m™) and the Chh
concentration (1g ) to estimate the specific attenuation coefficienthe Chla, according
to equation 6 (Yamaguchi et al. 2013):
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Krsm= b * [Chl-a] + ¢ (equation 6)

Where the slopé is the specific attenuation coefficient of GhiK*cp.5) and c is the
intercept. The Ché absorption coefficientkcn., m™) was obtained by multiplying* chi-a
with [Chl-a]. The Ktg, (light absorption by non-pigmented particulate tergtwas finally

obtained according to equation 5 by subtrackag., from Kysy (Yamaguchi et al. 2013).

Following the model in equation 1 is possible técekate the relative contributions (%) of

each component in the totatl (100%).
Statistical Analysis

Kruskal-Wallis (One Way Analysis of Variance) andirpwise test (Tukey Test) were
performed to assess seasonal differencéslimalues. Simple and multiple linear regressions
were made between concentrations of optically actemponents and partial and total
coefficients of PAR attenuation. To demonstrategpatial distribution oKd and the optical

components maps were made using a Kriging intetipoléechnique with Surfer 10 software.
Results
Overall patterns in lake physics and water cheryistr

Periods with full mixing occurred between June @ust in all three years. The water
surface temperature ranged from 21 to 31 °C witheki temperatures during the mixing
period. The photic zone {4 ranged from 3.9 to 14.3 m, reaching greater degtiring the
stratified rainy periods. Greater stability of theater column (Schmidt) was accordingly
observed in the rainy season (mean Schmidt stabilit386.4 J rif). The deep water
temperature remained lower than the surface teryerauring the entire rain period and

was stable throughout the year (annual average@35L°C standard deviation). The depth
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of the mixing layer was greater in dry and colderqd reached a maximum of 27.9 m, while

during the warmer rainy seasop;Zreached a maximum of 13.4 m (Table 1 and Fig. 2).

DOC occurred in higher concentrations during theebrof the rains (December, spatial
average 6.5 mgt) and mixing in winter (spatial average 6.5 and thynaverage 5.9 mg'L
). The DOC concentration in the deeper hypolimnetaters was higher during thermal
stratification (4.9 in November and 5.1 mg in December 2012) than in the upper mixed
surface waters (2.1 mg'in November and 1.5 mg'Lin December 2012) and elevated DOC
levels were accordingly stored in the hypolimniantiluthe onset of mixing in June. Total
nitrogen (TN) occurred in higher concentrationsimyithe mixed dry period (spatial average
357.6 and monthly average 446.6 pg) lcompared to conditions in the upper mixed layer
during stratification (averages between 276.8 ahtl B g [Y). The total phosphorus (TP)
occurred in higher concentrations during wintert boly for the spatial sampling (average
12.8 pg 1), and no difference was observed between dry aimy in the monthly sample

(Table 1 and Fig. 2a-h).
Spatial variations in optical properties

The coefficients of variation were used to estintage variability ofKd and optically active
components at each site. The spatial distributioth@se coefficients of variation and mean
values for each parameter in the four samplingogsrare shown in Fig. 3 and 4. The largest
variation observed foKd occurred at sites 7 (CV = 0.38), 11 (CV = 0.43) a% (CV =
0.35), while the lowest ocurred at sites 3 (CV £00, 18 (CV = 0.14) and 21 (CV = 0.13).
Chl-a presented coefficients of variation betwee20(Q(site 12) and 0.83 (site 9), tripton
presented between 0.08 (site 6) and 0.80 (sitend)T&M ranged from 0.05 (site 7) to 0.56
(site 21). The highest variation occurred t»@u(440) ranging from 0.17 (site 21) to 2.00

(sites 5 and 7). There was no significant con@ia{ p > 0.05) among the coefficients of
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variation of all parameters measured or betweerctledficients and the depth of the sites or

proximity to shore.

The spatial variation of thKd was also different for each sampling period, raggrom 15

to 18% (measured by the coefficient of variatidd\+ = standard deviation / average) among
sites in the spring (December - CV = 0.15) and semf@anuary - CV = 0.18), and less than
8% in autumn and winter (April - CV = 0.08; AugusCV = 0.06). The spatial variation for
Chl-a was higher in summer (56%) and less than 30%haratampling periods (April - CV
= 0.26; August - CV = 0.30; December — CV = 0.2%hjle the variation of tripton was
higher in winter (45%) and close at other periatn(ary - CV = 0.36; April - CV = 0.31;
December — CV = 0.30).com(440) presented larger variation than other ogticattive
components with a minimum of 64% in summer and betw85 and 89% at other periods

(April - CV = 0.85; August - CV = 0.89; DecembefCY = 0.88).

We found a significant variation iKd between sampling seasons (Kruskal-Wallis One Way
Analysis of Variance, p <0.001), except betweenudan (summer) and December 2013
(Tukey Test, p> 0.05). Théd ranged from 0.32 th(station P11 during the summer) to 0.91
m* (station P11 during the winter) during the entiezipd (average 0.60 . Higher values

of Kd (average 0.78 M) were observed during the dry winter period, chiangzed by a fully
mixed water column, while lower values (averages(mt) were observed during the warm,
thermally stratified rainy season (January and Ddx®) (Table 1 and Fig. 3). The
coefficients of determinatiorR@ for the calculation oKd from light vs depth were always
higher than 0.9 which indicates a vertically homuaus water column in relation to the

optically active components (Zhang et al. 2007gregluring the stratified period.

The Chla concentrations varied 20 fold between 0.5 (stafi@b in the summer) and 11.0 ug

L (station 8 in the intermediate period in April) éamge 4.5 pgt). In comparison the TSM

34



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

concentrations varied 8 fold and ranged from Otdtign P21 in the summer) to 2.8 mg.L
(station P21 in winter) (average 1.6 mgd)LHigher Chla and TSM concentrations were
observed in April and winter. The tripton concetitna ranged from 0.1 (station P8 in the
winter) to 2.4 mg [* (station P21 in winter) (average 1.1 mg ). Although tripton
concentrations reached similar levels as TSM, fiatial variation in tripton was much higher
(26 fold), with the highest tripton concentratiomlso observed during winter where water
column was fully mixed. Thecaom(440) varied from 0 to 0.4 T average 0.1 th Higher

acpom(440) concentrations were observed in the sumaiey period (Table 1).

Using the additive model (equatioip ttipton was found to contribute most to the atsgian

of visible light all year round and at all samplisgtions during spatial sampling (minimum
50%, maximum 91% and average 79%). The relativéribotion of phytoplankton pigments
estimated from Ch& showed a minimum of 2%, maximum 30.2% and averdlgé% for
both seasonal and spatial variations. Tegg@(440) varied from a minimum contribution of
0% to a maximum of 15.6%, and average of 4.8%. pine water contribution ranged
between 2.9% and 8.4%, with an average of 4.7%. (B)g With increasing tripton
concentration and its relative contribution to tigattenuation,Kd also increased. In
comparison the contributions of Caland apow(440) to PAR attenuation were lower and
tended to decrease with highiéd values (Fig. 6). Since the absorption of pure wae
constant its relative contribution #d decreased with increasing attenuation by the other
optical components. The specific attenuation cowdffits for each optically active component

are shown in Table 2.

Considering the four sampling events as replicatesdid not observe significant relations
among the spatial distribution of the concentratbmptically active components (Pearson’s
correlations between Chl-and tripton (R = -0.22, p = 0.33); Chland apom(440) (R = -
0.10, p = 0.65); tripton andsom(440) (R =-0.16, p = 0.47)) (Fig. 6). The spatial disttion
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of Kd was significantly correlated only with Chl{R = 0.31, p < 0.01) and we did not
observe significant correlations betwea&hand tripton (R = 0.13, p = 0.24) afzam(440) (R

=-0.04.22, p = 0.67).
Monthly trends in optical properties

From our monthly sampling we found thé&d ranged from a minimum of 0.4 (November
2011) to a maximum of 1.3 (July 2012) around an average of 0.8.Highest values were
as previously described observed in the dry pewit full mixing of the water column
(average 0.9 i), while in the warm stratified rain period hadaaver average of 0.7 ™

(Table 1 and Fig. 2-h).

The Chla concentrations ranged 16 fold (min December 0#x kugust 8.9 pgt) with an
average of 4.5 ugt Higher TSM concentrations occurred during dryiqus and the
concentrations ranged only 3.5 fold from 0.9 (A@0I12) to 3.2 (June 2011) (average of 1.9
mg LY. Higher tripton concentrations were observedringeriods (June and July 2011 and
August 2012) and in two months of rain period (dagwnd November 2012), and ranged 8
fold (average 1.5 mg1). The apom(440) absorption ranged from 0.1 (November 2002) t
0.6 (July 2011) (average 0.3%n Overall higher concentration of ChJ-TSM, tripton and
acpom(440) occurred during the dry season of 2011 d@&1®2 The apom(440) absorption
ranged from 0.1 (November 2012) to 0.6 (July 20{dyerage 0.3 ). There was a
noticeable fall in the concentration of DOC angsu(440) from June 2011 to December

2012 (Table 1 and Fig. 2-e,f,9).

For the monthly and annual variations observed hat $tation P8 tripton was most
predominant in June, July, November and Decembgt ,2&hd January and December 2012.
The contribution of tripton attenuation varied freemminimum of 18.3% (May 2012) to

maximum of 77.2% (December 2011) and an overalrages of 47.8 % throughout the
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sampling period. In October 2011 and March to Auge@12, Chla was the primary
contributor toKd. Throughout the period the Calshowed a minimum contribution of 6.8%,
maximum of 65.3% and an average of 35.6%. In JWi® 2Chla and tripton contributed
almost equally with 45.6% and 45.5%, respectivélie observed that the Chleontribution
increased in the dry mixing periods. Theo@(440) contribution tdKd ranged between
3.4% and 22% with an average of 12%. Pure watetriboted with only 4.6% on average

(Table 2 and Fig. 7).

Using a multiple regression analysis we found ®af and Krrp together explained 97% of
Kd (F(2,9) = 139.832, p < 0.001, r = 0.9 = 0.97). The regression coefficient for Ghl-

(0.96) was higher than for tripton (0.92), whichang that while total PAR attenuation
depended on a combination of optical conditiong $ingle most important component

driving temporal variation itd was Chla (Fig. 8).

From the analysis of correlations between opticahgonents and physical and chemical
conditions characterizing changes at the centaiost in the lake we found significant
correlations (p <0.05) between: H)l and Chla (R = 0.66) and rainfall (R =-0.58); 2) TSM
and tripton (R = 0.92), &« (R = 0.71) and Schmidt Stability (R=-0.61); 3h8udt Stability
and B (R= 0.74) and Fean (R = 0.71); 4) Eand Z,x (R = 0.61) and DOC (R = -0.49); 5)
tripton and Zix (R = 0.62); 6) 4, and rainfall (R = 0.62); 7)caom(440) and DOC (R =
0.60); and 8) Ché and rainfall (R = -0.59). All correlations of tleeparameters are shown in
Table 3. These correlations indicate that the sedshanges in optical components affecting
PAR attenuation are strongly linked to meteorolag@onditions as these affect water column
stability and mixing conditions. The combination tbiese couplings are finally shown as

responses in mean light available and the deptheophotic zone.

Discussion
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Spatial sampling at 21 stations

Considering the coefficients of variation, the oally active components andd varied
among the 21 sampled sites, but these spatialbietyavere not significant related among
them or explained by the sites depth or proximiithwihe lake shore as expected. Some deep
stations (> 10 m) accordingly had variationkid values similar to stations located near the
shore suggesting that other parameters such asdeompernal movement of water driven by
wind may control the spatial heterogeneity in PAferauation (Somlyody and Koncsos
1991). However, although there wasn'’t relation lestw the coefficients of variation &fd

and the coefficients of variation of the other paeters, we found a significant and positive
correlation betweerkKd values and Chl-a concentrations analyzing allssgad sampling
periods together. In this way, although tripton ramhtributed more with the total PAR
attenuation in all sites and seasons, theaQtdncentration was the only parameter correlated

with the variation oKd.

In addition to the spatial variability among sitdsre were distinct spatial variability for Chl-
a, tripton and apom(440) also among sampling periods. During the drgt eolder winter
mixing period elevated levels of particulate magrytoplankton and tripton) caused overall
higher PAR attenuation. However, the spatial valitglof Kd in this period was lower (6%)
than that observed in the summer (18%) and spfiBgoj, although the spatial variability of
Chl-a and tripton in winter was 30% and 45%, respecyivdt has previously been
demonstrated that mixing of the water column causssispension of particulate matter
increasing turbidity and tripton concentrationsail et al. 1994, James et al. 1997, 2004,
Phlips et al. 1995, Zhang et al. 2007), which cqosetly would explain the higher values of
Kd and the highest average contribution of triptoB.986) during the mixed dry season.
Higher lake transparency (lower values Kd) occurred in summer and spring, when

concentrations of particulate matter were lowert bioe apom(440) higher and its
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contribution inKd became more apparent in the sites (Fig. 5a,d) higieer spatial variability
of Kd (15-18%) was observed in periods of more transpasaters (spring and summer),
which coincided with the highest spatial variailbf Chl-a during the summer (56%).
Despite the increase in Caland apom(440) contribution td<d during summer, tripton was
largely responsible for the attenuation of visiliggat when comparing all sites and sampling
periods. Moreover, tripton contribution to the attation increased with increasikgl value
(see Fig. 6). The relationship between reduced aCahd @pom(440) contributions and
increasing tripton contribution with the increageka was also demonstrated by Zhang et al.
(2007). Other studies have similarly found a strpogitive relationship between tripton and
Kd and a great contribution of this component to RAfRnuation in lakes (Phlips et al. 1995,
Christian and Sheng 2003, Yang et al. 2005, Zhdngl.e2007, Balogh et al. 2009) and
estuaries and oceans (McMahon et al. 1992, Lin.e20®9, Yamaguchi et al. 2013) (See
Table 4). In this way, the main component resgmadior the PAR attenuation was tripton,
followed by Chla, which is in agreement with our first hypothesiace most of the

variability in Kd was due to the particulate matter.

The low contribution of @om(440) to Kd (maximum 15.6%) was expected since the
acpom(440) occurred at low concentrations in this lak® its absorption decays with
increasing wavelength (Green and Blough, 1994disitet al. 2006), implying that the overall
contribution of apom(440) absorption is higher in the ultraviolet pairthe spectra (200-400

nm).

