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ABSTRACT

The aim of this study was to investigate the dymanof the fluorescent dissolved organic matter (W)O

in Paranagua Estuarine System (PES) as to infautahe contribution of allochthonous FDOM to the
estuarine waters in relation to tidal condition aedsons. Fluorescence spectroscopy was usedcfor su
purpose and DOM characterization through fluoreseeemission was performed using excitation
wavelengths ofkex 350 nm andex 450 nm, the two main fluorescence groups knawhet present in
natural DOM. Relations between emission wavelen@#m) and environmental variables, and the
relevance of these variables to the different tided seasons were identified by principal component
analysis. The results showed that the first clds§uorophores Xex 350 nm) changed from the river
(freshwater) towards the estuary, whilst the seadasis fex 450 nm) has a more conservative nature and
does not change as significantly as the first. &ltbonous DOM contribution to the estuarine system
intensified during the rainy season, especiallyspring tides, whereas in the dry season the rdtio o
autochthonous DOM to total DOM in PES waters inseela We concluded that the variation of maximum
Aem of the first class of fluorophoresek 350 nm) is mainly related to allochthonous dbation, whilst

the maximum of emission for the second class obrfiphores Xex 450 nm) is dependent on the
contribution of the different sources of organictima(freshwater and marine water DOM contribution)

Resuwmo

O objetivo deste estudo foi investigar a dinamiaaretéria organica fluorescente (FMOD) no Complexo
Estuarino de Paranagué (CEP) para inferir sobmntiilbuicdo da FMOD aldctone nas aguas estuarimas e
relagdo a condicdo de maré e estagdes do anog(sbevosa). Empregou-se a técnica de espectrosi®pia
fluorescéncia, através da utilizagdo de dois cammrtos de onda de excitagdo, os quais correspoadem
duas classes conhecidas de fluor6fofeesx 350 nm eiex 450 nm, para desta forma determinar o
comprimento de onda de méxima emiss&n() da fluorescéncia da MOD. Relagdes ek¢ra e varidveis
ambientais e a relevancia das relacdes nas diésrenndicGes de maré (sizigia e quadratura) edestap

ano (seca e chuvosa) foram identificadas com odesandlise de componentes principais. Os resultados
demonstraram que a primeira classe de fluor6fakex 850 nm) foi alterada durante a transi¢éo rio -
estuéario, enquanto a segunda cladsx @50 nm) apresentou um comportamento mais catseyv A
contribuicdo da MOD aléctone no estuéario foi intBesda durante a estacdo chuvosa, especialmente
durante as marés de sizigia, enquanto na estagd@$40D aut6ctone é preponderante na composigdo da
MOD total no CEP. Conclui-se que a variagdo ha® da primeira classe de fluoréforéex 350 nm) é
principalmente relacionada a contribuigdo al6ctemguanto as diferengas rigmsn da segunda classex

450 nm) estdo relacionadas com as flutuagdes masbeoces das diferentes fontes de MOD no CEP.

Descriptors: Humic substances, Estuaries, FDOMsrcsy Tidal cycle, Estuarine turbidity maximum,
Fluorescence spectroscopy.

Descritores: Substancias humicas, Estuarios, FdatFMOD, Ciclos de maré, Maximo de turbidez
estuarina, Espectroscopia de fluorescéncia.
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INTRODUCTION and coastal ecosystems (DE- SOUZA-SIERRA et al.,
1994, 1997; COBLE, 1996; LOMBARDI; JARDIM,
In estuaries the interactions betweer}999; CLARK et al., 2002; STEDMON et al., 2003).
freshwater, saltwater, terrestrial and atmosphericOnsidering that FDOM is a heterogeneous mixture of
systems occur with considerable intensity. They arliPhatic and aromatic polymers, the rationalefo$ t
dynamic ecosystems that respond to environmentffchnique is based upon the characteristic of FDOM
forces with different time scales, such as semirgili COMPoOnents emitting  fluorescence ~at  different
tides, spring and neap tides (fortnightly), riverinput Wavelength maximait,) when excited by specific
variation (seasonal), and others. In addition, arigg Wavelengths %), depending on the nature and
are among the most productive ecosystems knowfPmPlexity of the FDOM's molecules.
(UNDERWOOD: KROMKAMP, 1999) and great part Mul_tlva_rlate ana}ly5|s met_hods have been
of their production is supported by the terrestriak'Sed to aid in the interpretation of FDOM's
contribution of nutrients and organic materialstsas ~ uorescence data. The application of multivariate
humic substances. analyses, such as Principal Component Analysis
Terrestrial humic substances are a majoPCA) (€.9. PERSSON; WEDBORG, 2001,

