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ABSTRACT

A dataset of 224 Medium Resolution Imaging Spectrometer (MERIS) full resolution satellite images were processed to retrieve the
concentration of coloured dissolved organic matter (CDOM) in a hypertrophic estuary (Curonian Lagoon, Lithuania and Russia).
Images covered a period of 7 months, spanning from the ice melting (March) to the late summer (September) of 7 consecutive years
(2005-2011). The aim of the study was to analyse the spatial and temporal variations of CDOM, by focusing on the main regulating
factors (riverine discharge, sea-lagoon water exchange, water temperature, chlorophyll a, wind) in a large estuary. The working hy-
pothesis is that CDOM distribution may reveal distinct, site specific seasonal patterns. Our results demonstrated that CDOM concen-
trations at the whole lagoon level were elevated (1.5-4 m™) and slightly but significantly higher in spring (1.50 m™ on average) compared
to the summer (1.45 m™' on average). This is due to very different flow of CDOM-rich freshwater from the main lagoon tributary in
spring compared to summer. They also highlight macroscopic differences among areas within the lagoon, depending on season, sug-
gesting a complex regulation of CDOM in this system. Significant factors explaining observed differences are the dilution of lagoon
water with CDOM-poor brackish water, regeneration of large amounts of dissolved organic matter from sediments and combinations
of uptake/release from phytoplankton. CDOM and its variations are understudied due to inherent methodological and analytical diffi-
culties. However, this pool has a demonstrated relevant role in the biogeochemistry of aquatic environments. We speculate that the dis-
solved organic pool in the Curonian Lagoon has a mainly allochthonous origin in the high discharge period and an autochthonous
origin in the summer, algal bloom period. Both positive and negative relationships between CDOM and phytoplankton suggest that

pelagic microalgae may act as a source or as a sink of this pool, in particular when inorganic nutrients are limiting.
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INTRODUCTION

The light-absorbing coloured fraction of dissolved or-
ganic matter (CDOM - Coloured Dissolved Organic Mat-
ter), also known as yellow substances, includes
compounds of different origin, which mostly consist of
humic and fulvic acids (Coble et al., 2004). In natural wa-
ters CDOM may be released by primary producers or ac-
cumulate during microbial decomposition processes, as a
consequence of elevated organic inputs to sediments and
incomplete mineralization (Hulatt et al., 2009). Some
saprophytic fungi excrete large amounts of phenolic sub-
stances which after oxidation and polymerization become
humic-like material (Day and Felbeck, 1974).

CDOM has a strong absorption in the ultraviolet (UV)
portion of the spectrum and protects phytoplankton,
macroalgae and other biota from damaging UV medium
wave radiation (Blough and Green, 1995). CDOM itself
is eventually destroyed by sunlight, releasing nutrients
and trace elements, which sustain the growth of phyto-
plankton and bacteria (Moran and Zepp, 1997). Therefore,
CDOM can represent an important pool of potentially
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available elements which are generally not considered in
mass balances and can sustain primary production (Moran
and Zepp, 1997). Various studies demonstrate that miner-
alization of CDOM can substantially reduce dissolved
oxygen in the water column and that its turnover, with as-
sociated N release, may suppress cyanobacterial growth
(Bushaw et al., 1996; Beisner et al., 2003; Haggard et al.,
2013). Nevertheless, increasing levels of CDOM can re-
duce the amount and quality of photosynthetically active
radiation to phytoplankton and other primary producers
(Bidigare et al., 1993). The net effect of CDOM in the
functioning of aquatic ecosystem is difficult to predict as
the knowledge of its composition, turnover, spatial and
temporal variation is poorly explored.