Monthly sampling at the deep central station

In the monthly sampling at the deep central stat®r{between 2011 and 2012), the
contribution of Chla for the total light attenuation was more noticeabhd higher than the

tripton contribution in some periods (October-2CGdrid from March to August-2012). The
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majority of studies, predominantly in coastal wateshowed that the relative contribution of
tripton to the PAR attenuation was always higheantithat of Chla. This has been
documented in Aarhus Bay, Kattegat (Lund-Hansef4R0Florida Bay (Phlips et al. 1995,
Kelble et al. 2005), Tampa Bay and Charlotte HarfdgicPherson and Miller 1987,
McPherson and Miller 1994) and in the Yellow Sea (&t al. 2009). While tripton is often
dominate light attenuation, Zhang et al. (2007bypvetd that increases in Cal-during
summer algal blooms makes light absorption by pigsiea more dominant optical
component than tripton in some regions of TaihueLé&&hina). In hypereutrophic lakes
Balogh et al. (2009) also observed higher €hbntribution to the PAR attenuation and Yang
et al. (2005) in some regions of the Lake Donghhir{g). Effler et al. (2010) in contrast,
found that apom(440) was the primarily factor responsible for PARenuation in Lake
Superior (USA). In our study, Clal-and tripton together explained 97%®2(multiple linear
regression) of the temporal variationKd but the Chla was the most responsible. Similar
results were found by Yamaguchi et al. (2013) whalthough tripton have been the
predominant component responsible for K& in percentage of attenuation, Chl-a was the
main component that influenced ti& monthly variation in Harima Sound (R2 = 75%)
(Eastern Seto Inland Sea, Japan). Obrador andsRi2208) also demonstrated that the main
driver for seasonal changeski was phytoplankton (Chd) despite that DOC had a higher
relative contribution. Reinforcing this conclusiame found a smaller temporal variation in
tripton concentration (coefficient of variation: G¥0.51.) than in Ch& (CV = 0.65), which
suggests that although tripton contributed sigaifity to light attenuation, variations in Cl-
was the main driver for seasonal fluctuation&thvalues. This finding allows us to conclude
that the main factor that attenuates light is rextessarily the same one that causes temporal

variation of the light attenuation (Obrador andtese€2008) (see Table 4).
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From our monthly sampling we found that higherdraace and rainfall values in summer
were positively related to the mean light availaiolgorimary production (Eeay) and Schmidt
stability while negatively related to the mixed éaylepth (4ix). In this period, the DOC and
acpom(440) occurred in low concentrations in the phatoe suggesting high photobleaching
caused by the high incident radiation. It is knavat with rain allochthonous carbon enters
the deeper layers of the lake and remains in thmlmgnion until mixing period, when it
becomes distributed in the water column (Reynold892. Corroborating this finding we
observed higher DOC concentration at the bottortheflake than at the subsurface in the
rainy period (November and December 2012). Witbveer incidence of solar radiation and
cooling of surface waters during winter the depththe mixed layer increased, causing a
more homogeneous distribution of nutrients andi@ddte matter in the water column
(Barbosa and Tundisi 1980, Petrucio and Barbosd,2Bfighenti et al. 2015). This would
explain the observed increase in @deoncentrations in the full mixing period in 20r&dats
higher relative contribution in PAR attenuation ¢maum 65% in May 2012). Brighenti et al.
(2015) investigating the patterns of primary prdducin Dom Helvécio lake during 2011 to
2012 demonstrated that during thermally stratifiedod, with higher surface light and lower
light attenuation, coincided with a higher occuoerof photoinhibition of phytoplankton
productivity. Also these authors found that the ilakéity of nutrients and the highest
phytoplankton biomass coincided with periods of dovphotoinhibition (mixing periods).
Thus, the increase of Chlcombined with the increase of tripton concentregiacn mixing

period resulted in higher valueskd at this time.

Conclusions

The present study demonstrated that is importadinkotemporal and spatial sampling in
order to understand the role of the optical comptafluencing PAR attenuation, because

the main component that attenuates light is noesearily the same component responsible
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for the temporal variation dfd. Optimally this should be combined with a highginency
sampling of physical conditions characterizing wat®lumn mixing conditions. This
combination allows better certainty of the impodamf each optical component for the total
attenuation of light and a better mechanistic ustd@ding of the physical and chemical
conditions driving temporal changes. Particulasye found that there was a significant
temporal and spatial variability in water transpase and although most of PAR attenuation
occured due to tripton concentrations, the vatighaf Kd was mainly associated to variation
in the concentration of Cld- However, we did not find support for our expectatof higher
variability in optical condition at near shore sitesuggesting that new studies on the
variability in Kd must consider the hydrodynamic conditions in thetriiution of optical

components within the lake.
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1 Table 1- Summary of parameters measured duringdeahpnd spatial analyzes in the

2 lake between 2011 and 2013.

Spatial sampling

Temporal sampling

Summer Autumn

Winter

Spring

(Jan.2013)  (Apr.2013)  (Aug.2013)  (Dec.2013) 'Y S€ason  Rainy season
Mean 0.46 0.64 0.78 052 0.91 0.66
Kd pag) (M) Min-Max 0.32-0.59 0.51-0.74 0.68-0.91 0.41-0.68 0.66-1.33 0.37-1.26
std dev 0.08 0.05 0.05 0.08 0.26 0.26
Mean 1.03 1.09 1.19 1.14 1.65 1.33
Tripton (mg L™ Min-Max 0.18-1.65 0.68-1.80 0.09-2.37 0.57-2.19 0.46-3.03 0.40-1.88
std dev 0.37 0.34 053 0.34 0.99 057
Mean 3.31 6.98 481 2.94 6.15 3.28
Chl-a (ug L™ Min-Max 0.47-6.90 2.68-10.91 2.10-7.22 1.13-4.80 1.69-8.91 0.59-6.11
std dev 1.86 1.82 1.47 0.87 3.20 290
Mean 0.16 0.10 0.11 0.12 0.36 0.28
acoom(440) (M) Min-Max 0.00-0.30 0.00-0.30 0.00-0.40 0.00-0.40 0.10-0.60 0.10-0.40
std dev 0.10 0.08 0.10 0.11 0.19 0.11
Mean 1.36 1.79 1.67 1.43 2.26 1.66
TSM(mg |_'1) Min-Max 0.36-2.13 1.28-2.28 0.57-2.77 0.91-2.40 1.29-3.20 0.90-2.42
std dev 0.39 0.24 0.55 0.35 0.73 0.54
Mean 4.30 3.09 6.46 6.47 5.87 5.24
DOC (mg LY Min-Max 3.31-5.05 2.49-3.46 5.25-8.32 4.10-8.47 2.38-11.21 1.92-8.73
std dev 0.44 0.29 0.98 0.89 3.08 2.04
Mean - - = o 17.73 7.25
Mixing layer (m) Min-Max - = = S 8.40-27.90 5.00-13.40
std dev - S - - 7.61 2.16
Mean 10.37 7.22 5.94 9.08 5.65 8.22
Euphotic zone (m) Min-Max 7.80-14.30 6.20-8.90 5.00-6.70 6.80-11.30 3.90-7.00 4.10-12.50
std dev 191 0.62 0.36 131 1.12 2.55
Mean 30.00 28.73 25.40 31.00 24.27 27.41
Surface T(fg; perature Min-Max - - - - 2090-2570  24.50-31.40
std dev - o = - 1.58 1.89
Mean 14.03 - 13.04 - 28.50 28.50
Water column depth Min-Max 4.50-30.00 - 2.90-30.00 - 27.00-30.00  27.00-30.00
™ std dev 8.52 - 8.58 - 0.84 0.84
Total nitrogen Mean
(ug L) 276.81 27853 357.60 125.14 44661 351.71
Min-Max 215.49-424.10 242.62-342.10 12.73-519.71 3.68-431.47 292.21-688.20 229.27-695.29
std dev 41.03 27.05 146.42 158.91 127.29 128.15
Mean 3.78 - 12.75 8.27 8.06 8.22
Total phosphorus Min-Max 2.90-5.61 - 569-21.77  4.80-11.90  546-10.74  4.60-12.82
(ug L-Y) std dev 0.97 - 410 1.83 2.09 242
Mean - - o o 124.16 386.43
Schmidt stability Min-Max - - o o 31.90-282.90 142.30-621.90
3 (Im? std dev - - - - 82.72 167.89
4
5
6
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1 Table 2- The specific attenuation coefficients dil-&, tripton, CDOM, pure water and

2  TSM to theKd and their relative contribution (%) to the total RAttenuation.

Specific attenuation coefficients (m-1) Cantributio n to PAR attenuation (%)
Monthly sampling Kd(PAR) Kehra Krri Kepom Kw Krsm Kehra Kiri Kepom Kw
June-11 0.70 0.09 0.50 0.09 0.03 0.58 12 71 13 4
July-11 0.66 0.20 0.29 0.14 0.03 0.49 31 44 21 4
October-11 0.54 0.32 0.14 0.06 0.03 0.46 58 26 11 5
November-11 0.37 0.03 0.23 0.08 0.03 0.26 8 63 22 7
December-11 0.42 0.03 0.33 0.04 0.03 0.36 7 77 10 6
January-12 0.67 0.22 0.33 0.10 0.03 0.55 32 50 14 4
March-12 0.49 0.23 0.17 0.06 0.03 0.40 47 36 12 6
April-12 0.48 0.26 0.12 0.08 0.03 0.38 53 24 17 6
May-12 0.66 0.43 0.12 0.08 0.03 0.55 65 18 12 4
June-12 0.91 0.42 0.42 0.05 0.03 0.83 46 45 6 3
August-12 0.91 0.46 0.39 0.03 0.03 0.85 51 43 3 3
November-12 0.67 0.11 0.51 0.02 0.03 0.62 17 75 4 4
Spatial sampling Kd(PAR) Kehia Krri Kepowm Kw Krsm Kenta Krri Keoom Kw
January-2013 Mean 0.46 0.05 0.35 0.04 0.03 0.40 12 74 8 6
min 0.32 0.01 0.16 0.00 0.03 0.26 2 50 0 5
max 0.59 0.10 0.54 0.07 0.03 0.57 30 91 14 8
SD 0.08 0.03 0.10 0.02 0.00 0.08 8 11 5 1
April-2013 Mean 0.64 0.11 0.49 0.02 0.03 0.59 17 76 3 4
min 0.51 0.04 0.35 0.00 0.03 0.46 5 68 0 4
max 0.74 017 0.65 0.06 0.03 0.71 28 88 9 5
SD 0.05 0.03 0.07 0.02 0.00 0.06 4 5 3 0
August-2013 Mean 0.78 0.07 0.65 0.03 0.03 0.72 9 84 3 3
min 0.68 0.03 0.53 0.00 0.03 0.62 4 76 0 3
max 0.91 0.11 0.76 0.08 0.03 0.81 15 91 9 4
SD 0.05 0.02 0.06 0.02 0.00 0.05 8 4 8 0
December-2013 Mean 0.52 0.04 0.42 0.03 0.03 0.46 9 81 5 5
min 0.41 0.02 0.31 0.00 0.03 0.35 3 71 0 4
max 0.68 0.07 0.56 0.10 0.03 0.59 15 90 16 7
3 SD 0.08 0.01 0.07 0.02 0.00 0.07 3 5 4 1

4 Table 3 - Pearson correlations of the parametetairad in the analysis of temporal
5 changes at station P8 in 2011 and 2012. Significanlations are highlighted in bold.

6 (St = Schmidt stability; EO = irradiance; Z euphotic zone depth).

TSM Chl-a Tripton ~ aCDOM(440) St EO Emean Zeu Zmix DOC Rainfall
(mglL-Y)  (pgL-y) (mg L-1) (m-1) (I m2) (mol photons m-2d-?) (mol photons m2d-1) (m) (m) (mg L-?) (mm)
kd (PAR) (m-1) 0.5550 *0.656 0.2420 -0.1390 -0.4790 -0.3210 **.0.813 ***.0.828 041 -0.238 *-0.579
TSM -0.067 **%0.922 0.153 *-0.614 -0.405 *-0.697 -0.517 **0.705 0.409 -0.122
Chl-a -0.449 -0.13 -0.173 -0.121 -0.411 -0.485 0.0221 -0.451 *-0.586
Tripton 0.188 -0.482 -0.316 -0.464 -0.275 *0.623 0.542 0.119
acpou(440) -0.302 -0.493 -0.204 0.1 0.486 *0.604  -0.0948
St ***0.737 ***0.712 0.404 ***.0714 -0.331 0.118
EO ***0.822 0.389 **.0.614 *-0.494 0.107
Emean ***0.718 ***.0.784  -0.252 0.373
Zeu -0.386 0.138 **0.624
7 *p<0.05, **p<0.01, *** p<0.001
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1  Table 4- Studies published since 2003 about ttagivel contribution of optically active

2 components to the attenuation of PAR radiationaree of aquatic systems.

Environment Chlorophyll- a % Tripton % CDOM % Water % Type of Sampling Reference
spatial in 6 sampling -
. 10.0-26.0% 59-78% mean 61- . Christian, D. & Y. P.
- 0, - 0, ’
coastal lagoon, Florida mean 10.0-26.0% 50% 5-25% mean 25-11% events, 2 dlﬁerfe.nt Sheng 2003
methods to partition
Aarhus Bay, Katte.gat, mean 32% mean 42% mean 17% mean 9% time series studyatone Lund-Hansen 2004
North Sea-Baltic station
Florida Bay mean 1-3% mean 88-89% mean 1-2% mean 7-9% S{pEliE] agdye”:r’:m'yo"er Kelble et al. 2005
subtropical L.ake 29-65% 46-66% 18-24% 1-2% spatial and monthly over Yang etal. 2005
Donghu, China 1 year
subtropical shallow 2.8-34.6% 58.1-95.9% o 0 o spatial in 1 sampling
Lake Taihu, China mean 9.7% mean 82.6% 0.8-22.8 mean 6.8% 0.2-3.1% mean 0.9% event Zhang etal. 2007
summer: 8-70% summer: 21-65% summer: 7-37% summer. 2-25%
subtropical shallow mean 26%; mean 48%; mean 16%; mean 10%; spatial in summer and Zhang et al. 2007b
Lake Taihu, China winter: 1-11% winter: 38-91% winter: 3-50% winter: 2-8% winter 9 .
mean 5% mean 80% mean 11% mean 4%
Mediterranean coastal .
laggon, Albufera des mean 44% mean 6% mean 47% mean 3% SPEIE] ENE EIHOrr  Ceslr GRS,
almost 4 years 2008
Grau
repptez) LEL Vil <50% Loiselle etal. 2008
Uganda and Kenya
- 9% |
30 shallow lakes and 56-70% |r? 55-88% in most 72-97% in highly comparison among
hypertrophic . Balogh etal. 2009
ponds, Hungary waters water bodies coloured waters lakes

Sturgeon River,
Keweenaw Bay and
Lake Superior, USA

Harima Sound, Seto
Inland Sea, Japan

Deep tropical lake,
Brazil

maximum 13% 7-13%

mean 27% mean 45%

spatial: 2-30%  spatial: 50-91%

mean 12%; mean 79%;
monthly: 7-65% monthly: 18-77%
mean 36% mean 48%

mean >75%

9-18% mean 13%

spatial: 0-16%
mean 5%;
monthly: 3-22%
mean 12.0%

spatial in 2 sampling
events

maximum 3%

monthly over 1 year at

8-21% X
one point

mean 15%

spatial: 2.9-8.4%

mean 4.7%; spatial in 4 seasons
monthly: 3-7.3% and monthly
mean 4.6%

Effler etal. 2010

Yamaguchi et al.
2013

this present study
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11

12
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Abstract

Dissolved organic matter (DOM) is an important drivof biogeochemical and
ecological processes in aquatic environments. dieraio verify if there were spatial and
temporal differences in DOM quantity and quality aealyzed at 21 sites during 6
campaigns the variability of DOM in a deep tropinatural lake (Lake Dom Helvécio,
MG, Brazil). Surface water samples were taken taly@me DOC, Chl-a, suspended
solids, nutrients and CDOM spectra (SUWéA Sy75205 apomaqo and @pomzsq). Depth

of sites and rainfall were also used in the analy§Ve found that seasonally the
differences in DOM were higher than spatially, #mekre was no clear spatial pattern for
DOC. Rainfall correlated negatively with DOC angb@vaao and positively SUVAg,
and Chl-a. Aromatic carbon input increased withitieease of rainfall and the strong
negative relation between SUVY# and DOC indicates that with the degradation of
DOC the molecules became more aromatics, suggdstjhgr degradation in the PAR
range. Negative correlations were observed betwdspth and @owm2ss probably
because aromatic carbon remains restricted toypelimnion in deep sites. This study
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showed that the change in rainfall pattern in #iggan in the last years has affected the
seasonal patterns of input of DOM and nutrienttha lake, with possible impacts on
the seasonality of phytoplankton and consequeh#yetosystem functioning.