source of the fluorescent dissolved organic mattdsOEHME et al., 2004) and more recently Parallel
(FDOM) in estuarine waters (COBLE et al., 1998)/-actor Analysis (P.ARAFAC) (e.9. STEDMON et al.,
This is the optically active portion of dissolved2003; STEDMON;MARKAGER, 2005), has led to
organic matter (DOM), being historically referredas ~ "€W insights into the sources and concentrations of
Gelbstoff or yellow substances. Besides the DOM oroups of fluorophores within the bulk of the FDOM.
terrestrial origin, other contributions to the butk However, such techniques have been applied
coastal and estuarine DOM are those frongXclusively to Excna_tlon-Em_lssmn matrices (EEM)
autochthonous sources, e.g. the DOM produneitu data. To date, the integration of FDOM data and
by the biota (ROCHELLE-NEWALL; FISHER, 2002; environmental variables through multivariate anialys
MAVYER et al., 1999), and also by processes such &S not been applied. Such an approach can heig in
the UV-induced polymerization of sugars, amino acid Study of the dynamics of FDOM in estuaries, source
and other small molecules (HARVEY et al., 1983). tracking, e}nd the assessment of the'potentlalenﬂa
The characterization of DOM in estuaries i< the environment on FDOM dynamics. _
important for the understanding of its role in the The Paranagua Estuarine System (PES) is an
functioning of the ecosystem (BENNER, 2002) sincdMportant site in terms of environmental protection
DOM dynamics interfere greatly in the carbon cycleNevertheless, it has been affected by anthropogenic
The DOM composition can affect, for example,PreSsures, such as port activities, fisheries and
microbial and plankton ecology (WI’LLIAMSON et agriculture. A detailed characterization of the D@M
al., 2001; CHOUERI et al., 2007), mobility of organicPES waters is of ecological and geochemical interes
and inoréanic contaminants (SAi\ITOS et al., 2008)considering that the sources and transformations of
speciation and bioavailability of metals (NOGUEIRA SUch material can be traced and, consequentlghitssi
et al., 2009; CHOUERI et al., 2009), toxicity of may be provided into the fate of these substantes i
pollutants such as polycyclic aromatic hydrocarbont® €cosystem. _ _ )
(DIAMOND et al., 2000), remineralization of _The aim of this study was to investigate the
nutrients, surface properties of minerals and aarbodynamics of FDOM in the PES and identify the
budget (HEDGES et al., 2002, and references th)ereirFont”bu_t'o“ of.allochthonous FPOM to the estuarine
Different approaches are used to characterize FDONf&{ers in refation to tidal condition and seasdfu.
in aquatic environments and many of them explsit itthis purpose water samples were collected in the ma
optical properties, i.e. light absorption angincoming freshwater source (Nhundiaquara River) and
fluorescence emission. Because fluorescence cdh the estuarine turbidity maximum (ETM) zone of
reveal important information about the FDOM'sParanagua Bay during spring and neap tides during
composition and biogeochemical cycling (BURDIGEDTY and rainy seasons. In the ETM, processes ssich a
et al, 2004), different approaches have beelne flocc_ulatlon of _dlssolved_ materials and
developed within the technique to study DOMTESUSpension of sedlmentsz |mportant. for the
fluorescence, such as Fluorescence Excitation arffjaracterization of the behavior of estuarine DOM,
Emission Spectra, Fluorescence/Absorption Relatio@k€ Place (MANN, 2000). In this study, FDOM was
Excitation-Emission Matrix Spectra, Synchronouscharacterlzed through fluorescence spectroscomdbas
Spectra, Fluorescence Quantum Yield (BLOUGHO! emission spectra. Relationships between maximum
DEL VE,CCHIO 2002; COBLE, 2007). fluorescence emission wavelengths at selected
FIuore,scencé Excite’ltion and Emission€Xcitation wavelengths and environmental variables,
Spectra has been largely used for the purpose §gch as salinity, chlorophyll a, seston, dissolved
tracing the origin of the DOM in continental, esioa  ©X¥9en (D.O.), total nitrogen (total-N), total
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phosphorous (total-P), nitrite (NQ) nitrate (NQ), The drainage area of the PES is 3361 lkand the
ammonium (NH"), phosphate (PQ) and silicate average annual freshwater discharge is 260sM
(Si0s%) were assessed through the application of &KNOPPERS et al., 2004). The PES encompasses
PCA. The associations between environmentalifferent environments such as salt marshes, maagro
variables, and the relevance of these associafans swamps, sandy beaches, coastal rocks, tidal channel
each season and tide, were also discussed ingthie li smaller estuaries formed by several streams and
of the PCA. This is the first attempt to useAtlantic rainforest. The site is part of the Cananéi
fluorescence analysis as a tracer of the sourclguape Estuarine-Lagoons System, an important area
behavior, and transformations of FDOM in thefor environmental preservation that has been
Paranagua Estuarine System; in addition, theonsidered as part of the Ramsar’s list of inteomati
application of multivariate analysis to integrateprotection wetlands since 2000 (IBAMA, 2008).
fluorescence and environmental data provided aS8ixteen protected areas have been established and
ecological explanation for the FDOM results. approximately 19% of the Atlantic rainforest
remnants, considered "Biosphere Reserve" by
UNESCO, are situated in this region. Besides the
ecological importance of the PES, its area alsbdrar
important economic activities, being distinguishsd
the presence of the major grain exporting portaats

The Paranagua Estuarine System (PES) i8merica, that of Paranagua. Other products potgntia
located at 25°16’ - 25°34’'S and 48°17' - 48°42'whazardous to the environment, such as fertilizers,
(Brazil). This system is physically divided intovain  petroleum derivatives and minerals, are handleteat
bays: Paranagué Bay (W-E direction) and Laranjeiragort. Additional environmental pressures in the PES
Bay (N-S direction), with a total area of 6122k(ﬁig_ are the unplanned urban development bordering the
1). The climate is humid subtropical (Cfa), with anestuary and the consequent increasing discharge of
average annual rainfall of 2500 mm in the drainagéntreated sewage, uncontrolled urban landfills and
basin. Two well-defined seasons dominate: rainypgricultural activities.
summer and dry winter (KNOPPERS et al., 2004).