CDOM may be present in large amounts in estuarine
ecosystems and play an understudied role in biogeochem-
istry of lagoons (Bushaw et al., 1996). These loads may
have an allochthonous or autochthonous origin and they
may undergo different seasonal processes and regulation.
Watersheds generate large amounts of dissolved and par-
ticulate organic matter, which is generally transported by
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rivers from terrestrial areas to the open sea (Dagg et al.,
2004). The organic matter pool transferred to inland wa-
ters comprises a wide range of molecules and aggregates,
from very refractory low-energy to very labile high-en-
ergy, with enhanced oxygen exposure and efficient
metabolite exchange (Blair and Aller, 2012). As a net re-
sult more refractory forms accumulate, while labile mol-
ecules are used first and converted into nutrients and CO,,
keeping simultaneously aquatic environments net het-
erotrophic and very productive systems (Kling et al.,
1991). Riverine systems together with organic matter de-
liver substantial amounts of inorganic nutrients, including
nitrogen (N), phosphorus (P) and silica (Si), which have
both anthropogenic and natural origin (Gelfenbaum,
Stumpf, 1993; Mayer et al., 1998). Nutrients generally ac-
cumulate along the terrestrial-sea path, peaking in estuar-
ine systems. Here, as a result of high temperatures and
decreased water turbulence, they fuel high rates of primary
productivity, including macrophytes, macro and microal-
gae (Gilbert et al., 2005). These algal blooms result in
rapid build-up of newly formed organic matter, often ex-
ceeding the grazing control capacity of zooplankton and
herbivores in general (Venteld et al., 2002). The excess of
organic matter accumulates in surface sediments as phy-
todetritus and feeds the mineralization activity of macroin-
vertebrates and bacteria. The literature reports large fluxes
of dissolved organic matter under conditions of low en-
ergy yielding electron acceptors (i.e., oxygen deficiency)
or under conditions of extremely elevated sedimentation
rates (i.e., after large blooms). Here, the decomposition is
incomplete and effluxes of dissolved organic dominate
over inorganic ones (Lomstein ef al., 1998; Aarnos et al.,
2012). As a net result sediments may become relevant in-
ternal sources of CDOM (Riggsbee et al., 2008; Zhu et
al., 2013). CDOM may display large seasonal variations
and consist of combinations of allochthonous or au-
tochthonous dissolved organic matter; it may undergo a
number of transformations depending on a number of
local factors such as freshwater inputs, water residence
time, quality of organic pool, metabolic efficiency of bac-
teria, and water temperatures (Nagata, 2008; Astoreca et
al., 2009; Matsuoka et al., 2012; Williamson et al., 2014).

In this study we analysed by means of satellite remote
sensing the spatial and temporal variability of CDOM in
a large eutrophic estuary, the Curonian Lagoon (Lithuania
and Russia). Different satellite derived products are avail-
able for this system, including a multitemporal detailed
analysis of algal blooms, which make possible a large
scale study. Some peculiar features make this system as
an interesting study site in respect of CDOM. The Curon-
ian lagoon has a main freshwater inlet - the Nemunas
River. The river drains a large watershed, hosting wet-
lands and forests, and discharges annually nearly 23 km?
of CDOM-rich freshwater (Ferrarin et al., 2008). We ex-

pected a strong influence of the Nemunas on the distribu-
tion of CDOM and its seasonal variation in the Curonian
Lagoon, reflecting changes of riverine runoff. Impressive
spring blooms of diatoms and summer blooms of
cyanobacteria, characterized by elevated spatial and tem-
poral variability, are a common feature of this system
(Paldaviciené et al., 2009; Bresciani et al., 2012). Due to
connection with the Baltic Sea some areas of the lagoon
are exposed to brackish waters, where dilution of the
CDOM pool is expected. On the other hand, in remote
areas far from the influence of riverine and brackish wa-
ters, where accumulation of algal blooms occur, sediments
can be relevant autochthonous sources of CDOM (Fer-
rarin et al., 2008).

We expected in this system a large spatial and tempo-
ral variability of CDOM and we analysed the different
source of variations, including freshwater discharge,
chlorophyll a concentrations, temperature regimes and
marine inputs. We speculated on the relevance of phyto-
plankton degradation as an additional source of CDOM,
in particular in the summer period when allochthonous in-
puts are minimum and large algal blooms occur.