Key words:CDOM, DOC,SUVA, spectral slope, organic matter.
1 Introduction

The dissolved organic matter (DOM) is the largeattion of organic carbon in aquatic
ecosystems and easily exceeds the amount of carbitained in particulate form
(POM) (Hedges, 1992; Battin et al., 2008). TherefdOM is an important driver of

biogeochemical and ecological processes in aqaatitonments (Guo et al., 2014)

Although the quantity of DOM is important for tharbon cycle within the ecosystem,
its role in biogeochemical cycles depends on itality (source and composition)
(Mueller et al., 2012). In turn, the DOM compositidepends on its source, which can
be allochthonous (terrestrial origin from the delgtion of plant and soil) and
autochthonous (production within the water columminty from the excretion,
decomposition and lysis of macrophytes and alg@burfnan, 1985; Wetzel, 2001).
The allochthonous DOM is in general more susceptiblphotodegradation and absorbs
solar radiation mainly in the UV range, becauss @omposed by aromatic compounds
of higher molecular weights (Amon and Benner, 1994Knight et al., 1994; Benner,
2002; Helms et al., 2008). Autochthonous DOM canfuréher subdivided into two
types with different characteristics: DOM from pbgtankton mainly consists of simple
molecules (carbohydrates, proteins, amino acidg)veimolecular weight and it is more
labile for microbial community (Farjalla et al., @® Fonte et al., 2013); and DOM
originating from macrophytes can be as aromatic eswhicitrant as DOM from
terrestrial vegetation (Catalan et al., 2013). Nday&, there are useful, rapid, sensitive
and non-destructive tools to examine DOM quality, adbsorbance and fluorescence
spectroscopy (Weishaar et al., 2003; McKnight et 2001; Helms et al., 2008), but
studies connecting DOM quantity and quality in toap environments, especially in
tropical lakes, are still scarce (Teixeira et2011, 2013; Bittar et al., 2015; Brandéao et
al., 2016).

The quality and quantity of DOM in aquatic systamdynamic and dependent on some

characteristics such as regional climate, hydraloggime, thermal stratification

60



w

O 00 N o v b

10
11
12
13
14
15
16

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

pattern, depth, environment morphology, land coaed also dependent on seasonal
events such as periods of algal bloom, and stoMagt¢son et al., 2005; Maie et al.,
2006; Jaffé et al., 2008).

The input of allochthonous DOM coming from terrgdtplants and soils in freshwater
systems is of great importance to the global cantymie and nutrients source as it
represents a linkage between terrestrial and ageatsystems (Jaffé et al., 2008). In
addition, allochthonous DOM inputs influences théole ecosystem functioning
because it interferes in the quality and quantitycarbon. The increase of aromatic
compounds changes the optical characteristics térwalumn as the transparency to
visible and ultraviolet radiation affecting the Higavailable to productivity of the
system (Kieber et al2006; Miller et al.,2009 ; Brandao et al., 2016). In this way,
allochthonous DOM also affects the microbial foodbs& because besides it is more
recalcitrant to bacteria (Amon and Benner, 19943Jso influences the phytoplankton
dynamic and consequently the production of autaoiahs DOM which is more labile
for microbial degradation (L@nborg et al., 201@).addition, DOM quality also affects

several chemical reactions (Fulton et al., 2004).

With the current pattern of climate change in réa®tades, rainfall and temperature
has been changed dramatically, with consequencegh® inputs, production and
degradation of DOM in aquatic ecosystems (Tianlet2813). Some regions of the
world are facing reduction in annual rainfall, uasenal rains and extremely warm
summers, such as the Middle Rio Doce (MG, Braziflere the studied Lake Dom
Helvécio is located. These changes are expectbédue affected allochthonous inputs
of DOM. This will likely alter the concentration drquality of carbon and nutrients
causing impacts on physical (thermal stratificatipatterns, temperature, light
availability) and biogeochemical processes (metabpl ecosystem productivity) of
lakes in the region. However, studies on the dyonanof DOM in tropical aquatic
ecosystems are still scarce (Teixeira et al., 2@0D13; Bittar et al., 2015; Brandao et
al., 2016) and to our knowledge none deals witleatfiof climate change. In this
context, the aim of this study was investigaténére were differences in DOM quantity
and quality in space and time in Lake Dom Helvébtimugh analysis of the optical
properties of DOM, especially considering the cleanm the rainfall observed for the
last years in the region.
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2 Material and Methods
2.1 Study site

Lake Dom Helvécio is located inside a protectedaitee Rio Doce State Park — PERD
Southeast Brazil (S19°46.94’, W42°35.48’). The Bkemplex in the Middle Rio Doce
is one of the most important districts of lakeBrazil, with approximately 130 lakes,
42 of them located inside the PERD area, whiclhéslargest remnant of the Atlantic
Forest in Minas Gerais, totaling 36000 ha (MaiakB®aa et al., 2010) (Fig. 1a-b). This
lake is one of the deepest natural lakes of Bazdximum depth: 39.5 m), surrounded
by Atlantic forest. It is oligotrophic (total phdsprus: 3.0-22.0 ugt, annual mean
11.2 pg % Chl-a: 0.5-11.0 pg L, annual mean 4.5 pg’t Brighenti, 2014), has a
perimeter of 37.7 km, area equal to 5.27&@ and volume equal to 5.94x16n°
(Bezerra-Neto and Pinto-Coelho, 2008). Dom Helvasi@ warm monomictic lake,
with thermal stratification period beginning in $&pber and lasting until April (rainy
period) and a mixed period from June to August (oeyiod) (Barbosa and Tundisi,
1980; Brighenti, 2014). Since 2012 the region o tiddle Rio Doce has had its
rainfall patterns changed, occurring unseasonakrand lower volume of rainfall (mm)
during the year. The sampling months had unusublnw® of rainfall and between
November of 2012 and April of 2013 the total voluoferainfall was 354 mm (in the
sampling months were: November - 80.2, JanuargaadApril - 103 mm), which was
lower than that observed for the last years (Fdud; source: Climatological Station of
Timoéteo, MG, Brazil). The rains that usually begirSeptember did not happen in 2013
and it remained until January of 2014, which clasdiDecember of 2013 (sampling
month) as an unusual dry period instead of expeaeieg period. In contrast, during the

dry period in 2014 there were more rains than enl#éist years (Figure 1d).
2.2 Field measurements

The 6 samplings were carried out in November of22Qlanuary, April (stratified
periods), August (mixing period) and December {giea period) of 2013 and in July
(mixing period) of 2014. We collected samples atsizés covering all the lake (Fig.
1c). At the central deep region (station 8) of ldidee, vertical profiles of water column
temperature (°C) were measured every meter frofasaito 28 m using a Hydrolab
DS5 probe.
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Water samples (0.5 m from the surface) were catéend filtered immediately for
Chl-a (0.47um Millipore filter) and TSM (AP040 Millipore filtey, and the filters were
frozen until analysis. Water samples were alsergitl for analysis of dissolved organic
carbon (DOC) and colored dissolved organic ma@&Q@M) (0.22um Millipore filter)
and stored in amber glass bottles (pre-washeddistilled water and hydrochloric acid
10%) at 4°C in the dark.

2.3 Laboratory analysis and calculation of the optiproperties

The measurement of concentration of @ljtg L-') was obtained by acetone extraction
(90%) measured in a spectrophotometer (UV-VIS SHauaat 665 and 750 nm and
calculated according to APHA (1998). Total suspendwtter (TSM; mg L) were
determined by the gravimetric method, considering tifference between the dry
weight of AP40 Millipore filters (105°C for 2 hoyrbefore and after the filtration of
water samples (APHA, 1998).

The DOC concentration (mg™. was obtained by catalytic oxidation method ofthig
temperature using TOC Analyzer (Shimadzu TOC — »000

The spectral absorption of CDOM was measured betv2e® and 700 nm (1 nm of
interval) in a spectrophotometer (UV-VIS Shimadus)ng 5 cm quartz cuvette and
Milli-Q water as a reference. The absorption sgeofreach sample was performed in
triplicate and determined using the Spectrum Paoigriam software (Shimadzu Inc.).
The absorption coefficients were derived from abance measurements (A)’afm-1)
according to the equatio&pom(A)= 2.303A¢) I}, whereacpom(h) is the absorption
coefficient atA and | is the optical path of the cuvette (in meters).séiption
coefficients were corrected for backscattering lytsacting the value of the coefficient
at 700 nm from each absorption coefficient. The cBpphotometric absorption
coefficient at 440 nm was used as an index of PBsbibing (Williamson et al1996)
and at 254 nm as UV-absorbing of CDOM. The spesimie S (nrif) was calculated
for wavelengths between 275-295 nm and 350-400neingkl et al., 2008) and it was
estimated using linear adjustment technique betwegnvalues of the absorption
coefficients and the specific wavelength range. 3pecific UV absorbance (SU\G4)

(m2 mg-t C) was calculated dividing the value of Hbsorption coefficient at 254 nm
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by the concentration of DOC (mg?), and the increase of SUVA indicates increase of

compounds of higher aromaticity (Weishaar et &03).

Accumulated rainfall recorded at every three hauas obtained from a meteorological
station (Timoteo, MG) located near to the lakepittvww.inmet.gov.br).

Unfiltered water samples were taken for analysigadél nitrogen (TOC Analyzer,
Shimadzu TOC - 5000) and total phosphorus (accgtditMackereth et al., 1978).

2.4 Statistical analysis

Differences in DOM quality and quantity betweenssees were assessed by Kruskal-
Wallis One Way (Analysis of Variance on Ranks) doklbwed by Pairwise Multiple
Comparison (Dunn’s Method) analysis (significart .05).

Pearson correlations and regression analysis weae o examine the relationships

between all the parameters measured (significan® 95).

To demonstrate the spatial distribution of DCaMerage values from six temporal
samplings of &s.295 SUVAzs4 and DOC were used to predict values for unsampled
locations in a raster. The interpolation was masiagiArcGIS’s 10.3 — Geostatistical
Analyst extension. Different surfaces were creatsdg different interpolation methods
(i.,e. IDW and Kriging) or by using the same method witirigus parameters. These
surfaces were systematically compared with eachrpétiminating the worst of the two
being compared, until only the best surface renthifiée criteria for eliminating the
surfaces was the standardized mean nearest to theregmallest root-mean-squared
prediction error, the average standard error nedahesroot-mean-squared prediction
error, and the standardized root-mean-squared gti@dierror nearest to 1. Therefore,
our model has simple kriging as its interpolatioatinod, with Geostatistical Analyst’'s

model optimization, standard neighbourhood, and $egtors.

A principal component analysis (PCA) was generateith correlation matrix
(parameters with different units) using the pararsebdf quality and quantity of DOM
(DOC, &pomaao, acpomzsa SUVASs and S75-29§, Chl-a, depth, sites, seasons and

rainfall.
3 Results
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3.1 Variation in the parameters measured

The lake was thermally stratified during Novemb&l12 and April 2013 and not
stratified (mixing periods) in August 2013 and Jubpl4. The water surface
temperature ranged from 21 to 31 °C with lowestperatures during the mixing

periods.

Considering all sites and sampling periods, the fsvalues ranged from 0.019 (site 4
in July 2014) to 0.036 nm-* (site 15 in January30Aand there is no clear variation
over time and seasons. SUMAranged from 0.880 (site 3 in August 2013) to 4.824
mg- C (site 4 in July 2014), while DOC concentiai ranged between 2.5 (site 3 in
April 2013) and 8.5 mg L-* (site 7 in December 2013

The highest concentration of Chl-a occurred in g¢ite 8 (11.0 pug L-* during April
2013) and the lowest in the site 15 (0.5 pg L-irduNovember 2012). Higher averages
of Chl-a ocurred during mixing periods (August 2613.8 pg L-; July 2014 — 3.6 ug
L-1) and during thermal stratification in April 2817.0 pug L-*) (Table 1).

TN and TP did not have the same pattern. Higherages of TN concentrations were
observed during mixing periods (August 2013 — Ogtlot; July 2014 — 0.7 mg L-2).
There was no seasonality for TP concentrations,thachighest averages occurred in
the stratified November of 2012 (17.2 pg L-') andimly the mixing period in August
of 2013 (12.7 pg L-%) (Table 1).

3.2 Spatial and temporal variation of DOM

Analyzing the average considering the 6 samplingvtest portion of the lake (sites 19,
20 and 21) had DOM more aromatic (higher SUMAand compounds with higher
molecular size (lower 53s.299 (Figure 2a-b). DOC concentrations did not hawsacl

spatial differences (Figure 2c).

Sy75-205 presented variation among sites about 0.002-0.063 iTable 1, standard
variation). SUVAs4had higher standard variation among sites in Nown2012 and

July 2014 (Table 1), while for DOC it was observedNovember 2012, August and
December of 2013.
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Although there were differences between the sanmgited, differences among seasons
were higher than among sites for quantity and guali DOM (Figure 3 and Table 1).
There were differences among almost all the seaso88/VA and DOC, but it was not
the same to $s.205(Table 2). $rs.29schanged over time significantly, but differences
were observed only between the months January-2p6diB and July 2014 (Figure 4a
and Table 2). DOC and SU\4& were negative correlated (R = -0.80; R2 = 0.64, p <
0.000), which indicates a strong connection betwgeality and quantity of DOM
(Figure 5). We did not find defined seasonal patter DOM quality and quantity

related to thermal stratification and mixing proes

The PCA results showed that 4 principal componbkatseigenvalue higher than 1 and
explained 76% of variance (PC1 — 29%; PC2 — 24%3 RPQ2%; PC4 — 11%) of the
parameters measured (DOC, SU¥A S7s5205 &pomzsa acpomass Chl-a, depth,
seasons, sites and rainfall). With the plot of R@lsus PC2 (Figure 6) and with the
Pearson’s correlations (Table 3) we see the oppaslation between DOC and
SUVA,s, a positive effect of rainfall in SUVA, and Chl-a and negative in DOC
concentration andc@oma4o @and an effect of the increase of depth decrea@ipgvzsa
We also observed that the different sampling perigdasons) had an effect gb&waao
and going to the direction from site 1 to site 8aigg from north to west portion of the

lake) the apomzssincreased (Figure 6).
4 Discussion

There were spatial and temporal differences ingiemntity (DOC) and quality of DOM
(SUVA,s,and $75.209 in Lake Dom Helvécio. Spatially the differendesDOM were
lower than seasonally, and it was not identifiedlear spatial pattern related to the
variables investigated in this study (Chl-a, nuttse TSM, depth). Only considering the
seasonality is that we identified a relationshipween DOM and Chl-a with rainfall
and between @omzs4 and depth, while no direct relations were foundhwivater

column stratification and mixing periods.

Higher concentrations of Chl-a were observed dupagods with full water column
mixing (August 2013 and July 2014) but also durthg stratified April of 2013.
Phytoplankton community is known to be limited hytnrents (especially by phosphate)

in the epilimnion during stratified periods in Dohktelvécio (Barros et al., 2006;
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Brighenti et al., 2015). It happens because thatiopterrestrial OM and nutrients with
the rains remains in the hypolimnion due to diffees in the temperature in the layers
of water column (Reynolds, 2009) and they beconstriduted and available in the
epilimnion only during mixing water between May afddgust as already demonstrated
by some authors (Barros et al., 2006; Brighentilgt2015; Brandao et al., 2016). The
highest Chl-a concentration observed in April ofLl2(stratified period) might have
happened due to higher concentrations of TP agdhee time and also as a consequence

of smaller volume of rains since November of 2012.

The seasonal differences found for DOGpgmaso and SUVAs, were related to
cumulative rainfall for each sampling month (TaBle This suggests that inputs of
aromatic terrestrial DOM from the basin are couptedrainfall events (Reynolds,
2009), increasing SUVA, values (Brandéo et al., 2016). Although SU¥Ahas DOC
concentrations in its formula dgom2s4/DOC) it is not guaranteed a strong negative
correlation between them (Jaffé et al., 2008), ibuthis study they were strongly
correlated (R = -0.80; R? = 0.64; p < 0.000). Télationship implies that there was a
significant relation between quantity and qualifyD®OM (Jaffé et al., 2008). It means
that with the degradation of DOC the molecules bezonore aromatics, in other words
the compounds responsible for the absorbance iRk range (labile compounds) are
more degraded than those responsible for the atrsoehbin the UV spectrum (aromatic
compounds). It is known that photodegradation mlesiloss in PAR and UV-
absorbing, but it has more impact mainly in theraviblet range (Markager and
Vincent, 2000). In contrast, the loss by biodegtiagais generally higher in PAR-
absorbing due to preference of bacterial commumitie more labile and bioavailable
compounds (Asmala et al., 2014) and this resufjgest that this is the main process of
DOM degradation in this lake. It corroborates witie negative relation between
acpoma4o @nd rainfall (Table 3), which means a loss of ghison in PAR range with the

increase of rains e SUVGA,

Although the seasonal differences for DOC, SU¥/fand Sy7s.095 Were statistically
significant (Table 2, p < 0.05), there was onlym@sth reduction of $s..9stemporally
(Figure 4a). The decline ok g.29smay indicate an increase in molecular size (Helms e
al., 2008), which corroborated with the increasarmimatic compounds viewed through
the increase of SUVA,with DOC degradation.
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The results obtained through the PCA indicated ttatvariation of @om2s4 Was more
related to the sampling sites (spatial variationyl af apowmaso t0 the seasonallity
(temporal variation) (negative Pearson correlatidrable 3). In deeper sites there may
be a limitation in the depth of the mixed layerddhe aromatic carbon coming into the
lake with the rains remain restricted in the hywlion and do not reach the surface
layers even with the partial mixing of water coluniis fact could be an explanation
for the increase in depth of the sampling sitessicgua decline in @omzss This is
consistent with more aromatic carbon compoundsh@rigSUVAs,) with higher
molecular size (lower 5s.299 Observed in west region of the lake (points IPad 21,
Figure 2a-b) in the sites of lowest depths (betwééhand 6.5 m). These points are
close to the lakeshore and certainly accumulatennofithe terrestrial carbon during the

input by rains.

