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Summary The Nordic and Barents Seas are of special interest for research on climate change,
since they are located on the main pathway of the heat transported from low to high latitudes. The
Barents Sea is characterized by supreme phytoplankton blooms and large amount of carbon is
sequestered here due to biological processes. It is important to monitor the biological variability in
this region in order to derive in depth understanding whether the size of carbon reservoirs and fluxes
may vary as a result of climate change. In this paper we analyze the 17 years (1998—2014) of
particulate organic carbon (POC) concentration derived from remotely sensed ocean color. POC
concentrations in the Barents Sea are among the highest observed in the global ocean with monthly
mean concentrations in May exceeding 300 mg m�3. The seasonal amplitude of POC concentration
in this region is larger when compared to other regions in the global ocean. Our results indicate that
the seasonal increase in POC concentration is observed earlier in the year and higher concentrations
are reached in the southeastern part of the Barents Sea in comparison to the southwestern part.
Satellite data indicate that POC concentrations in the southern part of the Barents Sea tend to
decrease in recent years, but longer time series of data are needed to confirm this observation.
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Elsevier Sp. z o.o. This is an open access article under the CC BY-NC-ND license (http://creative-
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1. Introduction

The Barents Sea (BS) is an Arctic shelf sea. It is an important
region for monitoring climate change and interactions
between the atmosphere, the sea ice, and the ocean. This
sea with its area of about 10% of the Arctic Ocean and an
average depth of about 230 m is in large part free of sea ice
even during the winter season and has a great influence on
the Arctic. This is because BS is located on the main pathway
of the heat transported by the ocean from low to high
latitudes (e.g., Ådlandsvik and Loeng, 1991; Beszczynska-
Möller et al., 2012; Smedsrud et al., 2013). The heat is
transported with the relatively warm Atlantic Water
(Fig. 1a) by the Norwegian Atlantic Current (NAC). Near
Tromsøflaket, a bank located at the entrance to the Barents
Sea, the NAC splits into two branches. One branch flows
eastwards into the Barents Sea, and the other one flows
northwards to Spitsbergen and Fram Strait (e.g., Furevik,
2001). The inflow of AW into the BS takes place through the
Barents Sea Opening (BSO, Fig. 1a). The AW is exposed in the
BS to the cold air. It becomes chilled and vertically mixed
(Maslowski et al., 2004; Rudels et al., 2004; Schauer et al.,
2002, 2008). In addition, there is the Norwegian Coastal
Water (NCW) flowing along the Norwegian coast and over
the continental shelf as the Norwegian Coastal Current
(NCC). The vertical and horizontal extent of the NCC
varies seasonally, and the front between the NCW and AW
is characterized by eddies and meanders.
Figure 1 (a) Surface currents and bathymetry in the Barents
Sea. Approximate position of the Barents Sea Opening (BSO) is
indicated by a box, and letters T, H, and P indicate the location of
Tromsoflaket, Hopen Island, and Porsangerfiorden. (b) The 33-
year averaged (1982—2014) ice fraction in the study region in the
month of May.
Tides are strong in the Barents Sea (the strongest in the
Arctic apart from region near the Canadian Arctic Archipe-
lago, Padman and Erofeeva, 2004) and they have substantial
role affecting circulation and sea ice formation. Tidal mixing
plays also a significant role for abyssal stratification and in
controlling the water column structure on continental shelf.
Interactions between tides and topography can stimulate
topographic waves along the continental slope off the North-
ern Norway (Kowalik and Proshutinsky, 1995). This is an
effective mechanism for cross slope exchange between the
open sea and the shelf.

The atmospheric circulation over the BS is strongly influ-
enced by cyclones advected from the North Atlantic. The
strongest atmospheric pressure gradients are present in
winter months, when southwesterly and westerly winds
dominate in the southern part of the BS and southeasterly
and easterly winds are frequently observed in the north
(Terziev et al., 1990). The river runoff is small
(163 km3 year�1) compared to other marginal seas of the
Arctic Ocean. The Pechora River contributes most of the
runoff (130 km3 year�1) (Lebedev et al., 2011).

Seasonal water mass transformations are driven by an
intense vertical mixing due to cooling of the water masses
over the entire Barents Sea in winter. In the Atlantic Water,
the water column may become homogeneous down to 300 m
due to vertical convection. Water mass transformations also
include brine rejection processes caused by sea-ice forma-
tion in the northern and coastal BS (Schauer et al., 2002). In
the spring, the water column stability in the Barents Sea is
influenced by two mechanisms, ice melt and seasonal warm-
ing of the surface layer. Ice starts to melt in late April or early
May, and a thin layer of melt water is progressively formed.
This layer is usually more pronounced north of the Polar
Front. Its thickness increases to 15—20 m during the summer
and early autumn. The melt water surface layer is well-mixed
and homogenous. In the Atlantic Water that is not covered by
ice in winter, the stratification starts to develop when the sun
begins to warm the surface layer. The stratification pro-
gresses very slowly. During summers a vertically homoge-
neous surface layer with about 10 m thickness is formed and
some warming of the water can be observed down to 50—
60 m. The Coastal Water along the Norwegian coast is, unlike
the other main water masses in the Barents Sea, vertically
stratified during the entire year. It preserves a weak vertical
stability throughout the winter. In the spring and summer, the
stratification increases because of the supply of fresh water
and increased surface temperature.