METHODS
Study area

The Curonian Lagoon is a large, shallow water body
(total area 1584 km?, mean depth 3.8 m) located along the
south-eastern coast of the Baltic Sea (Fig. 1). The
Klaipeda Strait provides the only connection to the Baltic.
The mixing of fresh and brackish water masses creates
spatially and temporally unstable gradients with salinity
ranging from 0 to 7 PSU at a distance up to 20 km from
the sea entrance to the lagoon (Dailidien¢ and Davuliené,
2008; Environmental Protection Agency, 2010).

The hydrology of the lagoon varies seasonally with
changes in river discharge (Ferrarin et al., 2008). The Ne-
munas River runoff (nearly 23 km? year™) contributes ap-
proximately 96% to the total riverine runoff and 77% to
the water balance of the lagoon. Water residence time is
typically 10-40 days during periods of elevated river dis-
charge and increases to 60-100 days during low discharge
(Ferrarin et al., 2008). During elevated discharge, the
northern part of the lagoon is typically defined as a tran-
sitional riverine-like system with a mixing of brackish, la-
goon and riverine waters, while in the summer, there is
little input to the lagoon from either sources (Ferrarin et
al., 2008). The southern part is more lacustrine and char-
acterized by a relatively closed water circulation with
lower current velocities (Ferrarin ef al., 2008), where the
wind is the main driver (Razinkovas et al., 2005).

The Curonian Lagoon is a naturally productive water
basin (Gasitinaité et al., 2008; Olenina, 1998). In the sec-
ond half of the 20" century, agriculture and urban activi-



574

ties became major sources of phosphorus and nitrogen,
contributing significantly to the eutrophication processes
underway (Zaldivar et al., 2008; Zaromskis, 1996).
Nowadays the Curonian Lagoon is considered as eu-
trophic or hyper-eutrophic with recurring spring diatom
blooms followed by summer cyanobacteria blooms, a
phenomenon that has been reported for several decades
(Uselyté, 1959; Olenina, 1998; Pilkaityté and Razinkovas,
2006). Large biomass of both emerged and submerged
macrophytes, mostly confined in the littoral zones, con-
tributes to the evidence of ongoing eutrophication
(Zaromskis, 2002; Sinkeviciené, 2004).

The Curonian Lagoon receives ~98% of its annual
particulate organic matter (POM) inputs from the Nemu-
nas River, the fourth largest river entering the Baltic Sea
(Galkus, Joksas, 1997). Phytoplankton contributes ~70%
of the annual POM inputs to the Curonian Lagoon. Brack-
ish inputs entering the lagoon have a 3-6 fold lower con-
centration of particulate matter relative to inputs from the
Nemunas River and therefore their contribution to the
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POM budget is relatively small (Joksas et al., 2005).

Based on water residence time, water chemistry and
on the freshwater/brackish water interactions we divided
the study area in 5 macro-regions (or ROIs, Regions of
Investigation): North, the macro-region interacting with
brackish waters, area of 113 km?; Nemunas, the macro-
region influenced by Nemunas River discharge, 154 km?;
SE, the macro-region influenced by the discharge of other
rivers (i.e., Deima, Gilija, Nemunynas and Laukna), 155
km?; SW and Central, the macro-regions where intensive
cyanobacteria blooms and scum events were recorded,
264 km? and 295 km?, respectively (Bresciani et al., 2014)
(Fig. 1). All spatial statistical analyses were done pooling
available data according to these ROIs.

Data and methods of assessment

Our investigation focuses mainly on three aspects: 1)
temporal and spatial variability of CDOM,; ii) importance
of environmental factors on variation of CDOM in the
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Fig. 1. The study area and five macro-regions of investigation (ROIs): North, Nemunas, Central, SE, SW. Salinity, observations of tem-

perature and wind were measured at the hydrometeorological station

located in Klaipéda, precipitation - at the hydrological station

located in Siluté, Nemunas River discharge was measured at Smalininkai. North and Nemunas ROIs are based on typological unites of
Water Framework Directive (adapted from Daunys ef al., 2007; Langas et al., 2009; Environmental Protection Agency, 2010).
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macro-regions of investigation; and iii) relationship be-
tween CDOM and river flow and chlorophyll a (chl-a)
concentration (Tab. 1).