This study showed that the change in rainfall patie the region has affected the
seasonal patterns of input of DOM and nutrienthenlake, reflecting in the seasonality
of phytoplankton and consequently affecting othephic levels and the metabolism of
the ecosystem. In addition, the absence of spadidérn to DOC proves the importance
of including the quality of DOM in carbon dynamistidies on aquatic ecosystems in

order to understand the lake functioning.
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1 Table 1 - Summary (mean and standard variation-@&[parameters measured during
2 temporal and spatial analyzes in the six samplamgpaigns.

Nov/12
Jan/13
Apr/13
Aug/13
Dec/13

Jul14

DOC  SUVA254 S275-29f acpomsaso 8coomzss Chka  TSM N TP Depth
(mgLl-Y) (MmgtC) (mYH M) (MY (pgL-t) (mgl-) (mgl-t) (pgL-H) (m)
mean 4.8 2.070 0.029 0.034 9540 3.3 2.2 0.3 17.2 14.0
SD 1.1 0.530 0.003 0065 0895 1.8 0.5 0.1 3.2 8.5
mean 4.4 2.115 0.030 0.152 9148 3.3 1.4 0.3 6.0 14.0
SD 0.5 0.204 0.003 0105 0805 1.8 0.4 0.0 3.4 8.5
mean 3.1 2.722 0.030 0.097 83% 7.0 1.8 0.3 10.3 14.0
SD 0.3 0.188 0.002 0082 0787 18 0.2 0.0 8.4 8.5
mean 6.5 1.291 0.030 0115 7.979 48 1.7 0.4 12.7 14.0
SD 1.0 0.274 0.002 0102 0913 15 0.6 0.1 4.1 8.5
mean 6.5 1.398 0.029 0121 8914 29 1.4 0.1 8.3 14.0
SD 0.9 0.291 0.003 0106 1611 0.9 0.3 0.2 1.8 8.5
mean 4.2 2.490 0.026 0.269 10.216 3.6 1.2 0.7 35 14.0
SD 0.6 0.835 0.003 0164 3293 1.0 0.3 0.2 1.1 8.5

3

4 Table 2 —Summary results oKruskal-Wallis One Way (Analysis of Variance on
5 Ranks) and Pairwise Multiple Comparison (Dunn’s ihet) analyzes.

Differences among seasons by Dunn's Method (p< Kruskal-Wallis results (n = 2

S275-295 S275-295 (p=0.003)
Nov12 Jan13 Aprl3 Augl3 Dec13 Jull4 Median 25% 75%
Nov 12 - no no no no no 0.0298 0.0254  0.0315
Jan 13 - no no no yes 0.0311 0.0291  0.0324
Apr 13 - no no yes 0.0302  0.0285 0.031
Aug 13 - no no 0.0296 0.0286  0.0308
Dec 13 - no 0.0304 0.0255 0.0313
Jul 14 - 0.0261 0.0248 0.0288
SUVA254 SUVA254 (p<0.001)
Novi12 Jan13 Aprl3 Augl1l3 Dec13 Jull4 Median 25% 75%
Nov 12 - no yes yes yes no 1.992 1.648 2.261
Jan 13 - yes yes yes no 2.1 1.944 2.251
Apr 13 - yes yes no 2.779 2.585 2.848
Aug 13 - no yes 1.279 1.069 1.493
Dec 13 - yes 1.296 1.208 1.604
Jul 14 - 2.214 2.06 2.406
DOC DOC (p<0.001)
Nov12 Jan13 Aprl3 Augl3 Dec13 Jull4 Median 25% 75%
Nov 12 - no yes no yes no 4.383 4.04 5.531
Jan 13 - yes yes yes no 4.351 4.017 4.627
Apr 13 - yes yes yes 3.135 2.888 3.364
Aug 13 - no yes 6.152 5.745 7.09
Dec 13 - yes 6.797 6.045 7.018
6 Jul 14 - 3.941 3.844 4.224
7
8
9
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Table 3 - Pearson correlations of the parametetairadd in the temporal and spatial
analysis (n = 126). Only significant correlatiome ahown.

SUVA254 (m2 mg- C) Chl-a (ug L-1) Depth (m) Rainfaiim)

DOC (mg L-1) -0.80%* 0,43 -0.53%
SUVA254 (m2 mg-t C) 0.46*
acopomaao (M-1) -0.19* -0.29**
acpomzsa (M-1) -0.218*

Chl-a (ug L-Y) 0.65***

*p<005 **p<001 *p<0.001
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CAPITULO 3
Aceito e publicado emtournal of Limnology

Seasonal changes in optical properties of two comsting tropical freshwater

systems

Luciana Pena Mello Brandac®Peter Anton Staehr?, José Fernandes Bezerr&-Neto

1- Department of Bioscience, Aarhus University, demksborgvej, 399, DK-4000

Roskilde, Denmark.

2- Limnea, ICB, Federal University of Minas Geray. Antonio Carlos, 6627,

Pampulha, Belo Horizonte, Minas Gerais, Brazil.

Abstract

We investigated how allochthonous and autochthorsmusces of dissolved organic
matter (DOM) affected the optical conditions ancermical characteristics of two
contrasting tropical freshwater systems (Dom Hetv&H and Pampulha reservoir) in
a dry and rainy period in 2013. We analyzed PAR(péynthetically active radiation)
and UV (ultraviolet) attenuation coefficients, nefts, chlorophyll-a (Chl-a), dissolved
organic matter (DOC) and spectral characteristidS@OM (colored dissolved organic
matter). Significant differences in CDOM sourcesl @uantity were observed, with a
dominantly terrestrial input in DH during the raipgriod. The eutrophic Pampulha had
several fold higher levels of DOC, Chl-a, TN and, T®th organic matter of mostly
originating from phytoplankton in both seasons f@&##nces in source and quantity had
strong implications on water transparency, DOC eatrations, CDOM quality and its
susceptibility to photo- and biodegradation. DH \saseral fold clearer in both the UV
and PAR spectrum. In DH transparency to both UV BAR radiation was highest

during the summer, suggesting elevated photo- adefgradation during stratification.
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Pampulha was most transparent in the dry period dueing period of algal bloom. In
both systems we observed seasonal variations iceotrations of nutrients and Chl-a,
and in DH differences were also found in DOC cotregions as well as the specific
UV absorbance (SUVA, and molecular size (M). Our results documents diféerent
sources of DOM and seasonal inputs reflect in dsssnality of apparent and inherent
optical properties and nutrients availability witimplications for water quality and

aquatic community.

Keywords: CDOM, DOM, optical properties, photodetaton, carbon source

1. INTRODUCTION

The dissolved form of organic matter (DOM) condasiabout 90% of the total pool of
organic matter (Tranvik and Wachenfeldt, 2009), anderstanding of the production
and transformation of DOM is of key importance tadses of carbon cycling in lakes
(Thurman, 1985; Bertilson and Tranvik, 2000). DOMpresents a complex of
compounds and derives from main sources: allocluim®mmaterial produced from
degradation of humic substances coming from ruabftérrestrial origin (Kiebeet al.,
2006; Miller et al., 2009); and autochthonous material, produced bgtangthic and
heterotrophic in-situ activities, but mainly by thacterial degradation of phytoplankton
and macrophytes (Kritzberegt al., 2004; Hanamachet al., 2008; Hendersomt al.,
2008; Guillenette and Del Giorgio, 2012). The twtiedlent sources of DOM can be
distinguished from differences in their optical attftemical characteristics. The DOM
from autochthonous source is furthermore more biokdly labile than the DOM from

allochthonous origin, which absorbs more solaratain, has higher molecular weight
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due to the more complex aromatic molecules inatamosition (McKnightet al., 1994;

Benner, 2002).

CDOM is the chromophoric or colored part of the D@ also an optically active
component which plays an important role in freskawvatystems. CDOM absorbs solar
radiation reducing exponentially the penetrationligit in the water column and the
absorption increases from long to short wavelengéasg higher in the ultraviolet (UV)
range (Twardowskiet al, 2004). The CDOM absorption is due to photo-oxatat
(known as photodegradation) of the molecules thatariginate photo products or can
be completely mineralized to GQaffecting the amount of GOemission to the
atmosphere (Arrigeet al, 2011).This phenomenon restricts the available light for
production, abundance and distribution of pelagid Benthic primary producers, with
consequences for higher trophic levels in the extesy (McMahon et al. 1992,
Gallegos and Moore 2000). Moreover, it significanméduces harmful effects of UV
radiation on aquatic organisms (Zhastaal.,2011). Several studies in temperate aquatic
systems have demonstrated the role of CDOM in ititg httenuation (Christian and
Sheng, 2003; Balogét al, 2009; Yamaguchet al, 2013), but the effect of CDOM in
tropical systems still requires effort (Obrador apcktus, 2008) especially in lakes
(Brandéaoet al, in review). DOM is furthermore an energy souroe the bacterial
production, which is responsible for the regeneratf nutrients in the water (Lgnborg
et al., 2010). It also operates in the physical, chemaal biological processes of
transport and availability of nutrients and the @lepment of blooms of phytoplankton
in eutrophic lakes (Qualls and Richardson, 2003)I€02007; Stedmoet al., 2007)
and it is an important component to estimates difectere management of water
quality and eutrophication control (Zhangt al., 2011b). Understanding the

environmental conditions and physical, chemical bimdogical processes involved in
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the production and mineralization of DOM, is theref also of great importance to
assess the role of lakes in carbon cycling at rejiand global scale (Bertilsson and
Tranvik, 2000; Johannessehal., 2007). Although the importance of distribution and
cycling of DOM is well known, the origins, transp@nd transformations are not well

understood (Zhanet al.,2009), especially in tropical environments.

The composition and concentration of DOM in aguatiosystems depends mainly on
the spatial and seasonal variability of its souraed the availability of nutrients and
radiation, which also affects the rates of photaid amicrobial degradation
(biodegradation) of these compounds (Braccétral., 2009; Zhanget al.,2011b). The
spatial variation is given by the heterogeneitytted environment, as the presence or
absence of macrophytes, different depths and tloimpity to the borders which
increases the impact by the input of allochthonmetter and nutrients by runoff
(Wetzel, 1992; Tao, 1998; Obrador and Pretus, 2013¢ seasonal variation derives
from changes in DOM sources, such as higher inpatlachthonous organic matter in
the lake during the rainy season and the highestience of radiation in spring and
summer, which can increase photodegradation ra€®0OM and still favor the lability
of the molecules through the breakage part, fatitif microbial degradation
(Bertilsson and Tranvik, 1998; Neaeal.,2007; Fasching and Battin, 2012; Catadén
al., 2013). Furthermore, CDOM degradation is also af@cby the availability of
nutrients throughout the year, a limiting factor foicrobial degradation. In eutrophic
lakes, degradation of phytoplankton is an imporsmirce of CDOM and regeneration
of nutrients for bacteria and also the phytoplankmommunity, especially after
seasonal blooms of these organisms (Bracdatimil., 2009; Zhanget al., 2009; Zhang

et al.,2013b).
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The CDOM spectrophotometry and fluorescence spsmbpy are important tools in
studies of composition and origin of organic mafidelms et al., 2008). There are
currently some metrics extracted from the CDOM dbance spectrum that provide
information about the chemical characteristics guelity of its composition. The
increase of the specific UV absorbance (SUMAng C L m™) indicates an increase of
compounds of higher aromaticity (Weisharal., 2003). The spectral slope7$295
(nm) indicates different sources of CDOM and chang#ated to photodegradation
and molecular size, while 3§.400 (hM-1) indicates changes in CDOM related to
biodegradation (Helmst al., 2008). & is a ratio between both spectral slopeg S
205 S350-409 and indicates the relationship between photodizgi@n and biodegradation
of CDOM (Helmset al., 2008). The estimated apparent molecular size gM)biained
by the ratio of two absorption coefficients (a25®B%), based on the fact that declining
ratio indicates increasing of molecular size (Deaijal987; Peuravuori and Pihlaja,
1997). In recent decades researchers have usexidpestral metrics to investigate the
optical properties in temperate aquatic systemarigbet al.,2007, 2007b, 2009; Helms
et al., 2008; Bracchiniet al., 2010), but studies using this approach in tropical
environments are still scarce and little is knowrBtazilian aquatic systems (Teixeira

et al., 2011, 2013; Bittaet al.,2015).

The aim of the study was to investigate the effeft<CDOM sources on the light
environment and nutrient availability in the twont@asting tropical freshwater systems.
Specifically we focus on DOM properties obtainezhirthe CDOM spectral absorbance
(absorbance coefficient #@), spectral slopes §{&.295 Sss0-409, Slope ratio (),

molecular size (M)).

Dom Helvécio-DH (Middle Rio Doce, MG, Brazil) isvearm monomictic, deep (max

39.5 m), dendritic, oligotrophic and natural lakedted in a natural Atlantic forest. The
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input of DOM and nutrients to DH occurs via rundtfring the rainy season, when the
environment is thermally stratified (Petru@bal., 2005). However, most of the DOM
remains below the thermocline due to temperatutferdnces (Reynolds, 2009) and
becomes dispersed into the entire water colummguhe mixing of water in the dry
season, increasing the DOC and CDOM concentratiossirface waters (Brighengit
al., 2015; Brandacet al., in review). In contrast, Pampulha (Belo HorizonkéG,
Brazil) is a shallower (max 17 m) and less denaatitrophic reservoir with reoccurring
phytoplankton blooms throughout the year, espaciallthe summers during thermal
stratification. As in other eutrophic lakes, contations and quality of the DOM are
strongly influenced by the high phytoplankton abamoke (Térreet al.,1998; Bracchini
et al.,2009; Zhanget al.,2009; Zhanget al.,2013b). Considering that the main source
of dissolved organic matter in the eutrophic Pamaulreservoir comes from
degradation of phytoplankton, especially after |alabloom, while the main source of
DOM in DH Lake comes from allochthonous materiainirthe forest in rainy season,
we hypothesized that: a) The different sources GfivD(allochthonous in DH and
autochthonous in Pampulha) provide different optigalities of CDOM, which alters
the under-water light climate and the availabilaf nutrients; b) The lakes have
seasonal differences in their inherent and appareptical properties. The
autochthonous organic matter in the Pampulha resasvexpected to increase with the
increase of phytoplankton abundance during highailability of nutrients, which will
reduce the attenuation of visible and ultravioladiation by algae and CDOM
absorption and also light dispersion by the phynkion community. In opposition to
this we expect that DH Lake will show higher wateansparency during the rainy

season because of intense photobleaching in thienejmn, and because most of the
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organic matter coming from the catchment remairthénhypolimnion until the mixing

in winter.
2. METHODS

2.1 Study area

Lake Dom Helvécio (DH) is located inside the Riod@dState Park - PERD (Middle
Rio Doce, MG, Brazil). The lake complex in the MieldRio Doce is one of the most
important districts of lakes in Brazil, with apprmately 130 lakes, 42 of them located
inside the PERD area, which is the largest remwoarthe Atlantic Forest in Minas
Gerais, totaling 36000 ha (Maia-Barbasaal., 2010) (Fig. 1a). This lake is one of the
deepest natural lakes in Brazil (maximum depth5 38), surrounded by Atlantic forest.
It is oligotrophic (total phosphorus: 3.0-22.0 pg' Lannual mean 11.2 pg™L
Chlorophyll-a - Chl-a: 0.5-11.0 pg'.annual mean 4.5 pg'), has a perimeter of 37.7
km, area equal to 5.27x4@n and volume equal to 5.94x1én° (Bezerra-Neto and
Pinto-Coelho, 2008). DH is a warm monomictic lakéh a stable thermal stratification
period beginning in September and lasting untilyNfainy period) and a mixed period
from June to August (dry period) (Barbosa and Tsindi980; Henry and Barbosa,

1989; Briguentkt al.,2015).