It has been estimated that more than 50% of the Arctic
Ocean winter heat loss occurs in the BS (Serreze et al., 2007).
The oceanographic processes within the Barents Sea have a
documented influence on the entire Arctic region and con-
tribute significantly to the overall overturning in the Atlantic
Ocean (Guemas and Salas-Melia, 2008; Semeneov et al.,
2009). It has been shown that the Nordic and the Barents
Seas are a significant sink for atmospheric carbon dioxide
throughout the year (about 20—85 g C m�2 year�1), while
the export production due to biological productivity is in
the range of 15—75 g C m�2 year�1 (Skjelvan et al., 2005;
Wassmann et al., 2006). Because there is a significant pro-
duction of the dense (cold and salty) waters, the carbon
contained in these waters can be sequestered for hundreds of
years when the waters flow into the neighboring deep basins
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of the Nordic Seas and Arctic Ocean (Dmitrenko et al., 2015;
Lien and Trofimov, 2013; Lien et al., 2013). This means that
the Barents Sea is an important region for studying ocean
carbon cycle. Recently a comprehensive regional carbon
budget has been constructed for the Barents Sea (see Kivimäe
et al., 2010 and the references therein). This budget has
been based on modeled volume flows and in situ data on
dissolved inorganic carbon (DIC), dissolved organic carbon
(DOC), and particulate organic carbon (POC) concentrations.
The authors quantified many aspects of the regional carbon
budget including fluxes due to advection, river and land
sources, total CO2 air—sea exchange, extra uptake of CO2

in the polynyas, and burial in the sediments. One of the
biggest uncertainties in the budget has been attributed to the
variability of biological production and limited knowledge
about spatial distribution and temporal variability of POC and
DOC concentrations. An additional information about these
quantities can be gained through ocean color remote sensing,
which can complement in situ measurements.

The main goal in the present paper is to document spatial
and temporal variability of POC concentrations in the sur-
face waters of the Barents Sea using available satellite
ocean color data. In particular we analyze the 17 years
(1998—2014) time series of POC concentrations derived
from data collected by the Sea-viewing Wide Field-of-view
Sensor (SeaWiFS) aboard the OrbView-2 satellite and the
Moderate Resolution Imaging Spectroradiometer deployed
on the Aqua (EOS PM) satellite (MODIS-A). The BS is in large
part ice-free all year round, thus permitting satellite obser-
vations of ocean color. Satellite POC data have been shown
to have a similar performance as the chlorophyll data
(Świrgoń and Stramska, 2015) and have been used to quan-
tify particulate organic carbon reservoirs in different
regions of the global ocean (e.g., for global estimates see
Duforêt-Gaurier et al., 2010; Gardner et al., 2006; Stramska
and Cieszyńska, 2015). Recall that POC particles include all
living (e.g., phytoplankton, zooplankton) and non-living
(e.g., detritus, fecal pellets) particles that contain organic
carbon. The main source of POC particles in the open ocean
is primary production. The information about variability and
trends in POC biomass in the ocean can improve research on
oceanic biological pump and its role in the sequestration of
atmospheric carbon.