Satellite data

The dataset of 224 Medium Resolution Imaging Spec-
trometer (MERIS) full resolution (FR) top-of-atmosphere
radiance level-1B scenes were processed (Tab. 2). The
MERIS instrument provides 12 bit imagery, in 15 bands
(from 400 to 900 nm) with a spatial resolution of 300 m.
MERIS was part of the core instrument payload of the
ESA Envisat-1 mission, which operated from 2002 to
2012. Our dataset is composed of images acquired for the
period from March to the end of September in the tempo-
ral range 2005-2011. Level-1B data were firstly corrected
for the difference between actual and nominal wave-
lengths of the solar irradiance in each channel with the
Smile tool (1.2.101 version) of the BEAM VISAT (4.8.1)
software provided by Brockmann Consult/ESA.

CDOM concentration (in terms of CDOM absorption
coefficient at 443 nm) was retrieved with the Boreal
lakes processor (Boreal, 1.4.1 version). The latter was
validated by match-ups with in situ data and relatively
good agreement (R>=0.69; MAE=0.20 m™") between in
situ and Boreal-derived CDOM absorption was found
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(Vaiciuté et al. 2012). We used the standard cloud mask
tool (Cloud Probability Processor, version 1.5.203)
available in the BEAM VISAT software to detect and
eliminate cloud-contaminated pixels. In order to elimi-
nate the coastal effect on CDOM concentration, three
pixels from the shoreline (i.e., 900 m) were discarded
from the analysis. The retrieval of chl-a concentration
was based on Giardino ef al. (2010) and Bresciani ef al.
(2012). In their study MERIS data was corrected for the
atmospheric effects with the 6S code (Vermote et al.
1997; Kotchenova et al. 2006). The 6S was run with a
maritime aerosol and the aerosol optical thickness at 550
nm, gathered from three AERONET stations (i.e., Gus-
tav Dalen, Toravere and Belsk) close to the Curonian
Lagoon. The 6SV-derived atmospherically corrected re-
flectance was then converted into Remote Sensing re-
flectance (R,,) dividing by n. The band 9 (705 nm) to
band 7 (665 nm) ratio of MERIS-derived R,; was then
computed to estimate chl-a concentration according to
Zilius et al. (2014). Based on Bresciani ez al. (2014) we
also removed all pixels affected by surface scum phe-
nomena. The maps of MERIS-derived CDOM and chl-
a were geocoded and projected to the WGS 84/UTM
zone 34N coordinate system.

Tab. 1. Data set and statistical approaches applied for different aspects of this paper.

Temporal and spatial 2005-2011 All CDOM’ Descriptive statistics (mean,

variability of CDOM standard deviation) and
One-way ANOVA

Importance of the 2005-2011 All CDOM’, chl-a’, discharge of Nemunas?, ~ Generalized additive modelling

environmental factors water temperature?, salinity#,

on variation of CDOM precipitation#, wind speed

Relationship between:

- CDOM and river flow; 2005-2011 Nemunas, SE CDOM, discharge of Descriptive statistics (mean,

- CDOM and chl-a 2005-2006,2010-2011  Central, SW

Nemunas”, chl-a® standard deviation) and

One-way ANOVA

CDOM, coloured dissolved organic matter; “satellite derived data, *in situ measured data.

Tab. 2. The number of MERIS images analysed for each month, year and total.

March 0 0 3 1 2 0 0 6
April 1 0 6 2 8 3 23
May 3 3 3 2 3 4 2 20
June 8 9 7 6 5 8 10 53
July 8 9 4 10 6 8 5 50
August 4 4 3 3 8 6 6 34
September 3 7 5 5 6 5 7 38
Total 27 32 31 29 38 34 33 224
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In situ data

The long-term data 2005-2011 during March-Septem-
ber was gathered from the national monitoring program
performed by the Department of Marine Research, Envi-
ronmental Protection Agency of Lithuania. Surface salin-
ity, water temperature and wind speed were measured one
to four times per day at a coastal hydrometeorological sta-
tion located in Klaipéda. The discharge of the Nemunas
River was measured at the hydrological station near Sma-
lininkai and precipitation data were received from the hy-
drometeorological station located in Siluté (Fig. 1).