The Pampulha reservoir was inaugurated in 1938ralndilt in 1957 following a dam
rupture, and is together with its architectural aet important tourist area in the
metropolitan region of Belo Horizonte, Minas Geyd@sazil. This reservoir is eutrophic
(total phosphorus: 135-819 ug'Lannual mean 6500 pg'L Chl-a: 10-315 pg T,
annual mean 75 pgl), has an original perimeter of 21 km, maximum Hegft 17 m,
and receives domestic and industrial sewage arat ptiillutants that contribute to poor
water quality and exacerbate eutrophication (Chand®92; Novais, 1992, Pinto-
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Coelho, 1998, Resckt al., 2007) (Fig. 1b). Pampulha remains thermally dteati
between September and April (rainy period) andntitdng water begins in May until

August (dry period) (Figueredo and Giani, 2001 té4Goelhoet al.,2003).

2.2 Field measurements and laboratory analysis

The sampling was carried out in January (rainy semmand August (dry winter) 2013
in 21 sampling stations in DH Lake and in Marchnlyaautumn) and July (dry winter,
during a bloom of cyanobacteria) 2013 in 16 sangp8tations in Pampulha reservoir

(Fig. 1a-b).

For characterization of the systems vertical pesfibf water column temperature (°C) at
the central point were measured every meter frorfasel to the bottom using a probe

Hydrolab DS5 (Hach Inc.).

Vertical profiles of photosynthetically active ratdon (PAR) and ultraviolet radiation
(UV) (between 10:00 and 14:00) were performed usimgdiometer BIC (Biospherical
Instruments) in each site sampling. The profileseneade on the sun side of the boat
avoiding shadows and measurements during daysgnét clouds were avoided. The
radiometer was attached to a battery and notebatk thhe software LoggerLight ™
(Biospherical Intruments) while collecting radiatidata PAR and UV (305, 340 nm)

and depth during descent and ascent up of the probe

Water samples (0.5 m from the surface) were catectsing a van Dorn bottle (5L).
These samples were filtered immediately after samggdbr Chl-a (0.4@m filter) and
TSM (APO04O0 filter) and the filters were frozen uranalysis. Water samples were also
filtered for analysis of dissolved organic carb@O(C) and colored dissolved organic
matter (CDOM) (0.22um Millipore filter) and stored in amber glass besdtl (pre-

washed with distilled water and hydrochloric aci@%) at 4°C in the dark. The
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chlorophyll-a concentration corrected by pheophy@ml-a) was obtained by acetone
extraction (90%) measured in a spectrophotomet®r\LS Shimadzu) at 665 and 750
nm and calculated according to APHA (1998). The D&@@centration (mg t) was

obtained by catalytic oxidation method of high temgture using TOC Analyzer
(Shimadzu TOC - 5000). Total suspended solids (TSMje determined by the
gravimetric method, considering the difference lestw the dry weight of AP40
Millipore filters (105 °C for 2 hours) before anftea the filtration of water samples

(APHA, 1998).

Unfiltered water samples were taken for analysi®t nitrogen - TN (TOC Analyzer,
Shimadzu TOC - 5000) and total phosphorus - TPofdoog to Mackerethet al.,

1978).
2.3 Calculation of the optical properties

The diffuse PAR and UV attenuation coefficientgflk)and Kywuv)) were calculated as

the linear slope between depth and the naturatithga of the measured radiation.

Absorption spectra were obtained between 250 nm78¥dnm at 1 nm intervals in a
spectrophotometer (UV-VIS Shimadzu) using 5 cm guemvette and Milli-Q water as
a reference. The absorption spectra of each samgdeperformed in triplicate and
determined using the Spectrum Pack Program soft{@&menadzu Inc.). The absorption
coefficients (&) were derived from absorbance measuremenid é&cording to the
equation a)m™ = 2,303A{)L", where L is the optical path of the cuvette (intens).
Absorption coefficients were corrected for backsratg by subtracting the value of the
coefficient at 700 nm. The spectrophotometric asom coefficient at 350 nm ()

was used as an index of CDOM concentration (Ztedrag.,2011b).
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The spectral slope S (Afhwas calculated for wavelengths between 275-295anth
350-400nm (Helmet al.,2008) and it was estimated using linear adjustrtesitnique
between log values of the absorption coefficiemtd the specific wavelength range.
The slope ratio (§ was obtained by the equatioR € S75-295nm/ Ss50-400nm Where S is
the spectral slope. The estimated apparent molesizia (M) was obtained by the ratio
of the absorption coefficients at 250 and 365 ni250a/ a365) (De Haan, 1987,
Peuravuori and Pihlaja, 1997). The specific UV abance (SUVAs,) (mg C L' m?)
was calculated dividing the value of the absorptamefficient at 254 nm by the

concentration of DOC (mg1) (Weishaaet al., 2003).
2.4 Statistical Analysis

Differences in parameters between seasons werssasisby independent sample t-test
(for parametric data) and Mann-Whitney (for nongoaetric data) (significant p <

0.05), and differences between freshwater systeraee vassessed with Two-way
Analysis of Variance (significant p < 0.05). Pearsorrelations were made to examine

the relationships between all the parameters medgaignificant p < 0.05).
3. RESULTS
3.1 Differences between the two contrasting fre$bmsystems

The hyper eutrophic Pampulha reservoir had sigmfiy higher concentrations of
nutrients (21 times higher for TN and 28 for TPh-@ (5.8 times) and DOC (1.4 times)
compared to the oligotrophic DH Lake. As Pampullso ehad higher CDOM,
absorbance (3.3 fold higher), both PAR and UV aidion was significantly higher
than in DH. Indices of CDOM quality or compositifurthermore indicated DOM of
different origin as Pampulha had DOC of higher #gmet)V absorbance (SUVAy),

smaller spectral slopes £8205 S350-409, lower spectral slope ratio g5and higher
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molecular size of CDOM (lower M) than DH (Tabs. dda2, Figs. 2a-d and 3a-d).
CDOM absorption was generally higher over the entmpectrum in Pampulha,

especially in the UV range (Fig. 4a-b).

3.2 Seasonality in optical properties

Concentration of nutrients, Chl-a and DOC were ificantly higher in the fully mixed
dry season in DH (Fig. 2a-d). The PAR, UV-A and B\attenuation were also higher
during dry period (Fig. 5a). In this lake, only S}, and M values (Fig. 3a) were
higher in rainy period. In Pampulha we found thateentrations of TP (Fig. 2b), PAR
and UV attenuation (Fig. 5b) were significantly neg during the rainy season. Only
Chl-a and TN concentrations were higher in dry geér{Fig. 2d) in this reservoir

(Tabs.1 and 2).

Analyzing the CDOM absorption spectrum at 21 point®H and at 16 in Pampulha,
during a rainy and a dry period we noticed thatgpbatial variation in each environment
was smaller during the rainy period compared wii# dry period. For DH, the mean
absorption spectrum (black line in Fig. 4a) wasbign the dry period for absorption at
wavelengths shorter than 350 nm. For Pampulha genmbsorption (black line in Fig.

4b) was equal in both seasons.

Significant and positive Pearson correlation waseoked to DH between;$.so0and
nutrients concentrations (TN; r = 0.52, p < 0.0IB; r = 0.82, p < 0.000) only for rainy
period data, which indicates that biodegradatioghinbe limited by nutrients in this
time. In the Pampulha reservoir, we found significRearson correlations between
CDOM;3s0 and Chl-a in the dry period (r = 0.88, p < 0.000hen there was an algal
bloom. The CDOMspwas also positively correlated with the coefficgenf attenuation

of PAR only in the dry period (eary r = 0.80, p < 0.000) and with UV radiation in
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both periods (dry period: dgosy r = 0.81, p < 0.000; {40y r = 0.90, p < 0.000; rainy
period: Kyzosy I = 0.52, p = 0.037; {40y ' = 0.76, p < 0.000). In addition, the TSM

was positively correlated with Chl-a only in the/ greriod (r = 0.91, p < 0.000).

4. DISCUSSION

4.1 Sources of DOM and underwater light climate

The large difference between the quantity and guaf DOM in the two studied

freshwater systems indicated a terrestrial inpugrghnic matter in DH Lake occurring
mostly during the rainy period in the summer, coradato a strong autochthonous
phytoplankton contribution in Pampulha reservolated to an algal bloom especially

evident in the dryer winter period.

The differences in the & 29svalues between the systems suggest that DOM otagina
from different sources (Helmst al., 2008). The increase of aromatic DOC (higher
SUVA) during rainy period in DH strongly suggests alochthonous source of DOM
from the forested catchment around DH primarilyeeng the lake during this time. In
Pampulha, increases in CDOM absorbance was pdgitieerelated with increasing of
Chl-a during an algal bloom in dry winter indicatian autochthonous input of DOM.
Other studies have linked DOM source from phytokian degradation considering the
positive correlations between CDOM absorption ahéta&C(Kahru and Mitchell, 2001;

Rochelle-Newall and Fisher, 2002; Zhasteal.,2013b).

The DOM source affects some characteristics ofdaéie their transparency to UV and
PAR radiation, and recently some studies have cosdpthe differences in optical
quality between DOM from autochthonous and allochtius sources (Spencefr al.,
2009; Bracchiniet al., 2010; Shanket al., 2010; Catalaret al., 2013; Zhanget al.,

2013). The PAR and UV attenuation in Pampulha weoeh higher than in DH. In
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Pampulha we observed that the predominantly autoalous DOM was coupled to the
attenuation of PAR (positive correlation between Mso and PAR attenuation
coefficients only in dry period) and ultravioledration (positive correlations in dry and
rainy period). A similar relation was not found fine allochthonous DOM in DH, and
it was already observed for this lake that PAR &Rhd attenuation were strongly
dependent on light absorption by particulate mgtigoton and phytoplankton) while
CDOM only contributed with less than 22% in tot#éleauation during monthly and
spatial sampling in 2013 (Brandaobal., in review). However, when the CDOM comes
from phytoplankton degradation, as in eutrophiciremments like Pampulha, it may
greatly increase its contribution to the attenuatd radiation and CDOM absorbance
(CDOMgssphigher in Pampulha) during blooms (Zhagteal.,2007). The different DOM
sources in these systems also alter the importah&0OM degradation processes, as
allochthonous terrestrial carbon is known to be erfoumic consisting of heavier and
more aromatic molecules being typically more phetpdded. In contrast, the
autochthonous microbial/algal derived DOM consistasl expected by simpler
molecules of low molecular weight, less affected fyotodegradation but more
susceptible to biodegradation (McKnigét al., 1994; Benner, 2002; Cataldt al.,

2013, Zhangpt al.,2013b).

4.2 Seasonality of optical properties between th@rasting systems

Seasonal variations were observed for nutrients Gimiea concentration and UV and
PAR attenuation for both systems and also seadtifiatences only to DH Lake in
relation to the DOC concentration and the qualifyGbOM (SUVAzs, and M).

Seasonal changes in the quality and quantity of D@MDH suggest linkages with
rainfall events and water column mixing. In contrahe reduced seasonality in

Pampulha seems attributed to reoccurring algalrbom this reservoir, which causes
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several events of autochthonous production of D@iMughout the year, although most

prevailing during the well mixed dryer winter petio

As we expected, the water column in DH was mosisparent (both PAR and UV
radiation) during the rainy season when the wabrmon was stratified and with DOM
components of a more aromatic structure (higher 8J¥nd more susceptible to
photobleaching (Weishaat al.,2003; Helmset al., 2008; Catalaret al.,2013; Zhang
et al., 2013). Positive correlations betweepsoS0o and nutrients (TP and TN) only
during the rainy season suggest that microbial atkgion in the epilimnion might be
limited by nutrients during thermal stratificatiomMutrient limitation of primary
production during the rainy season in DH Lake waseoved by Brighenget al. (2015)
in a two year study of lake metabolism. In agreemveith this Chl-a concentrations
were lower in the rainy period in DH. Furthermanagrient limitation of phytoplankton
growth raises light transparency and is expectedexplain elevated levels of
photoinhibition during summer (Brigherdt al., 2015). While our results showed that
the increase of aromatic DOM originates from swefamoff during rainy period, DOC
and nutrients concentrations were lower in theirapion in this period, indicating that
much of the newly introduced DOM remained in th@dlymnion until later mixing of
the water column in the dry and cooler winter peri{®eynolds, 2009), when their
concentrations increased in the water surface @&arland Tundisi, 1980; Petrucio and
Barbosa, 2004). Corroborating with this, we obseriM characterized by higher
molecular size compounds (lower M) during the mixgdter period (Peuravuori and
Pihlaja, 1997; Helmst al., 2008). Importantly, most of the sampling in DH kakas
made in areas where total depth exceeded 10 nmbtersllowing a stable hypolimnion

to develop over longer period of anoxia during mhalr stratification from September to
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May. Such conditions seem favorable for the chamgd3OM quality observed after

full mixing of the water column.

Contrary to what we expected, the Pampulha resewas most transparent (both UV
and PAR radiation) in the dry mixing winter althbug did experience a bloom of
cyanobacteria. The bloom in this period can beawrpt by the higher concentration of
nitrogen and the lower water level (approximatelymgter), and also by the high
incidence of solar radiation throughout the yeare kpected that an increase of
phytoplankton would increase the light attenuatamefficients (ky), especially the
Kareary but the opposite occurred in Pampulha. Althoughigh concentrations, the
autochthonous carbon from phytoplankton degradatoals to be less chromophoric
and attenuates radiation less, especially in the rdivge (McKnightet al., 1994;
Benner, 2002). The concentration of TSM during dingemixing period was however,
lower than in the rainy season, during which TSMswacorrelated with Chl-a and
accordingly a greater amount of non-algal mate(pton) occurred in the TSM. In
agreement with other studies it therefore seemistthon must have accounted for
most of the PAR attenuation during the rainy dieati summer (Phlip®t al., 1995;

Christian and Sheng, 2003; Zhagigal.,2007b; Brandaet al.,in review).

5. CONCLUSIONS

As the presence of chromophoric carbon in the watetects the aquatic organisms
from harmful ultraviolet radiation and from the essive incidence of solar radiation
(Zhang et al., 2007), our results suggest that the photoinhibitad phytoplankton
primary production observed in DH during summeiBojghentiet al. (2015) is directly
linked with the seasonal pattern of photobleaclsh@DOM and nutrients availability,

where both dependent of the sources and qualiy@if1. Thereby, we demonstrated
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that the main source of DOM in DH come from thedstrial input during the rainy
period, reinforcing the importance of preserving tbriginal forest surrounding the
lakes to the global carbon cycle. In Pampulha xesewe observed that degradation of
phytoplankton is an important source of DOM and iliggly also to the regeneration
of nutrients, which has already been demonstratedther eutrophic systems (Zhagty
al., 2009; Zhanget al., 2013; Zhanget al, 2013b). We also found that autochthonous
production of CDOM can increase the PAR and UVnat&ion, as observed in the
positive correlations between CDOM and attenuatmefficients only in Pampulha and

during an algal bloom.