MATERIAL AND METHODS

Study Area
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Fig. 1. Localization of the sampling sites in thard&hagua Estuarine System. NHU is the station én th
Nhundiaquara River; ETM is the station in the EsheaTurbidity Maximum of Paranaguéa Bay.
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Sampling nutrients (total-N, total-P, NQ NOs, NH,", PO,
) Si0;?) were analyzed by colorimetric methods in
~ Estuarine water samples were collectedyccordance with Grasshoff et al. (1983) afterdiion
Wlthlln the extension of the estuan.ne turbldltyof water samples as recommended by Head (1985) for
maximum (ETM) of Paranagua Bay (Fig. 1) duringparticle-rich waters. Dissolved oxygen concentratio
spring and neap tides of rainy (December 2005) anglas determined by Winkler's method (GRASSHOFF
dry season (August 2006). The mean rainfall in thgt al., 1983), with an automatic Metrohm Dosimat
three-month period before sampling in the rainy angration unit with a precision of 0.01 ml. For &bt
dry season was 201.7+103.9mm and 49.8+24.2mndeston quantification, water samples were filtered
respectively (data provided by the technologicathrough pre-weighed and calcined glass fiber fiter
institute Simepar). Despite the ETM displacemetd in (schieicher & Schiill GF-52C); the retained material
the bay along the tidal cycle (MANTOVANELLI et peing dried and quantified using the gravimetric
al., 2004), a fixed sampling station (25°29.26'Simethod  (STRICKLAND; PARSONS, 1972).
48°35.37'W) was set up at a place at which thelfielchiorophyll a was quantified by filtering water
collections in both rainy and dry seasons could bgamples through Schleicher & Schiill GF-52C filters,
Undertaken W|th|n the ETM zone. The ETM’s |Ocat|0nfo||owed by acetone extraction and fluorescence
was confirmed byn situ water turbidity measurements measurements (STRICKLAND; PARSONS, 1972).
using an AP 2000 Policontrol turbidimeter. The tiept
at the sampling station varied between 6.8 anahiz.0 Fluorescence Spectroscopy
Surface and bottom waters were sampled
with Niskin bottles every 2 hours over a periodléf
hours (a complete tidal cycle) during spring andme
tide events in both rainy and dry seasons. For D.
analysis, glass bottles with glass stoppers we

Samples were filtered through 0.22 pm
membrane filters (Sartorius) and stored in sterile
&mber glass flasks. The filters were previouslykeda

i 1 M HNO;for 24h to remove metallic elements that

carefully filled to overflowing with water samplesid (S:SLCJLd Zzusgugrl:ggiwgﬂvien art]r?eql;ﬂ(i)t?;i!ceenaclteerazii(gjzal
immediately fixed to be later analyzed by Winkler's ' o
method. AyII D.O. samples Wer}e/ kepty at Water(LOMBARDI; JARDIM, 1999)' The vyhole flllterlng
temperature, 29 to 31 °C in the rainy season arfC21 progedure was performed in a sterile laminar flow
in the dry season. The samples were kept in thie da?abme,t and .samples were kept n the dark at 4°C unt
for no longer than 8 h after sampling. The samfies gnaly5|s. Th|§ §amp|e conservation procedyre rsult
nutrient analysis were placed in high densit))n no pH variation in the samples (determined kefor

polyethylene bottles, kept under ice and in thekdara_md after sto_rage), confirming that no microbial or
during fieldwork. Onshore, nutrient samples werd!9ht degrgldatlon had oc(;curred_. . rormed
immediately filtered through calcined glass-fiber uorescence determinations were periorme

filters (Schleicher & Schuell GF-52C) and kept &4 using a commercial spectrofluorometer (JASCO,
for no longer than 48 h. model FP 6500, Japan) equipped with a 150W xenon

To define a reference fluorescence emissio}i"Imp as the light source. The equipment includes

wavelength X.,) for the allochthonous FDOM internal configuration to automatically correct for
e [

surface (0.33 to 0.48 m) freshwater samples (n:i tensity variation and spectral characteristicsttof

were collected in the Nhundiaquara River (poin ght  source an(_j _those of the excitation
"NHU" in Figure 1, 25°25'40.6"S; 48°52'37.3"W), the monochromator. This is important to keep Fhe output
main source of freshwater flowing into Paranagu&urrems from the monitoring photomultiplier tubes

Bay. Sampling at the Nhundiaquara River wasonstant even if there be variations in the lighirse.
performed on one single occasion, since fhe Additionally, all samples were analyzed in the same

"fingerprint" of allochthonous FDOM is not expectedper.iO(.j' thgrefore p.revenlting any possible long term
to change significantly with season as comparetido variations in lamp mtens[ty and mstrument. Seip.
difference inley, that is applicable to this study, i.e. spe_ctr_a were recr?rded with %150 nme“t'\r’:"dth fmt
allowing for the distinction between continentaldan €MISSion monochromator and 5 nm for the excitation
marine FDOM. The reference fluorescenig,) value monochromator. Scan velocity was adjusted to 200 nm

for the autochthonous EDOM was obtained fron{”nin'1 for both monochromators. Instrumental error,
. . . . i 0
samples with higher marine influence taken at th@Stlmalted as 0.16 %, was calculated by repeatedly

ETM with salinity 29-30 (n=16) measuring the fluorescence of a single sample and
' estimating the coefficient of variation of this issrof
Analytical Methods data (n=10).

o ] ] ] According to Bloom and Leenheer (1989), at
Salinity was measured in the field with ajeast two important classes of fluorophores arsgne
hand refractometer (Atago) and pH measurements the humic substances (or naturally occurring DOM
were made with a Hanna pH meter. Dissolvedtgllowing the authors, we have used two different
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classes of fluorophores to characterize the FDOM in Multivariate Analysis (Principal Component Analysis
our samples: a first class of fluorophores, extitab
within the range 310-390 nm, and a second class Principal Component Analysis (PCA) was
excitable within 410-470 nm. Within those ranges, aised to highlight associations among the variables
fixed excitation of 350 nmAl, 350 nm) was defined measured in this study. Basically, this technique
empirically for the first class and 450 nip(450 nm) establishes a new set of variables (principal
for the second class of fluorophores. All fluoresme components) that are linear combinations of the
emission spectra were recorded from 370 to 600 nrariginal variables, based on the correlation matrfix
Fluorescence intensity was recorded for both ctass#he original dataset. The new variables, althowgtef
of fluorophores and reported in arbitrary unitsid.  in number, account for the inherent variation cé th
Raman peak corrections in the samples were made Bgta to the maximum possible extent, clarifying the
subtracting the spectra obtained for the samptms fr data relations with minimal loss of information.
those obtained for blank samples prepared withiMill Associations betweeRey, at e, 350 nm andhe, 450
Q water. All fluorescence measurements wer@m, chemical, and biological parameters (salinity,
performed at 21+1°C and samples were used with thdi.O., chlorophyll a, seston, total-N, total-P, NO
natural pH that ranged within 6.0 - 7.5. Accordiog NOs, NH,", PQ® and SiQ*) were sought. The
Baker et al. (2007) such pH variation does not affecselected variables to be interpreted were those
the fluorescence significantly, so pH was not agjgis associated with the factors with a loading.45, as
and was kept as in the sampling. Self-shading tsffecrecommended by Tabachnic and Fidell (1996). The
were not expected since a quartz-cuvette of 1-crglevance of the observed correlations to each case
lightpath was used, and the water samples were n(#ach data record of neap and spring tide of raimy
concentrated prior to the fluorescence determinatio  dry season), i.e. the 'factor score’, was also tjfied