Statistical analysis

Descriptive statistics (mean, standard deviation, me-
dian, 25% and 75% quartiles) was used to assess temporal
and spatial variability of CDOM (Tab. 1). One-way analysis
of variance (ANOVA) and Tukey’s studentised range test
(Quinn and Keough, 2002) was used to verify the hypoth-
esis that CDOM concentration varies significantly in dif-
ferent seasons and five ROIs in the Curonian Lagoon. Data
were tested for normality and homogeneity of variances be-
fore analysis using graphical tools such as strip charts, box-
plots, QQ plots and histograms (Zuur et al., 2007). If data
did not meet these conditions, transformations were applied
(Sokal and Rohlf, 1995). The same methods were applied
for the assessment of relationship between CDOM and
river flow, and between CDOM and chl-a.

Nonlinear regression analysis (generalized additive
modelling) was used to find the set of environmental fac-
tors that explain the variation of CDOM absorption in the
Curonian Lagoon. The tested environmental factors were
mean chl-a concentration (as estimated from MERIS im-
ages), river discharge, precipitation, water temperature,
salinity and wind speed. CDOM absorption was /og trans-

formed in order to meet the assumption of variance equal-
ity and normality. Since the river discharge and precipi-
tation were measured in a distance from the lagoon we
expected to find the effect on CDOM absorption in the la-
goon after some time lag. Therefore, we performed a time
lag analysis (cross-correlation) by testing the Spearman
rank correlation between CDOM concentration and the
river discharge and precipitation for different time-lags:
each lag day for 10 days period. For the river discharge
the highest and statistically significant correlation
(rs=0.30, P<0.05, N=224) was found three days before
CDOM concentration was measured and for the precipi-
tation - delay of ten days. Both lags were used in the re-
gression analysis. The multicollinearity was tested among
the environmental factors (Zuur et al., 2007) and none of
the factors did not highly correlate. The regression analy-
sis was performed with the mgcv package for R, ver. 3.1.0.
The residuals of the regression models were analysed by
the command gam.chec (Zuur et al., 2007).

RESULTS
Temporal and spatial variation of CDOM

The mean CDOM concentration in the spring-summer
period of 2005-2011 was 1.474+0.70 m! (Fig. 2). Although
the annual mean value of CDOM was not significantly dif-
ferent from year to year, the mean CDOM concentration
significantly differed between the spring and summer sea-
sons (F=7.25, df=1, P<0.05) with a multi-year mean
CDOM concentration of 1.50+0.79 m™ and 1.45+0.66 m™!
in spring and summer, respectively (Fig. 2). The variability
of CDOM in the ROIs of the Curonian Lagoon for the
spring and summer periods is given by the multi-year
dataset (Fig. 3). Mean CDOM concentration during the
spring was significantly different among the ROIs of the

Sinng Summer Spclmg Summer Spﬁng Summer
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Fig. 2. CDOM concentration (m™') estimated from MERIS images during the period of 2005-2011 in the Curonian Lagoon. The midpoint
of'a boxplot is the median; the hinges (end of the boxes) are the 25% and 75% quartiles (the difference between the hinges is the spread);

lines (or whiskers) are 1.5 times the spread.
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Curonian Lagoon (F=9.52, df=4, P<0.01). The highest
mean CDOM concentration was observed in the ROIs close
to the rivers: Nemunas and Deimena (Dejma) together with
Gilija (Matrosovka) and Laukna (Rzhevka). The lowest
mean CDOM concentration was observed in the ROIs lo-
cated in the SW part of the lagoon (Fig. 3).

The mean CDOM concentration significantly differed
between the investigated ROIs during the summer period
(F=5.21, df=4, P<0.01). Similarly to spring period, the
mean CDOM concentration was higher in the regions
where the rivers mainly influence water properties (Fig. 3).
The lowest mean CDOM concentration was observed in
the Northern part, where the Curonian Lagoon is connected
with the brackish waters of the Baltic Sea.