In conclusion, our results documents that tropiceghwater systems can have a clear
seasonality in carbon quality and concentratioateel to trophic status and seasonal
differences in DOM inputs, degradation and distiidu in the water column. Our
finding supports recent findings of a strong seabgnin primary production and
organic matter decomposition in tropical lakes ahds implications on our

understanding of PAR and UV attenuation and watelity in such systems.
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1 Table 1 - Summary of parameters measured duringjabgaasonal analyzes in Dom
2 Helvécio lake and Pampulha reservoir, MG, Branil=(number of sampling stations)

Dom Helvécio lake Pampulha reservoir
Rainy (n=21) Dry (n=21) Rainy (n=16) Dry (n=16)
SAMHZES Ifcn)‘perat”re Min-Max 30.0 25.4 26.0 - 28.3 22.5-23.7
Mean + SD 30+0 25.4+0 27.4+0.8 23.3+0.5
Water Ccz'r‘#)“” depth — \jin-Max 45-30.0 2.9-30.0 1.0-10.0 0.6-95
UG SUETDEeE Min-Max 0.4-2.1 0.6-2.8 16.7 - 31.2 3.2-24.2
matter (mg L-%)
Mean + SD 1.4+0.4 1.7+06 24.7+3.6 7.2+56
Total nitrogen . 129.0 - 6300.0 -
(Lo LY Min-Max 2155 - 424.1 o107 3000.0 - 8400.0 15500.0

Mean = SD 276.8£41.0 393.2+98.9 5680.0+1100.0 8615.0£3300.0
Total phosphorus

(g LY Min-Max 1.4.13.6 5.7-21.8 176.3 - 425.9 135.3 - 819.2
Mean + SD 6.0+3.4 12.7+4.1 292.3 +67.7 232.8 +165.5
Chlorophylla (ug L")  Min-Max 0.5-6.9 21-72 10.7 - 96.2 56.1 - 315.4
Mean + SD 33+1.9 48+15 35.6 +21.4 111.6+71.8
DOC (mg L™) Min-Max 3.3-5.4 5.3-8.3 7.1-10.1 6.8-10.7
Mean + SD 44+05 6.5+ 1.0 7.9+0.8 7.8+0.9
a(350) (m-1) Min-Max 07-18 0.7-13 2.9-39 2.8-48
Mean + SD 1.0+0.2 1.0+0.2 3.3+0.3 3.4+0.6
Kdpar) (M™) Min-Max 0.3-0.7 0.7-0.9 4.0-6.8 1.9-5.9
Mean + SD 05+0.1 0.8+0 5.2+0.8 3.0+1.0
Kduv-a 340 (M™) Min-Max 15-27 27-41 11.1-30.7 10.0 - 28.8
Mean + SD 21403 3.4+05 16.4 5.3 13.1+5.3
Kduv-a 30s) (M™) Min-Max 2.8-5.4 35-7.2 14.6 - 37.5 9.5-50.7
Mean + SD 3.7+0.7 5.1-0.9 20.7 5.6 18.6 +9.4
S 275205 (NM'™) Min-Max 0.02-0.04  0.03-0.03 0.02 - 0.02 0.02 - 0.02
Mean + SD 0.03+0 0.03+0 0.02+0 0.02+0
S 350-400 (M) Min-Max 0.01-0.05  0.02-0.03 0.02 - 0.02 0.02 - 0.02
Mean+SD  0.02+0.01 0.02+0 0.02+0 0.02+0
Sk Min-Max 07-21 1.0-1.7 1.0-1.2 1.0-1.2
Mean + SD 1.4+0.4 1.3+0.2 1.0+0.1 1.0+0.1
SUVA (mg C L' m™) Min-Max 1.8-25 0.9-1.8 20-24 1.6-3.0
Mean + SD 21+0.2 1.3+0.3 22+0.1 22+0.3
Molecular size (M) Min-Max 9.6 -22.6 7.8-16.5 6.4-8.0 59-8.1
Mean + SD 13.7+3.1 11.8+2.1 7.3+04 7.0+ 07
3
4
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1 Table 2 — Results of the two-way analysis of vaseanomparing the seasons (rainy and
2 dry) and the freshwater systems (DH = Dom HelvéEid;= Pampulha) and results of
3 thet-test and Mann-Whitney comparing the seasons wéhoh system.

Two-way Analysis of Variance (F value) t-test / Mann-Whitney

df=1
Systems Sgasons Sesa;s(?[gfnznd (Rzlijirrly X (Rz;r?y X
(DHXxPA)  (Rainy x Dry) interactions Dry) Dry)
Total nitrogen (pg.L-1) 425.45%** 21.33%** 18.20*** wrx 2 ** 2
Total phosphorus (pg.L-1) 169.67*** 1.84 2.90 wrx ] *kk D
Chlorophyll a (ug L) 10.68** 5.25% 5.03* ] ok D
DOC (mg. L") 155.63*** 25.76%** 32.83** wE D ns 2
a(350) (m-1) 887.87*** 0.26 1.32 ns 2 ns 2
Kdpar) (m'l) 651.92*** 48.44*** 85.07*** w1 *rk 2
Kduv-a 340 (M™) 217.67*** 1.53 8.26** wE D ** 2
Kduv-8 305) (m’l) 163.16*** 0.08 2.16 wx 1 *2
S 275205 (NM™) 383.27%* 1.85 0.11 ns 2 ns 1
S 350400 (NM™) 9.86** 0.21 0.07 ns 2 ns 1
Sr 28.58*** 0.63 0.35 ns 1 nsl
SUVA (mg C L' m™) 4.26%+ 2.55%%* 2.89%%* k] ns 2
Molecular size (M) 140.91*** 5.54* 2.85 ** 2 nsi
*p <0.05 *»*p<0.0l1 **p<0.001 ns=notsignificant

1 = parametric data and t-test was used

2 = non-parametric data and Mann-Whitney was used
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CAPITULO 4

Formatado para ser submetido &iageochemistry

Distinctive effects of allochthonous and autochthavus organic matter on colored

dissolved organic matter spectra

Luciana Pena Mello Brandad®!Ludmila Silva Brighentit, Peter Anton Staehrer&
Asmalaz, Philippe Massicotte?, Denise Toretfancisco Anténio Rodrigues Barbosat,

José Fernandes Bezerra-Neto?

1- Limnea, ICB, Universidade Federal de Minas Gerdaiv. Antonio Carlos, 6627,
Pampulha, Belo Horizonte, Minas Gerais, Brazil.

2- Department of Bioscience, Aarhus University, demksborgvej, 399, DK-4000

Roskilde, Denmark.

3- Limnos, ECZ, Universidade Federal de Santa @&aCampus Universitario Reitor

Jodo David Ferreira Lima, Trindade, Florianépdiianta Catarina, Brazil.

Abstract

Despite the increasing understanding about diffe¥enin carbon cycling between
temperate and tropical freshwater systems, our ledye on the importance of organic
matter (OM) pools on light absorption propertiestiopical lakes is very scarce. We
performed a mesocosm factorial experiment in arabtwpical lake (MG, Brazil) to
evaluate the effects of increased concentrationalloththonous and autochthonous
OM on the light absorption of CDOM. We manipulatedrganic nutrients (to stimulate
phytoplankton growth and OM autochthonous produgtiallochthonous OM and
shading. DOC, CDOM, Chl-a, nutrients and total smsled solids (TSM) were
measured every 3 days to evaluate how they resdotul¢hese treatments. CDOM
guality was obtained by spectral indexess{$so S75-205 Ss50-450 Slope ratio-§ and

SUVA3s4). The effect of carbon sources on the CDOM spegsrs investigated through
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principal component analysis (PCA) and a redundaalysis (RDA). As expected,
phytoplankton biomass (Chl-a as a proxy) was sated by addition of nutrients and
the CDOM quality related to different sources wdferent between experimental units
with addition of nutrients and with allochthonouMOSpectral indexes ¢§-4s0and &)
were only affected by the addition of allochthondd$1. The PCA showed that
enrichment by allochthonous carbon had a strongcefin the CDOM curve between
300 and 400 nm, while the increase of autochthomawison increased absorption at
shorter wavelengths. In turn, the concentratio®bf from different sources was linked
to the availability of nutrients and allochthono@#, which under natural conditions

vary seasonally with rainfall and mixing conditions
Keywords: DOC, DOM, mesocosm, carbon source, spleaaiexes
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Introduction

Organic matter (OM) is a central theme in ecologg afluence many processes from
bacterial metabolism to primary production. In aguasystems OM consists of
particulate organic matter (POM; organic compounggpresented by aquatic
communities and detritus), and dissolved organittengDOM — in most of DOM
studies it is the compounds smaller than 0.2 op@nj which is far the largest pool of
organic carbon in most of aquatic systems (Hed@92)1L A better understanding of
carbon cycling in aquatic systems and their rediama global importance therefore
requires knowledge of the physical, chemical aralogical processes involved in the
production and the mineralization of DOM (Bertilasand Tranvik 2000; Johannessen

et al. 2007; Tranvik et al. 2009).

The main sources of DOM in aquatic ecosystems eadiWided into two main pools
according to their sources. The allochthonous pebich comes from terrestrial
vegetation and soil sources (Kieber et al. 2006jleMiet al. 2009) and the
autochthonous pool which is produced mainly by dquaimary producers (Kritzberg
et al. 2004; Guillemette and Del Giorgio 2012). §éetwo pools of DOM have
fundamental differences in their optical and chenicharacteristics which in turns
influence the mechanisms by which DOM is degradd@tgel et al. 1995; Bertilsson

and Tranvik 2000).

The allochthonous DOM is in general more susceptiblphotodegradation because it
contains aromatic compounds of higher moleculamghtsi which strongly absorb UV
light (Amon and Benner 1994; McKnight et al. 198&nner 2002; Helms et al. 2008).
The autochthonous DOM originating from phytoplamktmainly consists of simple

molecules (carbohydrates, proteins, amino acidEwimolecular weight and it is more
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labile for microbial community (Farjalla et al. Z0Fonte et al. 2013). However,
autochthonous DOM originating from macrophytes @crnalgae can be as aromatic

and recalcitrant as DOM from terrestrial vegeta(iGatalan et al. 2013).

Photochemical and microbial degradation are impbgpaocesses driving the dynamics
of DOM in aquatic ecosystems (Roland et al. 2010ppkr et al. 2015). The rate of
photodegradation depends on a combination of dlailaunlight and the chemical
qguality of DOM (Benner 2002) whereas the microldaigradation rate depends on
DOM bioavailability and utilization efficiency ohe bacterial community (Catalan et
al. 2013; Asmala et al. 2014). Photodegradationalso an important process
transforming DOM to ammonia and other highly bigkalde inorganic compounds
(Aarnos et al. 2012) which can be an importantientrsupply for both phytoplankton
(Hessen and Tranvik 1998) and heterotrophic batteommunities (Kieber et al. 1989;
Miller et al. 2002; Lanborg et al. 2010). Expostodight transforms DOM into smaller
molecules and depending on its origin the photdi@as can reduce (autochthonous
DOM) or increase (allochthonous DOM) bioavailakil{Pérez and Sommaruga 2007,
Vahatalo and Wetzel 2008; Catalan et al. 2013). ifireralization of CDOM also
causes direct CQevasion to atmosphere influencing the global carbgacle (Arrigo et
al. 2011) and it is an important parameter to thenagement of water quality and

eutrophication control (Zhang et al. 2011).

Microbial degradation is another pathway by whiatenotrophic organisms convert
DOM in to POM which can be assimilated by protozangton via the microbial loop
(Azam et al. 1983). However, the ability of bacetdo degrade recalcitrant DOM is
expected to increase with availability of labile Iswules due to the “priming effect”
phenomenon (Bianchi 2011), although some studigs bantradicted this (Catalan et

al. 2015). Additionally, biodegradation is stim@dtby inorganic nutrients, mainly
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nitrogen and phosphorus, which increase the battgrowth efficiency (Zweifel et al.
1995; Asmala et al. 2013) by reducing the energetist of nutrient acquisition

(Hopkinson et al. 1998).

Some recent studies have demonstrated that thet effe photodegradation and
biodegradation on the absorption properties of CD@sls not constant over the
spectral range, thus influencing the shape of thieomption curve (Helms et al. 2013;
Reader et al. 2015). As modifications in the s¢cinape reflect underlying changes in
the carbon compounds at the molecular level, ssunliebiological and chemical effects
on CDOM spectra allows a better understanding QM transformations and how

this links to overall carbon cycling in aquatic sgstems (Stubbins et al. 2014).

Tropical regions are subjected to intense solanatimth and high temperatures
throughout the year, which accelerates the biodiegian and photodegradation
processes. However, there are only few studiesherphotochemical (Teixeira et al.
2013; Bittar et al. 2015) and bacterial (Farjaltaak 2002; 2009; Roland et al. 2010)
degradation of DOM in tropical environments compante temperate freshwater
systems and estuaries (Anesio and Granéli 2003il$3en and Tranvik 2000; Boreen

et al. 2008; Asmala et al. 2014; Attermeyer eR@l5).

In this study, we performed a mesocosms experinmetite tropical lake, manipulating
nutrients, OM and light conditions, in order to w&es the following main question:
what are the effects of increased inputs of allechous and autochthonous DOM on
changes in lacustrine CDOM spectra? Also, we ewatlathe effects of
photodegradation on the different sources of DOMrianipulating the availability of
sunlight. We expect that addition of nutrients esualgal growth, which increases the

production of autochthonous DOM (Schindler 1977aihand Pick 1981) until nutrients
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become exhausted. In contrast, the addition ofete¢d organic matter from leaves of
the native forest surrounding the lake is donentrdase the allochthonous DOM
concentration. Variable levels of OM with differentigin are finally expected to

change the CDOM absorption spectra and the asedaiatiexes over time. Moreover,
we expect that the light reduction will decrease BOM degradation because of the

reduction of photodegradation.
Methods
Study area

This study was conducted in Carioca Lake (19°49'2Z5,.42°37°06.2"W) located in the
southern part of the State Park of Rio Doce (PERDas Gerais, Brazil) which is the
largest remnant of the Atlantic Forest in Minas &®r(36000 ha forest) with lakes
occupying 9.8% (3530 ha) of its total area. Thikelas surrounded by secondary
Atlantic Forest and is a warm-monomictic lake wahmixing period during the dry
winter (May to August) and thermal stratificatioarshg the rest of the year (September
to April). It is a mesotrophic lake (total phosphsr5.6-21.4 pg t, epilimnion annual
average 13.9 ug't; chlorophyll-a: 1.3-16.6 pg't, epilimnion annual average 7.7 pg L
1y (Petrucio et al. 2006; Brighenti 2014), with 17881 of perimeter, 14.1 ha, 671x103
m3, and maximum depth of 11.8 and average dep#h8oi (Bezerra-Neto et al. 2010).
Carioca is one of the lakes that have been mounittmewater quality and aquatic biota
since 2000 through the Brasil-LTER Programme (PEL®Pq Proc. 403698/2012-0).
It is known that the input of DOM and nutrients @arioca Lake occurs via runoff
during the rainy season, but most of them remailowbehe thermocline due to
temperature differences (Reynolds 2009). Duringntitdng period, DOC, CDOM and

nutrients become distributed in the water colunmeyeasing their concentrations and
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availability in the surface layer, thus increasprgnary production and respiration rates

(Brighenti et al. 2015).
Experimental design and measurements

To test the effect of organic matter inputs, sunlignd nutrients on DOM degradation,
we conducted am situ experiment using a total of 16 cylindrical mesansgdiameter
1.3 m, height 1.5 m and volume 2 m3) with eightfedént combinations (two replicates
for each combination). The sampling has been chwigt between January 2Gnd
February 12015 with daily measurements occurring between@.@r@ and 12:00 pm.
Water samples (3L at 0.5 m from the surface) froesmeosms were collected every
three days. The mesocosms setup was based bfaet@ial design as follows: 1) with
and without addition of organic matter extracteahirleaves surrounding the lake (see
next paragraph), 2) with and without addition otrrants (NaNQ, K;HPQ,, NH,CI)

and with and without 50% of shading of solar radma{(Figure 1).