in the PCA. All the analyses were performed usirgy th

Statistical Analysis STATISTICA 8.0 software (StatSoft Inc., USA).

Univariate Methods ResuLTs

. . Mean values and standard deviation of the
The mean values of environmental Vanable%nvironmental variables analyzed in the ETM of the
and A, for both e, 350 nm andv, 450 nm recorded y

¢ . PES for a whole tidal cycle, in rainy and dry se&so
fpr surface and bottom.samples, in the spring aabn and spring and neap tides, as well as for those of
tides of dry and rainy seasons were tested f

statistical differences. Firstly, the data seriesrev Of{lhundlaquara River and samples with the highest

. . ; marine influence (29 - 30 salinity) are shown irblEa
tested for normality (Kolmogorov-Smirnov’s test)dan N S ;
. ; .. 1. No significant variation was obtained for most
homoscedasticity (Bartlett's method). The stati$tica . . + - Ry
. ; “dissolved nutrients (PG, NH,", NO;, Si0?),
differences of mean values of each data series)(n=
) - . chlorophyll-a, and total-N and total-P (ANOVA,
which followed Analysis of Variance (ANOVA) . X
- >0.05) between Nhundiaquara river samples and
assumptions were tested through ANOVA followed b Lo .
. - those under marine influence. A different tendency
post hoc Tukey test. Non-parametric statlstlcatsteswere obtained for salinity, seston, and Nat were
(Kruskal-Wallis  test, with Dunn’s  multiple Y, '

. I?wer in the freshwater samples than in the marine
comparisons as post-test) were used to compare d%gmples (ANOVA, p<0.05), and D.O. that was higher
series that violated ANOVA assumptions. Dif'ferencesm the lower tha’n inlthe' hi he.r éalinit samples
between surface and bottom samples were analyz?RNov A, p<0.05) 9 y P

only within the same tide and season, either throug Contrasting dry and rainy seasons, the

'ca:\cl)\ln?\gﬁsor:g“c;\g;d orbyKruSI?:If(\a/\r/raollri];S follrcr)] V%'égleb results obtained for the environmental variablethat
P ’ yETM showed a significant increase in dissolved,NH

Dunn’s multiple comparisons test. . NO,’, and NQ' in the dry season as compared with the
Least squares linear regression analyses

: ; . fiver values (ANOVA, p<0.05). In addition, the mean
were undertaken to examine the relationships be!twe(?\“_| + concentration in the neap tide of the drv season
salinity and the maximurke, and intensity ake, 350 4 p y

._was also higher than that obtained for the marine
nm and atle, 450 nm fluorophore classes. This :
. S e - sample (ANOVA, p<0.05). In the rainy season, ETM
analysis helps in indentifying the variation of the . :
! h - results for the environmental variables showed that
fluorimetric characteristics of the DOMA, and L . - .
. . . ; L on salinity and the concentrations of nitrogen derived
intensity) in relation to the contribution of

autochthonous and allochthonous sources. T compounds (N NO;, total-N and, to a lesser extent,

A . . H," were lower than the marine values. Although
significance of linear regressions was assesseddghr

ANOVA F-test. For all the statistical tests, @ 0.05 other S|gn|f|9ant differences were Obt".i'ned’ theyld
. not be explained by any seasonal or tidal pattern.
was considered.
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Fluorescence Measuremerits,350 nm and.ex 450 nm) (allochthonous FDOM reference) was different from

Mean results and standard deviations of thifat of the estuarine samples with thg higheshisgli
maximum e, and fluorescence intensity for bath, autochthonous FDOM reference) (Fig. 2a). Longer

350 nm and\., 450 nm obtained in the ETM over amaximum Aem Was recorded for the allochthonous

; ; : FDOM (A 448.4 +0.5 nm) than for the
whole tidal cycle, both in rainy and dry seasond an em
spring and neap tides, are presented in Table Zhwh autochthonous FDOMA§,, 441.9 +1.5 nm) (Kruskal-

also reports the fluorescence results for th allis; p<0.05). However, for the second class of

allochthonous and autochthonous reference samples. uorpphores Kex 450 nm),. no difference for the
The maximum,,, for Ae, 350 NM and, 450 nm maximum A, was obtained when contrasting

: : llochthonous (516.2 +1.8 nm) and autochthonous
for surface and bottom samples in the spring arag ned .
tides of the dry and rainy seasons are shown iar€ig (5'16'0b 3.7 nm) FDOM (Kruskal-Wallis; p>0.05)
2. The maximum.,, of the first class of fluorophores (Fi9- 2b)-
(hex 350 nm) for the Nhundiaquara river's FDOM

Table 1. Mean values and standard deviation oétivronmental variables analyzed in the Estuarimdifity Maximum in
the Paranagué Estuarine System for a whole tiddcin rainy and dry seasons, and spring and tiéep. These values are
also presented for Nhundiaquara River and marimgles.