CDOM, m-1

o *  *ka a *e *
T T T T T
SE Central sSw North Nemunas
Zone
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Importance of environmental factors to the variation
of CDOM concentration in the regions of investigation

In general, chl-a concentration, river discharge, pre-
cipitation and wind speed were the main factors explain-
ing the spatio-temporal variation of CDOM (Tab. 3).
Salinity was an important factor exclusively in the North
ROI showing negative relationship with CDOM concen-
tration. In this ROI chl-a was more important in spring,
whereas the river discharge was important during the
summer (Tab. 3).

In the Central and SW ROIs the most important factor
was chl-a concentration (Tab. 3). During the spring period,
when chl-a concentration ranged from 12 to 83 mg m™
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Fig. 3. CDOM concentration in different macro-regions of investigation (ROIs) in spring (left) and summer (right) during the period
0f 2005-2011 in the Curonian Lagoon. The symbols below indicate homogeneous groups of Tukey’s HSD test (N=90). The midpoint
of'a boxplot is the median; the hinges (end of the boxes) are the 25% and 75% quartiles (the difference between the hinges is the spread);
lines (or whiskers) are 1.5 times the spread; the points outside the lines are outliers.

Tab. 3. Relative importance (F value) of the explanatory variables for spatial and temporal changes of the concentration of coloured

dissolved organic matter in the regions of investigation.

North Spring 1.7 0.8 0.9% 0.3% 1.2* 0.2%
Summer 1.17 2.9™ 1.5% 0 0 0.4°
Central Spring 0.7" 0.4° 0 0 il i 0
Summer 0.8% 0 0.4% 1.08 0.3% 1.57
SW Spring 1.6" 0 0 0 1.0 0
Summer 6.1% 0.2° 0 0 0.4 1.8%
Nemunas  Spring 28" 1.6” 0 3.4 2.2% 0
Summer 0 3.6° 0 0 1.0* 1.2
SE Spring 1.77 1.8” 0 0 1.0" 0
Summer 1.9% 217 0.4 0 0.1% 0.2°

ROI, region of investigation, "positive relationship; *negative relationship; ‘bell-shaped (unimodal) relationship; “statistically significant effects.
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CDOM showed a linear relationship, however in summer
when chl-a concentration ranged from 13 to 483 mg m= we
observed bell-shaped relationship: at the highest chl-a val-
ues CDOM concentration significantly decreased (Tab. 3).
Precipitation (in spring) and wind speed (in summer) sig-
nificantly changed CDOM concentration at these macro-re-
gions. In the Nemunas and SE ROIs the most important
factor that changed CDOM concentration were the river dis-
charge and chl-a concentration (Tab. 3). Temperature (es-
pecially in spring at the Nemunas ROI), precipitation (in
spring) and wind speed (in summer) significantly explained
variation of CDOM concentration at these macro-regions.

Linking CDOM absorption with two main possible
sources: river discharge and phytoplankton
production

Opver the seven-year period the river discharge generally
showed a peak during a spring with some extreme events
recorded in summer as well (Fig. 4). In many cases CDOM
concentration followed the pattern of the river discharge
with a delay of few days. The concentration of chl-a ranged
from 4 to more than 400 mg m= varying between the in-
vestigated years, with mean of 7624 mg m> (Fig. 5). The
intensive bloom was observed mainly in the Central, SW
and SE regions, whereas occasionally blooming conditions
were identified in the North and Nemunas regions (Fig. 5).
In order to test if the collapse of cyanobacteria adds to the
budget of organic matter expressed as CDOM we selected:
i) two ROIs where chl-a concentration was the most im-
portant factor for the CDOM variation; ii) the year when
cyanobacteria bloom occur and it was possible to distin-
guish the periods before the bloom, during the bloom and
after the bloom. Analysis was performed with the Central
and SW regions and the data from 2005, 2006, 2010 and
2011. The threshold was mean chl-a concentration + stan-

4.0 H
35 4
3.0 |

2.5

CDOM, m”

dard deviation (i.e., 100 mg m~) of investigation period.