The organic matter added in some mesocosms wamethtas follows: leaves of the
native vegetation present in the soil around tHee lavere placed in buckets with
distiled water for decomposition and disposed Ime tlaboratory under room
temperature (~ 25 °C). After a week this water Wiléered at 20 um, the concentration
of DOC was measured using TOC analyzer and themoavtk concentration of DOC
was added in the mesocosms in order to increase &DCentrations with an organic

matter from allochthonous origin.

Mesocosms were placed at the surface of the lalk fdled with lake water.
Mesocosms with light reduction (SH) were shadedhvdpectrally neutral shading

screens (50%) and only opened for quick samplimgsraeasurements. Every day, the
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mesocosms were gently stirred and measured forrweateperature using a probe

Hydrolab DS5 (Hach Inc.).

Water samples were filtered immediately after darggfor Chl-a and nutrients (0.47
um filter) and TSM (APO04O0 filter). The filters wekeept frozen until analysis. Water
samples were also filtered for analysis of DOC a@iiOM (0.22um Millipore glass

microfiber filter) and stored in amber glass battf{pre-washed with distilled water and
hydrochloric acid 10%) at 4°C in the dark. The @htoncentration corrected by
pheophytin (ug L-!) was obtained by acetone extract(90%) measured in a
spectrophotometer (UV-VIS Shimadzu) at 665 and iWB0and calculated using the
protocol provided in APHA (1998). The TSM (mg’L were determined by the
gravimetric method, considering the difference lestw the dry weights of AP40
Millipore filters (105 °C for 2 hours) before anftea the filtration of water samples
(APHA 1998). The DOC concentration (mg')Lwas obtained by catalytic oxidation
method of high temperature using TOC Analyzer (Siru TOC — 5000A). Filtered
water samples were taken for dissolved nutrientanania, nitrate, nitrite and
phosphate; ugt) and frozen until analyzes with an auto-analyéetrohm 8000 IC-

Plus).
CDOM optical properties

Absorption spectra of CDOM were obtained betweeh &td 700 nm at 1 nm intervals
with a spectrophotometer (UV-VIS Shimadzu) usingdquartz cuvette and a Milli-Q
water sample as blank reference. The absorptioctrspef each sample were measured
in replicate (standard deviation < 0.01). The apison coefficients &cpom(L); M-1)
were derived from absorbance measurements accotdiige equatiorecpom(A) =

2.303AQ)L™ , where AR) is the absorbance measured at waveleigmd L is the
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optical path of the cuvette (in meters). Absorpticmefficients were corrected for
backscattering by subtracting the value of the fameht at 700 nm. The absorption
coefficient at 254 nmagcpomzss) Was used as an index of CDOM UV-absorption and at

440 nm écpomaag @as a CDOM PAR-absorption.

We used a simple exponential curve to model theedse in absorption with increasing
wavelength using the equation (Jerlov 1968; Bricatdal. 1981; Stedmon and
Markager 2001)acpom(X) = acpom(*0) € =" + K \whereacpowm is the absorption
coefficient (m?), A is the wavelength (nm)\0 is a reference wavelength (nri),is a
background constant () accounting for scatter in the cuvette and drift toe
instrument and is the spectral slope (AW that describes the approximate exponential
rate of decrease absorption with increasing waggherFurthermore, we calculated the
spectral slope between 275-295 nma/£599 and 350-400 nm @5o-409. The slope ratio
(Sr, Helms et al. 2008) was obtained by dividingsSosnmby Szs0-400nm These metrics
have been calculated using t@BomR package (Massicotte 2016). We also calculated
Sys0-450 @S this wavelength to be used in the principal mament analysis, and we
created this new index to measure changes in ttiee egpectrum including UV and
PAR-absorbing (we limit to 400 nm because aftes Wavelength the noise reading was
high). The specific UV absorbance (SUMA (m2 mg* C) was calculated dividing the
value of the absorption coefficient at 254 nmijrby the concentration of DOC (mg L

1) (Weishaar et al. 2003).
Data analysis

Relative changes (%) of the parameters over tinte walculated dividing the value at
the end by the value at the beginning (day 0) efakperiment, after subtracting this

result from 1 and multiplying by 100 [(1 - end/s}ar 100]. Negative values of relative
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changes indicate decrease and positive valuesaiedioicrease compared to initial

values.

To compare if there were differences in the queriégoomzs4 acpomaso and DOC) and
quality (SUVAgs, and spectral slopes) of DOM between treatmentl waitd without
additions of OM we usetttest (for the parametric data) and Mann-Whitney (fon
parametric data) (significant p < 0.05). To compdrethere was difference in
phytoplankton density (measured by Chl-a concantrpbetween treatments with and
without nutrients we used-test (significant p < 0.05). Differences betwedre t
treatments with and without shading were also teste t-test for each parameter

measured (significant p < 0.05).

A principal component analysis (PCA) was generatgdg absorption spectra oma
p matrix wheren is the number of observation in the dataset(80) andp is the
wavelength number (258 p < 450). The PCA was performed on scaled data (0O mean
and unit variance) as suggested by Borcard ef@ll). Based on the Kaiser-Guttman
criterion (Kaiser 1960), the first two principal mponents were kept for subsequent
analyzes. PCA scores of first two axes (PC1l and)P@&e correlated against
environmental variables (shade, nutrients, OM, &hI-SM, DOC, § and SUVAs,)
using a redundancy analysis (RDA) to help to urtdecs their interpretation. All

statistical analyzes were performed using R SofwRrcore development team 2011).

Results

Overall characteristics of the treatments

The water temperature of the mesocosms ranged eet2@4 and 31.3 °C (average
30.8 °C) throughout the experiment. As hypothesiZbtia levels were significantly

higher for treatments with addition of nutrientsaple 1). Concentrations of DOC,
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acpomzs4 and acpowmaso Were significantly higher in all the treatmentstwaddition of
OM. Higher molecular size (lower,f..99 and more aromatics compounds (higher
SUVA54) were observed also in the treatments with OM ddaeexpected due to the
addition of allochthonous DOM derived from the detation of forest leaves
surrounding the lake (Table 1). There were no Smgmt differences between

treatments with and without shading to any of taemmeters abové-{est, p > 0.05).
Temporal changes in the mesocosms

Phytoplankton biomass (Chl-a) increased over timg im the treatments with addition
of nutrients (from average of 3.9 in the day 0 ®llug L- in the 12 day) and OM
(from minimum average 3.4 in day 0 to maximum ofl1j2g L-! in §' day) (Figure 2A-
B). DOC increased in the experimental units witbetinutrients until day 9 (maximum
8.7 mg L-1). In the treatments with addition of ODIOC was higher as expected with a
minimum of 8.3 mg L-1 in 8 day and maximum of 8.9 mg L-t if'@ay, while in the
treatments without addition of OM the DOC had a imasm of 8.2 mg L-1 in 6 day
(Figure 2C-D). $0.450and slope ratio g had the same pattern in the treatments with
and without nutrients addition, but decreased &besily in treatments with OM
addition (Figure 2 E-H).

The relative changes in CDOM absorption along thecsal range were different for
each sampling day (Figure 3A-E). On the initial dagly treatments with and without
addition of OM had distinct absorption curves, esgéy in the UV range below 400
nm, and the absorption spectra for each treatmenmtpgin the day 0 are shown in
Figure 3A. To evaluate treatment effects we deteechithe change in light absorption
spectra for the other sampling days relative toititeal day (Figure 3B-E). On the' B3
day, treatments with and without nutrients addedewegiite similar, while those with

and without OM and with and without shading shovegposing changes. Loss of
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absorption occurred only in treatments with fujhli (less than 5% between 300-420
nm) and in those without OM addition (the loss tis@ption increased with the
increase of wavelength) (Figure 3B). On tffeday all treatments showed an increased
absorption especially after 350 nm (higher increagh shade: ~ 40% at 450 nm),
except the treatments with full light that stilicha loss of absorption (Figure 3C). After
the 9" day, all treatments had a loss of CDOM absorptitih increasing wavelengths,

especially for the full light treatment (Figure 3D-

The concentrations of DIP and DIN (pug L-!) and tmelar ratio between them
(DIN:DIP) were higher in treatments with added rarits as expected (Figure 4A-C). In
the treatments without nutrients addition, DIP badcentrations between 3 and 9 ug L-
1 and DIN between 1.7 and 100.4 pg L-1, with DINPD&tios ranging between 7.6 {112
day) and 21.3 (day 0) and below 13.9 aftét @ay indicating that phytoplankton
community were mostly limited by nitrogen in theseatments ( Redfield 1958;
Reynolds 1999). All the dissolved nutrients decedaalong the days in treatments with
nutrients addition (DIP decreased from an averddgEs8 to 59 pg L-t and DIN from
2600 to 400 pg L-1). The DIN:DIP molar ratio randesm 55.3 (5 day) to 12.2 (12

day) in the units with addition of nutrients.
Principal component analysresults

The first principal component of the redundancylgsa (Figure 5A) was mostly
associated with availability of OM. Samples presenhigh score on the first principal
component furthermore tend to have high values ©CCand SUVAs4 but low values

of Sk. High scores on the second principal componenewerrelated positively with

Chl-a, nutrients and TSM and negatively with shgdin

Exploration of spectral PCA loadings (Figure 5B+€Yeled that principal component 1
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(PC1) had the strongest effect on the shape of C20O8brbance between 300 and 400
nm. Principal component 2 (PC2) loadings showeduasiglinear decrease with
increasing wavelength suggesting that phytoplanktorchment had a stronger effect at
lower wavelengths. Furthermore, loading values waegative after ~340 nm,
indicating that phytoplankton was on average lomgrCDOM absorption after this
threshold. Based on RDA, PC1 was renamed “alloctabie carbon enrichment”

whereas PC2 was renamed “autochthonous carborhereid”.
Discussion
Temporal responses in DOM and Chl-a

Our study supports previous studies showing thalitiad of allochthonous matter
causes DOM to be dominated by more aromatic cadwah with higher molecular
weight (Bertilsson and Tranvik 2000; Benner 200&) bbwer spectral slopes (Helms et
al. 2008; Figure 2F,H). Addition of nutrients alafiected DOM quantity and quality
related to autochthonous production of DOM by ppiaakton growth, and it is known
that phytoplankton in high densities can be an ingm source of DOM (Zhang et al.
2009; Zhang et al. 2013; Brandéao et al. 2016).hin trteatments without addition of
nutrients the phytoplankton community was limitgdritrogen since the beginning of
the experiment (DIN concentrations below 100 pg Réynolds 1999). The DIN:DIP
molar ratio in these treatments indicates thabgén was consumed very fast and was
limited after the ¥ day (ratio below 13.9; Redfield 1958). With thediidn of
nutrients, the concentrations of DIN and DIP weaghér than that considered a limited
condition proposed by Reynolds (1999), but the maoktio values proposed by
Redfield (1958) suggested limitation by phosphofmelar ratios between 21.3 and

55.3) during the experiment and only in thé" &y became limited by nitrogen again
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(molar ratio 12.2). Moreover, these suggestivetation indicated by molar ratio values
did not restrict the phytoplankton growth in theatments with addition of nutrients. In
addition to increased nutrient availability (mainhitrogen and phosphate) and
phytoplankton growth (Schindler 1977; Lean and Pit881), the increase of
allochthonous OM also caused an increase in ChHHgufe 2B). This suggest
development and prevalence of mixotrophic phytdgiam species, present in Carioca
Lake (Barros et al. 2010) which are known to beofad by organic matter (Cohen and
Post 1993). Additionally, the light attenuation sad by enhanced light absorption from
added allochthonous OM (Kirk 1994), may have fadogeowth of phytoplankton by
reducing photoinhibition, known to occur in Lakeri©aa (Brighenti et al. 2015). The
increase of phytoplankton in these treatments theresuggest that algal growth was
stimulated by a combination of increases in nutseavailability due to degradation of
the OM added (Hessen and Tranvik 1998) as well ahifh towards mixotrophic

phytoplankton species.

Although additions of allochthonous OM and nutreeiiioth contributed to increase
DOC concentrations, divergent effects of thesetamdi were evident in the quality of
carbon assessed by optical indexesso(fo and K). Ss04s0 and & decreased

significantly after addition of allochthonous OMidkre 2F, H). The decrease in the
slope $so.4500ccurred due to the increase of a higher moleautaght carbon, which

lowered the values of,% 295 and consequently ofg§Helms et al. 2008). Addition of

nutrients, however, had little effect on these rsfr which we interpret as a
consequence of autochthonous production of DOM.sThoth spectral indexes were
more influenced by allochthonous contribution thanthe produced autochthonous
DOM. This is likely because these indices deriverirslope intervals in the ultraviolet

range (250-400 nm) known to be influenced by canaith higher molecular weight
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and aromatic compounds capable of absorbing enetgyshorter wavelengths

(Bertilsson and Tranvik 2000; Benner 2002; Helmale2008).

Manipulations with nutrients, allochthonous OM asithding caused visual changes in
the spectral curves of CDOM over the sampling d&ygure 3). Several studies have
shown that aromatic carbon, typically of terrestoiggin, has a higher absorption in the
ultraviolet range (Bertilsson and Tranvik 2000; Ben2002; Helms et al. 2008). This
explains the initial (day 0) effects of allochthaisoOM addition on elevated CDOM
absorption primarily below 350 nm (Figure 3A). Werpret the following (day 3 and
6) increase in the CDOM absorption (especially @850 nm) for most treatments to
result from autochthonous DOM related to phytoptank growth. Increases in
absorption in the PAR range (Figure 3B-C), is knotenbe related to increases in
carbon of algal origin, composed of labile molesuté simple structures and with low
molecular weight (Amon and Benner 1994; McKnighaket1994; Benner 2002; Helms
et al. 2008). The relative changes in the specuales shown in Figure 3 therefore
reflect the final result of gains by autochthon@usduction and the loss of absorption
by photodegradation and/or biodegradation, althahglse processes were not directly
investigated in this work. We could only estimdte importance of photodegradation in
this lake comparing the treatments exposed tdi@iit (orange solid lines in Figure 3),
which were the ones that lost absorption in alljgarg days, and the shaded treatments
(orange dashed lines), which were the ones that Iesl lost of absorption in the
spectra. After the'™®day (Figure 3D-E) the absorption loss was largantthe gain by
the autochthonous production in all treatments.hSspectral changes with loss of
absorption with increasing wavelength, was desdribg Asmala et al. (2014) as a
typical biodegradation curve. Thus, we believe tifter the 8 experimental day the

observed loss of DOM was mostly caused by biodegjiaa
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Effect of allochthonous and autochthonous DOM orOGDspectra

The results obtained from the PCA and RDA demotedrahat the increase of
allochthonous OM had greater effect between theelemmgths 300 and 400 nm,
increasing the absorption in this range (PC1, EdaB). Several studies have shown
that photodegradation is more pronounced at shoreelengths (300-400 nm) due to
absorption of aromatic carbon compounds (Helmsl.eR@08; Helms et al. 2013)

typically related to degradation of either terrestvegetation (Bertilsson and Tranvik
2000; Benner 2002; Helms et al. 2008) or aquaticrophytes (Catalan et al. 2013). It
is possible assess the importance of photodegoedati CDOM absorption through the
spectral slope between 275 and 295 nmis(9 proposed by Helms et al. (2008). We
noticed a decrease in the CDOM absorption below 800 suggesting a greater
degradation by photodegradation in these compounais allochthonous origin

affecting the absorption at shorter wavelengths ianteasing the absorption between

300 and 400 nm.

In contrast, the increase of autochthonous OM cgniiom the high phytoplankton
growth caused an increase of absorption in the Bhge and a loss of absorption at
wavelengths beyond 350 nm (PC2; Figure 5C). The tdsabsorption above 350 nm
indicates degradation by microorganisms which hgueater impact on the PAR
absorption. Substances that absorbs in this ramgggically non-aromatic compounds
originating from algal source with high lability rfdbacterial degradation (Baines and

Pace 1990; Berggren et al. 2009).