Salinity Chla Seston D.O. PO,* NH.," NO; NOs Sioy? Total-P Total-N
Season  Tide Sample
(%) (g LY (mg L) (mgL?) (HM) (M) (HM) (HM) (HM) (M) (HM)
Rainy Neap Surface  22+3  1.24:0.28 44.11#28.79 6.7810.6 1.4740.91 0B6&  0.29:0.36  3.37+1.65 16.69:3.49  0.99:0.18 18862
Rainy ~Neap Bottom  24+3  2.16:145 38.05:13.73 6.00£0.5 1.36£0.58 0048%  0.49:0.35  5.86159 1540557 1.03:0.31  1QI%E

Rainy  Spring  Surface 20+2 2.40+1.34  21.81#5.42 7.300.23 0.39+0.08 00765 0.05:0.04 0.09+0.03 56.89+7.01  0.47+0.11 H1B

Rainy  Spring  Bottom 2441 5.29+1.56 41.36+31.71 6.66+0.29 0.42+0.05 £07H4 0.06+0.03 0.14+0.05 54.29+11.22 0.52+0.14 9943.44

Dry Neap  Surface 28+1 0.40+0.35  33.4118.52 7.17+0.31 0.79+0.13 40688 0.82+0.03  18.68#8.14  55.7117.64  0.96+0.24 2824

Dry Neap  Bottom  300.5 1.04£1.1  48.83+11.83 6.710.14 0.58+0.16 88087 0.48+0.07  18.65%6.66 19.76+3.34  1.18+0.24 72#£91

Dry Spring  Surface 28+1 0.78+0.44  23.31%3.56 7.1410.52 0.83+0.23 6145% 0.69+0.06  24.96+5.46 30.67#8.14  1.43+0.64 23131
Dry Spring  Bottom  29+0.5  1.12+0.89 53.68+27.31 7.09+009 0.67+0.12  4£1402 0.61+0.05  28.87+7.50 24.96+4.27  3.24+1.54 128271
Nhundiaquara River 31 0.44+0.18 2.95+0.78 8.40+0.14 0.28+0.04 2.1850. 0.16x0.04  10.65+0.21 32.05+9.12  3.03%0.04 19100k
Marine samples 29+0.5 1.29+1.64 49.87+27.09 7.0240.4 0.64+0.15 586092 0.60+0.13  21.80#8.60 29.27+15.13  1.87+1.43 3.62+2.92

! Samples collected in the ETM with higher marinduefce (higher salinity)

Table 2. Mean results and standard deviationk.@fand fluorescence intensity for bdtk 350 nm andex 450 nm in the
Estuarine Turbidity Maximum of Paranagué EstuaBystem for a whole tidal cycle, in rainy and drpsens, and spring and
neap tides. Mean results and standard deviationgpand fluorescence intensity for allochthonous antbehthonous
references are also presented.

Season Tide Sample hem /hex350 Dem Mhex450 In)}eexg:(l)y In}}ee;?(t)y
(nm) (nm) (A.U) (A.U)
Rainy Neap Surface 443.85+2.02 514.68+1.59 145.35+34.12 275.60426.55
Rainy Neap Bottom 444.18+0.87 513.92+1.57 121.6530.78 238.7559.28
Rainy Spring Surface 445.48+031 514.28+0.69 103.2548.1 275.17424.64
Rainy Spring Bottom 445.92+0.46 513.88+1.32 96.6243.71 257.50+7.08
Dry Neap Surface 443.53+1.37 517.033.04 53.83+13.12 139.77+13.11
Dry Neap Bottom 441.20/+1.54 513.27+4.14 85.62+15.97 220.05+26.39
Dry Spring Surface 441.85$2.10 519.97+4.31 77.98+24.5 186.00+35.23
Dry Spring Bottom 442.20+1.34 517.47+1.64 63.95+12.12 198.22+47.28
Allochthonous 448.40:0.21 516.20+0.60 107.81+1.45 353.55+12.83
reference
Autochthonous 442.08+1.71 515.99:3.69 64.64+18.71 177.62+46.07

reference
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Considering the first class of fluorophores Principal Component Analysis
(hex 350 nm), the maximunie,, for the ETM was . _
always shorter than the allochthonous reference Within the scope of this study, the factors