Our analysis confirmed that CDOM absorption dif-
fered between three investigated conditions (Fig. 6). The
mean CDOM absorption values were significantly higher
(1.45+0.25 m™) after the cyanobacteria bloom (F=5.46,
df=2, P<0.05). Before the algal bloom the mean CDOM
concentration was slightly higher (1.31£0.21 m!) than
during the bloom (mean 1.19+0.22 m™).

DISCUSSION

Results from the present study are based on a significant
amount (224) of synoptic MERIS images of the study area.
The MERIS-derived CDOM concentrations were estimated
by applying a reliable tool, the Boreal lakes processor. We
provide new insights about the spatial and temporal varia-
tions of CDOM in hypertrophic estuarine systems at north-
ern latitudes. The results confirm our general hypothesis
that CDOM concentration displays large spatial and tem-
poral variability, depending upon different factors as fresh-
water inflow, chl-a, water temperature, precipitation and
marine influence. Furthermore, we speculate that the re-
generation of dissolved organic matter from the sediments
and pelagic compartments of the Curonian Lagoon may be
quantitatively relevant in the summer period. The large
dataset of images we have analysed suggests that CDOM
varies by an order of magnitude (~1 to 4.2 m™!, meaning
400% of variation). Such large variability overlaps that of
controlling factors. In the considered system in fact, the Ne-
munas flow varied in the considered period by a factor 10,
the temperature span from a few to >20°C, the chl-a from
a few to >400 mg m™, the salinity from 0 to 7 PSU.

Prior this study, the seasonal difference of CDOM con-
centration was investigated by Giardino et al. (2010) in
2009. In their study in situ measurements of CDOM con-
centration varied between 0.71 and 2 m™!, with higher val-
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Fig. 4. Averaged daily (circles) and monthly (solid black line) CDOM concentration (m™') of Nemunas and SE ROIs. Daily (solid grey line)
and monthly averaged (dashed grey line) discharge (m® s) of the Nemunas River. Investigation period is March-September, 2005-2011.
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ues in March than in July. In this study the MERIS-derived
CDOM concentration varied from 0.6 to 4.4 m™, with an
average of 1.47+0.70 m™!, which shows a good agreement
with Giardino et al. (2010). Other lagoons of the Baltic Sea
region are very similar to the Curonian Lagoon from the
perspective of CDOM concentration. In the Vistula Lagoon
the mean CDOM concentration was approximately 4 m™!
(Kruk et al., 2010) and in the Oder Lagoon CDOM con-
centration ranged from 1 to 2.2 m™' (Siegel et al., 2003).
Inland water basins like lakes Vénern and Vittern in Swe-
den represent moderately dominated water basins with
mean CDOM concentration of 1.2+0.5 m™ and 0.3+0.1
m!, respectively (Alikas, Reinart, 2008). In other lakes of
the Europe, CDOM concentration varies in much wider
range: from CDOM-poor to extremely dominated by or-
ganic matter (Odermatt et al., 2012). In lakes Peipsi and
Vortsjérv located in Estonia, CDOM concentration varied
from 2.6 m™ t0 22.33 m™' and 3.96 m™' to 15.68 m™ respec-
tively, with clearly expressed seasonality, which decreases
from spring to autumn (Alikas, Reinart, 2008; Toming et
al., 2009). In the lakes of Finland, CDOM varied from 0.4
to 15 m™ (Ylostalo et al., 2014), whereas the oligotrophic
Lake Maggiore (Italy) with mean CDOM of 0.04 m™! rep-
resents a CDOM poor water basin (Giardino et al., 2014).
Differently from the inland waters, oceanic waters are de-
scribed as CDOM poor water masses, where CDOM values
are mainly close to 0 (Kirk, 2011). The comparison with
other water bodies over the Europe allows us to classify the
Curonian Lagoon as moderately CDOM-rich, where or-
ganic matter plays a significant role in the ecosystem.