Conclusions

Additions of terrestrial OM and inorganic nutriemdsa tropical lake mesocosms caused

fast changes in the production and transformatibi©®l pools as well as distinct
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changes in the absorption spectra of CDOM. Theofadtdesign of the mesocosms
experiment simulated seasonal changes commonlynaiseelated to changes in
primary production and water clarity caused by ¢gesnin temperature, stratification,
and rains which affect the input of terrestrial @Gid nutrients (Brighenti et al. 2015;
Brand&o et al. 2016). Increased production of dilmnous OM caused an increase of
CDOM absorption in the UV range and a reductionthe PAR range, which we
interpret to result primarily from bacterial degafidn of highly labile algal material
(Baines and Pace 1990; Berggren et al. 2009). Intrast, the additions of
allochthonous OM caused increased absorption of Dé&specially between 300 and
400 nm. The new index createdsssowas an effective tool to evaluate the spectral
changes in general from short to long wavelengtiand, restricting spectrum ranges
where we can only perceive changes in some re@bidV-absorbing ($rs-295 Ssso-
400)- Although the non-shaded treatments showed appaftects of photodegradation,
changes in CDOM absorption curves after thed@y suggest that biodegradation was
overall responsible for the largest percentage Mf d@gradation in these experiments.
The 50% reduction of sunlight in some mesocosmsrdatgyly had minor effects on
overall changes in OM concentration and composiligaly due to the large amount of

light still reaching the DOM in the shaded units.
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OMNUTSH - nutrients and organic matter addition,

Fig. 1 Squematic figure of the factorial design of mesat®gxperiments

139



A B
Nutrients added OM added
— No — No
‘T—l 201 : Yes L 207 : Yes
00 00
= . =
L o
g 1o * ﬂ 5 o ’ “ i*
...- — - -v-
3 6 12
Experiment day Expenment day
9.54 c 9.5
~ 9.0- o~ 9.0+
O L
; F .
E 85- £ 851
o s,
o 8.0 o 8.0 I —
7.54 7.54
0 ' 6 ' 12 0 '
Experiment day Experlment day
0.0224 E 0.022 - * F
T 0.021- T 0.0214 =
] . . H H E | + *
S £
@ 0.020- 2 0.020- '
3 b
¥’ 0.019- %' 0.019- * * *
0.018 T T T T T 0.018 T
0 3 6 9 12 3 12
Experiment day Experlment day
1.4 1.4
G
L 13- L 134 -
e .l
() [
[oR Q.
] @]
o 1.2- , »n 1.2- ﬁ
0 3 6 ' 12 0 3
Experiment day Experlment day

Fig. 2 Temporal variation in the mesocosms units with arttout nutrients (left panel)
and organic matter additions (right panel) for @{A,B), DOC (C,D), $0-450(E,F), &
(G,H) (center line-median, 5th/95th percentiles¥98onfidence level, black circles-

outlier)

140



N

w

I

©
(V2]
l
>
|

|

|

|

Treatments

044 . NUT addition Full light ~ — OM addition
| N Without NUT - -- Shaded light --- Without OM
~ 0.3~

- [

9 f

= z

2 0.2

5 :

n

QO

<

Relative change in albsorption (%)
N
o

250 300 350 400 450 250 300 350 400 450
Wavelength (nm)

|
N
o
J

1

Fig. 3 Spectral absorption curves of CDOM in the differemsocosms units for the
initial day (A) and the relative changes for eaadmpling day compared with the initial

day (3% day — B, & day — C, 8 day — D, 19 day — E)

141



200+ A
150+

100+

DIP (ug L)

50+

Nutrients
added

ES ves
=0

-

'

"

T—I
[21)]
=
Z *
O 1000+

01 — — - - -

0 3 6 3 12
Days
1001 C
a
a 754
S,
=
a
0 50+
ko [ ]
© L]
@
S . = .
= [ iF o ==
— =
[
0- T T .I
0 3 6 9 12

Days

Fig. 4 Temporal variation in the mesocosms units with aitlout nutrients additions
for dissolved inorganic phosphorus-DIP (A), disgalvnorganic nitrogen-DIN (B) and
the ratio DIN/DIP(C) (center line-median, 5th/95th percentiles, 9%&8nfidence level,

black circles-outlier)

142



N

0.5-
2
<
~ ;
< 00-
e s | PC1 |
0.5
-05 0.0 05 10
RDA 1 (50%)
| B
0.071+ ~
- |
o ‘
Q
c ;
S |
£0.070-
(@]
(W)
©
o
20069+
j - |
o
)
£ é
= 0.068 -
250 300 350 400 450
Wavelength (nm)
014 C|
— |
[
(]
[
@]
o
€
o] |
U 0.0+
©
o
S
£
S ;
-8 |
S -0.1 .
U |
(]
wn
| -
250 300 350 400 450

Wavelength (nm)
Fig. 5 Results of redundancy analysis-RDA (A) and the tig principal components

obtained from PCA analysis, PC1 (B) and PC2 (®ttptl against wavelengths

143



1 Table 1 - Results of thétest and Mann-Whitney (legend: OM = treatmentshwit
2 organic matter addition; no OM = treatments withaddlition of organic matter; NUT =
3 treatments with nutrients addition; no NUT = treatits without nutrients addition).

Parameters Analysis significance p<0.05
a254 (m%) Mann-Whitney Median U p
oM 21.857 <0.001
no OM 17.344
a440 (m%) Mann-Whitney Median U p
oM 0.616
<0.
no OM 0.377 0 0.001
DOC (mg L-l) t-test Mean (SD) t(df) p
oM 8.633(0.233)
no OM 7.955(0.255)6'797(22) <0.001
SUVA254 (m? mg-t C) t-test Mean (SD) t(df) p
oM 2.502(0.120)
no OM 2.167(0.059)8.677(22) <0.001
S275-295 (nm-l) t-test Mean (SD) t (df) p
oM 0.023(0.001)
-7. <0.
no OM 0.026(0.000) 7.431(26) 0.001
Chla (ug L-1) t-test Mean (SD) t(df) p
NUT 9.628(3.192)
5.152(26 0.001
4 no NUT 4.697(1.625) (26) <
5
6
7
8
9
10
11
12
13
14
15

144



1

2
3

4

Supplementary material

Table - Absolute values and relative changes ofhallparameters measured during 12

days of experiment.

a254

a440

DOC SUVA2ss S275-295 S350-400 g250.450 Chla TSM
Treatment Days Mmgly) (M) (@)  (@mgic) (nm)  (mi)  (mY)  sg (LY  (mgL
control 0 8.44 17.38 0.46 2.064 0.025 0.019 0.021 1.336 1.87 27 1
3 7.76 16.88 0.38 2.176 0.026 0.020 0.022 1.338 3.74 1.87
6 8.01 17.24 0.38 2.152 0.026 0.020 0.022 1.318 2.67 1.41
9 7.66 17.30 0.36 2.258 0.027 0.021 0.022 1.317 1.60 1.21
12 8.37 17.25 0.39 2.064 0.027 0.020 0.022 1.343 2.67 1.61
relative change (%) -0.81 -0.73 -15.00 -0.02 5.75 521 53.4 0.50 42.86 26.88
NUT 0 7.98 17.38 0.45 2.180 0.025 0.019 0.021 1.279 454 1.12
3 7.97 17.55 0.41 2.202 0.025 0.020 0.021 1.268 10.42 2.15
6 8.69 17.64 0.40 2.029 0.026 0.019 0.021 1.348 10.16 2.73
9 8.36 17.68 0.30 2.116 0.026 0.020 0.022 1.294 9.62 2.62
12 7.90 17.46 0.37 2211 0.027 0.021 0.021 1.300 23.79 3.60
relative change (%) -1.00 0.46 -17.95 1.43 7.90 6.27 1.76 641 423.53 220.62
SH 0 7.83 16.67 0.40 2.131 0.025 0.020 0.021 1.253 241 1.19
3 7.73 17.00 0.36 2.200 0.026 0.021 0.021 1.246 2.14 0.78
6 8.06 17.58 0.54 2.180 0.024 0.019 0.021 1.287 241 1.71
9 7.53 17.18 0.37 2.283 0.026 0.021 0.022 1.286 241 1.61
12 8.05 16.57 0.38 2.058 0.026 0.020 0.022 1.277 3.47 1.64
relative change (%) 2.79 -0.62 5.71 -3.43 3.61 1.65 2.15 .891 44 .44 37.89
NUTSH 0 7.65 17.01 0.40 2.226 0.025 0.020 0.021 1.235 3.21 2 14
3 7.64 17.30 0.41 2.266 0.026 0.020 0.021 1.306 10.96 1.84
6 8.29 17.91 0.47 2.161 0.025 0.019 0.021 1.308 10.42 2.65
9 8.24 17.78 0.40 2.159 0.026 0.020 0.021 1.277 9.09 2.29
12 8.20 17.46 0.45 2.132 0.026 0.020 0.021 1.294 22.45 2.54
relative change (%) 7.16 2.64 11.43 -4.25 3.21 -1.43 -0.63 4.71 600.00 79.25
OM 0 8.56 21.25 0.64 2.482 0.022 0.019 0.019 1.167 2.67 1.26
3 8.72 22.38 0.75 2.567 0.022 0.018 0.019 1.202 5.08 2.43
6 8.72 21.42 0.66 2.457 0.023 0.019 0.019 1.238 3.47 1.87
9 8.82 22.39 0.68 2.539 0.023 0.019 0.019 1.212 9.36 2.18
12 8.38 20.84 0.55 2.487 0.024 0.020 0.020 1.222 5.88 2.45
relative change (%) -2.12 -1.90 -14.29 0.20 10.58 554 579 477 120.00 93.89
OMNUT 0 8.56 21.67 0.68 2.532 0.022 0.019 0.018 1.146 321 232
3 8.30 22.19 0.74 2.675 0.022 0.018 0.019 1.213 13.90 3.00
6 9.16 22.77 0.67 2.486 0.023 0.019 0.019 1.204 14.17 3.66
9 9.33 22.23 0.58 2.383 0.023 0.020 0.020 1.196 12.56 414
12 8.48 20.90 0.53 2.464 0.025 0.020 0.020 1.218 14.43 3.81
relative change (%) -0.89 -3.56 -22.03 -2.70 12.85 6.22 748. 6.33 350.00 18.36
OMSH 0 8.61 20.95 0.63 2.432 0.022 0.019 0.019 1.158 321 1.30
3 8.24 21.54 0.71 2.614 0.022 0.019 0.019 1.185 6.42 2.02
6 8.61 21.46 0.71 2.494 0.023 0.018 0.019 1.263 321 2.15
9 8.54 21.30 0.45 2.494 0.023 0.019 0.019 1.196 12.30 2.61
12 8.26 21.73 0.63 2.616 0.023 0.019 0.019 1.202 8.02 2.32
relative change (%) -4.12 3.74 0.00 7.58 5.16 1.29 3.59 23.8 150.00 78.98
OMNUTSH 0 8.64 21.90 0.70 2.536 0.022 0.019 0.018 1.139 481 271
3 8.26 22.93 0.77 2.775 0.022 0.018 0.019 1.177 13.63 2.68
6 8.75 22.81 0.82 2.606 0.022 0.018 0.018 1.221 16.31 3.89
9 9.02 22.26 0.68 2.467 0.022 0.019 0.019 1.134 14.43 3.86
12 8.27 2291 0.66 2.773 0.023 0.019 0.019 1.185 16.04 6.47
relative change (%) -4.31 4.63 -6.56 9.32 7.03 2.86 5.16 064. 233.33 408.49

Negative values in relative changes indicate demreand positive indicate increase compared tainitilues [relative changes =-1*(1 - end/stafit)®]
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CONSIDERACOES FINAIS

Os estudos das propriedades Opticas aparentesrentg®e sdo importantes para a
compreensao do funcionamento aquatico em escakxiabg temporal. Através de
simples andlise da transparéncia das aguas paadiacdo PAR e UV, é possivel
estimar a distribuicdo dos produtores primariosolana d’agua, que somado a uma
analise qualitativa destes, também se pode tenidereada produtividade ecossistémica.
Avaliando também a analise da concentracdo e @uiidde DOM é possivel
compreender a dindmica sazonal de entrada aloctmoglucdo autdctone e 0s

principais meios de degradacédo de compostos derzarins ambientes.

A utilizacdo de indices obtidos através de analesgectrais de CDOM para a sua
caracterizacdo possui a vantagem de ser relatitandenbaixo custo e com resultados
rapidos. Apesar da crescente utilizacdo desta agemd em ambientes temperados,
principalmente apods o trabalho de Helms et al. §08inda sdo comuns estudos que
avaliam apenas a concentracdo de DOC e CDOM, arttastscassos nos tropicos e no
Brasil agueles que consideram também a qualidagecaimpostos de carbono. Nesta
tese, foi demonstrado que incluir a analise daidaa¢ espectral de CDOM fornece
resultados extremamente importantes (quanto a dprteemanhos das moléculas,
susceptibilidade aos processos de degradacaogpartr)o entendimento dos processos
biogeoquimicos e ecoldgicos, ndo obtidos apenas g@llise quantitativa. Inimeras
sdo as vantagens do estudo da qualidade de DOMeéstda andlise espectral de
CDOM, no entanto, é preciso cautela no uso e irg&pao dos indices, pois alguns
podem variar entre pesquisadores sem explicacOms dedinidas (por exemplo o0s

intervalos de comprimentos de onda para calculd'sjmectral slopes”).

As amostragens no lago Dom Helvécio (MG, Brasilhitemplaram um periodo de

reducdo na pluviosidade regional do Médio Rio Doeealguns parametros (por
exemplo clorofila-a, DOC, nutrientes) puderam semjpgarados com o observado
anteriormente durante 10 anos de monitoramento prelgrama PELD. Além disto,

através da analise espectral do CDOM e seus inthodsem foi possivel demonstrar
como as recentes mudancas climaticas podem afetaz@nalidade da entrada de
matéria organica aléctone no lago e os potencfaitoe disto para o ecossistema. Os

resultados demonstrados nos capitulos 1 e 2 destgpermitiram ainda estimar qual o

146



N

0o N o u b~ W

10
11
12
13
14
15

16
17
18
19
20
21
22
23
24

25

26

27

28

29

efeito na atenuacdo da radiacdo PAR em funcaodiggde do regime de chuvas, que

por sua vez afeta as dinamicas dos componenteao@Ente ativos.

Compreender as fontes de DOM nos ecossistemas@pjdtem como a sazonalidade
destas renovacfes de DOM e nutrientes, é de geandio para o entendimento dos
processos biogeoquimicos, ecolégicos e metabolBm®ente apos esta compreensao €
possivel investigar como as mudancas climaticasragbes do uso do solo, aportes
esporadicos de esgotos, tempestades, dentre ferifiaenos, podem afetar a dinAmica
de DOM e quais as consequéncias para 0s ambientéscos.

A utilizagdo de experimentda situ com mesocosmos permitiu ainda avaliar como o
aumento de DOM autdctone e DOM al6ctone podemaalemqualidade espectral dos
compostos de carbono. Dessa forma, é possivel peldratais resultados para
estimativas das consequéncias da eutrofizacdo ¢memplo, o reservatorio da
Pampulha), desmatamento, substituicdo da vegetdgdentorno por eucaliptos ou
pastos (comuns no entorno do Parque Estadual dd&te), e outros impactos que

interferem na quantidade de DOM autdctone e aléctiisponivel nos sistemas.

Os resultados apresentados nesta tese contribuem acoconhecimento sobre
propriedades Opticas aparentes e inerentes, edgdalie concentracdo de DOM em
ecossistemas aquaticos tropicais naturais e &@tfjcem escala espacial e temporal.
Além disso, fornecem novas perspectivas no estadef@ito das diferentes fontes de
carbono na qualidade espectral de CDOM, o queteefies processos de degradacéo e
caracteristicas opticas dos sistemas. Novos estiuidosivestiguem especificamente as
taxas de fotodegradacgéo e biodegradacdo nestesrae®hsdo necessarios para melhor
entendimento da dindmica de DOM e do papel destes=gsos no ciclo global do

carbono em ambientes aquaticos tropicais.

147