FDOM. It was only during the spring tide of themai relevant for analysis are those in which the
season that the ETM had longer maximmpfor both  variables of wavelength of maximum fluorescence
surface and bottom waters (Kruskal-Wallis; p<0.05)(Aem) at Aex 350 nm and/orke, 450 nm weighed
In the dry season during neap and spring tides fatignificantly. These were the first two factors the
surface and bottom waters, ETM maximuka, PCA (F1 and F2) which together represented
fluorescence was similar to the autochthonou§4.5% of the total variance in the data matrixe Th
referenceien, In contrast, comparing ETM surface first factor (F1) accounted for 41.0% of the total
waters within both tides and seasons, loriggin the variance in the dataset. Thi&, 350 nm and
rainy season as compared with those of the dryoseaschlorophyll a were negatively associated with Fihwi
in spring tides (ANOVA; p<0.05) were obtained. Forsignificant loadings (higher than the pre-estalgiith
ETM bottom waters, the spring tide of the rainyloading cut-off), whereas another group of variable
season showed significantly longer, than any other (lex 450 nm, salinity, total-P, total-N, NONOs, and
tide or season (ANOVA; p<0.05). NH,") was positively associated with F1. The second
Regarding the second class of fluorophoregactor (F2) explained an additional 13.5% of the
(hex 450 Nm), the maximurk.,, for allochthonous and variance in the original dataset and grouped, with
autochthonous FDOM were similar, even consideringignificant loadingse, 450 nm, salinity, dissolved
different tides and seasons. Samples of bottomrwatexygen, and Sigf. Orthophosphate (P®) was
did not show any difference between tides or semsomegatively associated with these variables with a
(Kruskal-Wallis; p>0.05), whereas surface watessignificant loading.
showed significantly longék.r, in the dry than in the Figure 5 shows the projection of variables
rainy season for the spring tides (Kruskal-Wallis(@) and cases (b) on the factorial plane, formed by
p<0.05). No statistical differences were found tew  factor 1 (horizontal axis) and factor 2 (verticaisy. In
surface and bottom samples, in the same tide ardgure 5a, the associations between variablesleetai
season, for either first or second-class fluoropkor in the above paragraph can be distinguished. largig
(ANOVA; p>0.05). 5b, three groups of cases can be defined: one for
The fluorescence emission spectra for thépring tide/rainy season (white triangles and ligtaty
first class of fluorophores of estuarine samplegiamonds) with a strong negative association with F
ranged from 47 A.U., occurring at,, = 439 nm, and a second group of cases for the dry season (netp an
206 A.U. occurring ab., = 446 nm. For the second spring tide together - dark gray squares, dark gray
class of fluorophores, the values ranged frbe t triangles, black circles, and black diamonds) wath
127 A.U. obtained ake, = 511 nm and a maximum Strong positive association with F1; and lastigreup
intensity of 312 A.U. recorded at maximurg, = for neap tide/rainy season (white squares and light
516 nm. gray circles) negatively associated with F2, ad a®l
a fairly negative association with F1.
The results of PCA confirmed the significant
Linear Correlations: Maximurien, vs. Salinity, negative association between maximaggp, of the
and Intensity vs. Salinity first class of fluorophoresi§, 350 nm) and salinity.
Observation of Figure 5a and 5b allows the
identification of associations between variableat th
are represented by vectors in Figure 5a, and cases,
represented by points in Figure 5b. Thus Figure 5
shows that the rainy season has notably influenced
both the e, of the first class of fluorophores and
chlorophyll a concentration towards higher values,
" > . ©S ISsince the vectors for these variables (Fig. 5a) are
positively and significantly correlated with satini pointing in the same direction as the rainy season
(r=0.32; p<0.05). , , points are placed in the factor space F1 x F2 (.
The plots of fluorescence intensity (A.U.) atconyersely, the vectors for salinity and some
hex 350 nm (Fig. 4a) ante, 450 nm (Fig. 4b) against gissolved ~nutrients (total-P, total-N, MO NO;,
salinity are shown in Figure 4. For both classes Q(IH[) are pointing in the opposite direction to the

fluorophores, fluorescence intensity was negativelyainy season points, which implies that these et
correlated with salinity (r=0.68 fdt,, 350 nm; r=0.75 presented lower values in this season.

for Aex 450 nm; p<0.05 for both).

Figure 3 shows the plots of maximukg,
(Aex 350 Nm - Fig. 3a, ank., 450 nm - Fig. 3b) as a
function of salinity. The maximun,, of the first
class of fluorophores shows a negative and sigmific
linear correlation (r=0.63; p<0.05) with salinity,
whereas),, of the second class of fluorophores i
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Discussion The second class of fluorophorelg,(450
nm) has previously been described by Lombardi and
In general, the results for the environmentaPardim (1999) who studied the fluorescence of nearin

variables showed little variation between freshwate2nd terrestrial organic materials and foundher, of
and marine samples, as confirmed by the analysis §0/522 and 450/524 nm, respectively. Also,
variance. This suggests that the input of dissolve@€mmingsen and McGown (1997) reportedes of

nutrients from the Nhundiaquara River into the astua ©20 hm for commercial humic acids excited at 460
can be significant. However, our results also sagge"M: Thus the present resultsaf, ranging from 510

that the Nhundiaquara River is not the main soufce ¢° 527 hm are in agreement with the data previously
seston to the ETM. The low concentration of segton 9iVen in the literature. _
the river may be related to the location of itsrseu The general pattern of continental DOM
and great part of its course, which flows througkaa fluorescence emission at longer wavelengths as
of rocky outcrops (BIGARELLA et al., 1978) with compared with marine DOM fluorescence for the first
high resistance to erosion (LICHT et al., 1997).csin class of fluorophores obtained in the present siady
approximately 70% of the coastal watershed of thi! accordance with other results given in the ditere.
State of Parana flows into the PEsDPonard etal. (1989) stusﬂed the fluorescence eamss
(MANTOVANELLI, 1999), other rivers are probably of DOM from the Mediterranean Sea ar)d obtallned
more important sources of particulate matter far th!/ON9er Aem for coastal as compared with marine
ETM of the PES than the Nhundiaquara River. Th§2Mples whefe, 313 nm was used. Also studying the
analysis of variance also revealed a seasonality gporescence of marine DOM obtained from the
some environmental variables, among them salinit)/€ditérranean Sea, Lombardi and Jardim (1999)
(lower in the rainy season) and some dissolveffPOrted shortehey for marine DOM fen 437 nm)
nutrients (NH*, NO,, and NQ) (increased in the dry than for a soil fulvic acidi¢, 452 nm) v_vhen fixed oy
season and decreased in the rainy season); thésrpat 320 "M was used. Note thak 350 nm is the same as
will be further discussed in the light of the raswf that used in the present study and we obtalgd42
the PCA. nm for the estuarine samples. De-Souza-Sierra.et al
The results of maximuiy,, obtained in this (1994) showed variations in the fluorescent propert
study are in accordance with those of the liteenfor ~ Of marine DOM, including progressive shifts of up t
both the first o, 350 nm) and second classes of*0 NM towards longer wavelengths as seawater mixed
fluorophores Xe, 450 nm) (DE- SOUZA-SIERRA et with river waters. In addition, Coble (1996) andl-De
al. 1994° COBLE. 1996: LOMBARDI- JARDIM. Castillo et al. (1999), using the excitation-emissio
1999° BLOUGH: DEL VECCHIO ’2002). In Matrix spectroscopy technique, reported shokigr
agreement with the data given in the literature; olfoWards higher salinity a, 330 to 350 nm.
results showed that the fluorescence emission, The FDOM's blue shift (shortér.) towards
maximum is dependent on the excitation wavelengt{ligher salinity for théle, 350 nm that is observed in
which is the result of multiple fluorophores, jdjnt Figure 2(a) (i.e. the difference between autochtioen
referred to as classes of fluorophores (DE-SOuza@nd allochthonous FDOM) of the present study
SIERRA et al., 1994; LOMBARDI; JARDIM, 1999). supports the negative _Ilnear _ cor_relatlon between
In agreement with the findings of Coble (1990), whd'en/*e350 nm and salinity. This difference
noticed a red shift in the emission maximum as th@etween allochthonous and autochthonous FDOM can