We found empirical evidence that river discharge, the
presence of phytoplankton, salinity, water temperature
and wind determine the spatial and temporal CDOM con-
centration in hypertrophic shallow Curonian Lagoon. The
importance of salinity to the explained variance of CDOM
concentration in the North ROI suggests a conservative
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mixing of terrestrial CDOM with the brackish water of
the Baltic Sea, as observed in other coastal and estuarine
systems (Kowalczuk et al., 2006; Astoreca et al., 2009;
Kratzer, Tett, 2009; Klemas, 2012). Strong relationship
between these two parameters suggests that CDOM can
be one of important indicator describing freshwater intru-
sion and supply of organic matter in the coastal regions.
Strong correlation between CDOM concentration and
river discharge indicates the Nemunas River flow being
important source of CDOM in the Curonian Lagoon and
highlights a strong terrestrial influence on the aquatic sys-
tem. The same outcome was confirmed by various studies
in the Scandinavian region (Erlandsson et al., 2008;
Reader et al., 2014) that inland waters and estuaries of the
northern Europe (Markager et al., 2011; Toming et al.,
2009), as well as other countries (Huang and Chen, 2009).
More in details, our data suggest a seasonal shift in the
dominance of allochthonous versus autochthonous
CDOM sources in this system and an interesting feedback
between chl-a and CDOM, varying in the macro-regions
of the lagoon and probably reflecting complex patterns of
release and uptake, likely regulated by inorganic nutrient
availability or limitation.

The increase of CDOM as a result of phytoplankton
degradation was shown mainly by experimental setups
(Rochelle-Newall, Fisher, 2002; Zhao et al., 2009; As-
toreca et al., 2009; Zang et al., 2009) and little by the in
situ investigations (D’Sa, 2008; Suksomyjit et al., 2009).
We found statistically significant difference between
CDOM concentrations before, during and after algal
blooms event, which confirms that phytoplankton degra-
dation is an important source of CDOM, contributing to
the carbon budget in the SW part of the Curonian Lagoon.
The correlation between CDOM concentration and chl-a
has been determined in various field studies, indicating
that phytoplankton accumulation and decomposition are
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Fig. 5. Chl-a concentration (mg m=) derived from MERIS images at five macro-regions of investigation (Nemunas, SE, Central, SW,
North) during the spring-summer period, 2005-2011. Dashed grey line at 100 mg m indicates the bloom conditions determined for
this study - mean chl-a concentration of 76 mg m=+standard deviation 24 mg m=.
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Fig. 6. Maps derived from MERIS images: average chl-a and CDOM before during and after the bloom in 2005, 2006, 2010 and 2011.
N, number of averaged maps; numbers in the lower panel, mean CDOM concentration of two ROIs: Central and SW.
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contributing sources of CDOM (e.g. Kahru and Mitchell,
2001; Rochelle-Newall, Fisher, 2002, Zhao et al., 2009).
In agreement with these previous studies, we have deter-
mined by correlation analysis (Tab. 3) that phytoplankton
in a hypereutrophic coastal lagoon with high phytoplank-
ton biomass. Furthermore, a bell-shaped trend was found
between chl-a and CDOM at extreme chl-a concentrations
(up to 400 mg m™), suggesting that CDOM may control
the further growth of cyanobacteria or represent an under-
estimated food source to phytoplankton during a period
when riverine input of nitrogen is limited (Berg et al.,
2003, Zhang et al., 2009; Zhang et al., 2013).

CONCLUSIONS

Seasonal and annual variation of CDOM within a wa-
tershed is complex but can be better understood using
satellite remote sensing data by giving spatially and tem-
porally much detailed information. We investigated 7 year
(2005-2011) covering a period from the ice melting
(March) to the late summer (September). We found a sea-
sonal difference between CDOM concentration
(1.50+0.79 m™" and 1.45+0.66 m™' in spring and summer,
respectively). However, seasonal shift in the dominance
of allochthonous versus autochthonous CDOM sources in
this system and an interesting feedback between chl-a and
CDOM is evident. Results from the present study confirm
that large spatial and temporal variability in CDOM con-
centrations in the Curonian Lagoon is caused by different
factors: freshwater inflow of Nemunas River, chl-a, water
temperature, precipitation and brackish waters of the
Baltic Sea. Our research evidently shows that phytoplank-
ton degradation is an important source of CDOM in eu-
trophic lagoons, and might highly affect the optical
properties of the water.
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