excitation wavelength was increased, our result@€ attributed to differences in molecular mass and
showed that the second class of fluorophores is re§fomaticity of the FDOM present in the two differen

shifted (longef.,) compared with the first class. environments. According to Baker and Spencer
The excitation wavelength from 320 to 360(2004), the more red-shifted is the peak, the Highe
nm is commonly used to register the fluorescencBolecular mass and aromaticity of the FDOM;
spectra of natural waters and to identify peakateel Cconversely, the more blue-shifted it is, the lowee
to humic-like substances (COBLE, 1996). Using molecular mass and arom_atlcny of the FDOM. _
350 nm, so defining the first class of fluorophones The_dlfferences in freshwater and estuarine
obtained maximum., ranging from 437 to 448 nm, FDOM obtained by the present authors can be
which is within the range for fluorescence emissiorforrelated to the lower complexity of FDOM in the
maxima obtained in several investigations that $ecu S&mples of ETM. This indicates that the continent-
on various natural water samples (fresh, estuasine, °riginated organic matter is subjected to modifera
marine). Several authors have reported fluorescen@ring its transportation and residence in theagtu
emission maxima ranging from 420 to 480 nm (DE-'“ fact, it has been shown that different physical,
SOUZA-SIERRA et al. 1994: LOMBARDI|: Cchemical and biological processes affect DOM

JARDIM. 1999: BAKER: SPENCER. 2004: Structure and results in loss of aromaticity and
LUCIANI' et al. 2608). ' ' " molecular mass (COBLE, 1996), as well as in its
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fluorescence efficiency (MOPPER et al., 1991degradation. In the present study, the linear s=jpe
ZIEGLER; BENNER, 2000). According to data givenwith positive slope betweek,, 450 nm (second class
in the literature, processes such as microbialiagti of fluorophores) and salinity may be influenced by
(BOYD; OSBURN, 2004), photodegradation (COBLEseasonal differences in the relative contributibthe
et al., 1998), and autochthonous production ofmiga sources of the second-class fluorophores ratherliba
material (RAYMOND; BAUER, 2001) can account related to a marine contribution, sinkg 450 nm did
for the blue-shifted characteristic of FDOM innot vary between continental and marine sources of
estuarine and marine waters compared with terag¢striFDOM.
FDOM. In addition, particular characteristics of T The intensity of DOM's fluorescence at a
can boost some of these processes. Boyd and Osbugertain wavelength is given by a number of différen
(2004) observed that allochthonous DOM wadactors, including absorptivity and concentratigh.
preferentially biodegraded over autochthonous DOMinear relationship is expected between fluoreseenc
resulting in a wavelength shift. These authorsntensity and organic carbon concentration (e.g.
hypothesized that this could be the result oSMART et al, 1976; BURDIGE et al., 2004).
conformational changes taking place in allochth@nouSimilarly to the present results (Figs 4a and #lf)as
DOM while it is subjected to different ionic streghg been reported that in most estuarine waters,
from freshwater to estuarine waters. Furthermdre, t fluorescence intensity decreases linearly withnggli
authors propose that this process may facilitatihén (DORSCH; BIDLEMAN, 1982; HAYASE et al.,
microbial degradation of the allochthonous DOM. 1t1987; LAANE; KRAMER, 1990; DE-SOUZA-
has also been shown that the increasing salinitlIERRA et al., 1997). This linear variation has been
gradient from rivers to estuaries may increase DOMssigned to conservative behavior on the part ef th
flocculation and particle settling, eventually renimy  organic matter contained in freshwater upon itsimgix
selectively the DOM responsible for fluorescence awith sea water (COBLE, 2007; BOWERS; BRETT,
longer wavelengths from the water column (DE-2008).
SOUZA- SIERRA et al., 1997). The environmental interpretation based on
Another factor that can contribute to thethe PCA analysis is that during the rainy seasoa, th
shortening ofA., of estuarine FDOM in relation to ETM zone of the PES presented lower salinity, highe
continental FDOM is the input of marine FDOM in theke,, of FDOM (i, 350 nm, first-class fluorophores),
ETM. Previous studies have shown that marine DONhcreased levels of chlorophyll a, and lower
molecules are typically less aromatic (BENNER,concentrations of nutrients. Highks,, at Ay 350 nm
1998; CHEN et al., 2003) compared to continentaindicates that the FDOM detected during the rainy
DOM, which is rich in tannins and lignins season in the ETM has higher complexity, i.e. it is
(STEDMON et al., 2003). In addition, marine humicmostly composed of allochthonous FDOM, with a
like organic materials are less aromatic, have towdower contribution of marine FDOM. The low salinity
C/N ratios and lower levels of conjugatedobserved confirms a higher contribution of frestewat
chromatophores, contain more carboxylic groups anduring the rainy season. This is corroborated k& th
sugars than do terrestrial organic materials. Thegesults of Mantovanelli (1999) who reported a
characteristics are consistent with observatiorsg thfreshwater contribution to the PES four times highe
marine humics have a blue-shifted fluorescenceainy (182 nis?) than in dry (41 ms?) seasons.
relative to terrestrial humics (COBLE, 2007). As Although the red-shifted characteristic of
discussed above, in this present study it was al¥eDOM (ke 350 nm) in the ETM during the rainy
observed that in water samples with higher sadigiti season was detected in both neap and spring tides,
FDOM's Aen, is shorter than that of river samples forwas more clearly present in the spring tide. Thagym
the first-class fluorophores. be due to the higher amplitude of spring tides, in
In relation to the second class ofwhich the estuarine waters reach continental aaeds
fluorophores Xex 450 nm), the similarity we obtained transport allochthonous organic matter more
for the reference values of FDOM from freshwatet anfrequently and intensively than during neap tides,
estuarine waters is in agreement with other datangi therefore contributing to an increase in the
in then literature (DE- SOUZA-SIERRA et al., 1994;allochthonous FDOM in the estuary. This is supgbrte
LOMBARDI; JARDIM, 1999). According to Clark et by the results of Marone and Jamiyanaa (1997), who
al. (2002), although there are differences betweereported average tidal amplitudes of 1.4 m for neap
riverine FDOM and marine FDOM, some of thetides and 1.7 m for spring tides as characteristitie
fluorophores are similar. Boyd and Osburn (2004PES. Thus the 0.3 m difference is enough to wash ou
stated that the second class of fluorophores has mdarger portions of the coastal areas.
conservative characteristics during the mixingresh Another important finding obtained from the
and estuarine waters. According to the authorsishis present results regards the rainy season, wheretigh
due to a resistance of these substances to mitrobiavels of chlorophyll a associated with lower levef
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inorganic nutrients were observed. This indicates CONCLUSIONS
enhanced primary production in the estuary at this
time of the year, which is to be expected as tigbdi In the PES, the environmental variables

water temperature and solar radiation in the rainghoyed Jittle variation between the Nhundiaquara
season (summer) stimulate primary p_roductlonRiver and the ETM, suggesting that the input of
According to Coble et al. (1998) and Siegel anjissolved nutrients from the river into the estuay

Michaels (1996), phytoplankton growth contributes t |, significant. However, the seston in the ETM

the pool of marine FDOM and, consequently, iy opaply derives from sources other than the
situations of higher phytoplankton activity, FDOM Nhundiaquara River.

emission would show a blue shift. However, an Some environmental variables showed a

association has been detected between the redsasonal pattern in the ETM of the PES, among them
shifted emission of the first class of fluoropes peing salinity (lower in the rainy season) and some
and the_ high phytoplankton activity of the rainygyissolved nutrients (NK, NO,, and NQ) (increased

season. This leads to the reasoning - and reirfatee , the dry season and decreased in the rainy spason

that, during spring tides in the rainy season th@ increase in the freshwater input leads to asteitt-
allochthonous  contribution is more significanttha i, the first-class FDOM maxima., in the ETM.

the autochthonous phytoplankton contribution to they \vever. for the second-class of fluorophorgs,
pool of estuarine FDOM in the PES. In addition, g similar for both freshwater and estuarine
previous studies have proposed that phytoplank®n dyironments, indicating that at least part of the

not directly produce FDOM, it rather acts as a seur Nhundiaquara’s riverine FDOM is similar to the
of organic materials that are converted into FDOM,gt\ arine fluorophores.

through processes mediated . by bact.erla The seasonality observed in the hydrological
(ROCHELLE-NEWALL; FISHER, 2002; TRANVIK  yrqcesses in the PES modulates the FDOM

BERTILSSON, 2001). Consequently, a time-lagyomnposition and dynamics in the ETM. In the rainy
between high phytoplankton activity and thegeason, the higher rainfall leads to an increaséén
production  of typical ~marine FDOM can Dbe cqntrinytion of allochthonous first-class FDOM et
expected. , ETM, with a lower contribution of marine FDOM in
The PCA also revealed that during the dryhis season. Consequently, the fluorescence of FDOM
season (winter), in both spring and neap tidesisal (hex 350 nm) is red-shifted in the rainy season in
was higher and the wavelength of maximum emissiopy|ation to the dry season, as supported by the RCA.
for the FDOM ath, 350 nm was shorter, indicating contrast, in the dry season the input of allochtiusn
reduced contribution of freshwater in the estu@y, fsi.class FDOM into the ETM is diminished,
well as a lower input of allochthonous FDOM. 4j10wing a reduction in the contribution of freshier
Consequently, a higher ratio of marine FDOM to they, the estuary, which results in the blue shiftesksd
ETM of the Paranagua Estuarine System wag, ihe dry season.
observed. In addition, Figure 5 shows inorganic The second-class FDOM also showed a
nutrients as the principal components of the da_;sea _seasonal variation in the maxira, in the ETM of
samples; chlorophyll-a, also representative, ighe pES. This is related to seasonal changes infMFDO
negatively correlated. The lower levels of chlorgph  oq,rces other than those related to the Nhundiaquar
a and the higher concentrations of inorganic nuotsie River and the sea, sindey 450 nm did not vary

indicate a reduction of primary production durit@t penyeen continental and estuarine sources of FDOM.
dry season - winter in the PES.

PCA applied to our data set showed that the
fluorescence for second-class fluorophorks, ¢50
nm) in the dry season occurred mainly at longer
wavelengths than did that of the rainy season ®jg. . . The authors are grateful to Prof. Dr. A.
This indicates a red shift in the fluorescence oYi€ira (UFSCar)and Prof. Dr. S. M. Patchineelam (in
second-class fluorophores during the dry season [Re€mMoriam) for their laboratory support during the
relation to that of the rainy season. Since ihe450 development of part of this study, to Prof. Dr. M.
nm of continental and estuarine sources are sipgtar Ca@margo  for his statistical assistance and to
shown in this study and corroborated by previousson SIMEPAR for the rainfall data conceded. The authors

(DE-SOUZA-SIERRA et al., 1994: LOMBARDI; would also thank the Brazilian National Council for
JARDIM, 1999), the seasonal variation Xf, of the Scientific and Technological Development (CNPq) for
FDOM excitable at 450 nm may be due to arfheir financial support (Proc. No. 472509/2006-3;
oscillation in the contribution of the differentigaes 314361/2009-0). The funding source was not involved

of organic matter in the PES over the year. in the planning or execution of the project, in the
collection, analysis or interpretation of data, thre
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