Satellite images of ocean color indicate that in the Barents
Sea concentrations of POC reach impressively high values,
and undergo significant interannual and regional variability.
We will describe characteristic features of this variability,
and investigate if this variability can be related to physical
properties of the region, such as the sea surface temperature
(SST), sea level anomalies (SLA), wind stress and ocean-
atmosphere heat fluxes. We expect to find significant depen-
dencies because phytoplankton blooms in the northern North
Atlantic have been linked in the past to physical processes
through in situ observations (e.g., see Marra et al., 2015, and
the references therein), satellite data (e.g., Stramska, 2005)
and phytoplankton models (e.g., Fasham et al., 1990;
Stramska and Dickey, 1994; Stramska et al., 1995; Sverdrup,
1953; Tett and Edwards, 1984). Phytoplankton growth
depends on available sunlight, water temperature, and nutri-
ent availability. This can have important consequences for
seasonal and climate related changes, and correlations in
geographical patterns of SST and Chl.
The dependencies between mixing and phytoplantkton
dynamics are different in different geographic regions. In
the northern North Atlantic they can be summarized as
follows (e.g., Stramska, 2005). (1) In winter/early spring
there is enough nutrients in surface waters and there may
be significant light energy at the top of the water column, but
phytoplankton do not remain long enough near the surface to
make significant growth. This is because water is being mixed
over the mixed layer depths (MLD), which is relatively deep
at this time of the year. (2) With the start of the seasonal
stratification in spring and early summer, there are enough
nutrients and light to support phytoplankton growth and
initiation of phytoplankton bloom. It is an increased stabili-
zation of the water column (increased SST) that allows
phytoplankton to exploit higher irradiance intensities near
the surface in early spring. Primary productivity increases
and losses of biomass due to transport by mixing to deep
waters decrease in comparison to the situation before bloom
initiation. Therefore it seems that at this early phase of the
phytoplankton bloom, there should be a positive correlation
between SST and the biomass concentration in surface
waters. Increased mixing of the water column will lead to
decrease of the SST and of phytoplankton biomass in surface
waters. This scenario has been supported in the past by in situ
observations in the North Atlantic (see Marra et al., 2015, and
the references therein). (3) In contrast, later in the season
when waters are stratified, there is enough light but not
enough nutrients to support net growth, and phytoplankton
biomass decreases with increased stratification. At this stage
we can expect that the warmer the surface water becomes in
a given region (greater SST), the less mixing there is between
surface and deeper, more nutrient-rich water. As surface
water warms, the stratification becomes more pronounced,
suppressing mixing and decreasing a transfer of nutrients
from deeper to surface waters. Therefore phytoplankton
productivity declines, and we would expect a negative cor-
relation between SST and phytoplankton biomass in surface
waters during this time of the year.

Regarding the long-term response of ocean productivity to
rising temperatures (Henson et al., 2010), ocean models
predict that increased SST will enhance stratification of
the upper oceans (e.g., Hofmann et al., 2011), reducing
the depth of the mixed layer and decreasing nutrient
exchange with the deep ocean. Remote-sensing derived,
globally averaged Chl a showed a significant negative rela-
tionship with density differences in the upper oligotrophic
open ocean (Behrenfeld et al., 2006). Spatial patterns on a
basin-scale for the stratified North Atlantic Ocean with SST
ranging between 13 and 238C are characterized by a strong
inverse relationship between phytoplankton productivity and
biomass with SST, mainly because nutrient supply is dimin-
ished in regions with higher SST (e.g., van de Poll et al.,
2013).

2. Data sources and methods

Satellite remote sensing makes it possible to acquire large
scale information about the oceans including dangerous and
inaccessible regions. One such region is the Arctic, where
temporal and spatial distribution of in situ observations has
been irregular and insufficient, because of the inhospitable
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conditions and harsh weather. Therefore, satellite remote
sensing is a method of particular importance in the Arctic
research. This article is based on analysis of interdisciplinary
satellite data obtained from different sources for an impor-
tant province of the Arctic, the Barents Sea. Our goal is to
provide consistent description of POC concentration varia-
bility. Since the northern part of the Barents Sea is to a
varying extent covered by sea ice (Fig. 1b), our analysis is
more focused on the southern parts of the Barents Sea. To
examine the correlations between different quantities, stan-
dard statistical methods have been used. Simple linear model
for trends has been assumed, fitted to selected time series by
a least square method and tested for statistical significance
(Bendat and Piersol, 2010).

2.1. Ocean color data

The primary data set used in this study includes daily ocean
surface POC concentrations derived from ocean color data
collected by SeaWiFS and MODIS-Aqua. Each of these satellite
missions provided global coverage of remote sensing reflec-
tances in selected spectral bands in the visible and near-
infrared spectral regions at approximately every 2 days (e.g.,
Franz et al., 2007; Siegel et al., 2013). Data have been
processed by NASA using standard procedures (Franz
et al., 2007; O'Reilly et al., 1998, 2000). These procedures
involve atmospheric correction and removal of pixels with
land, ice, clouds, or heavy aerosol load prior to calculation.
For our study we have downloaded Level 3 POC data (Stan-
dard Mapped Images, SMI) with a nominal 9.2 km resolution at
the equator, reprocessing versions R2010.0 and R2013.1 of
SeaWiFS and MODIS-A data, respectively. This POC data
product is derived by NASA with Stramski et al. (2008) algo-
rithm, that allows to calculate POC concentrations from
blue-to-green remote sensing reflectance band ratio. Com-
parisons of simultaneous satellite and in situ POC determina-
tions in the global ocean can be found in Świrgoń and
Stramska (2015). Approach to POC data analysis in the pre-
sent study is similar to that described in Stramska (2014) and
Stramska and Cieszyńska (2015). Therefore, we provide only
a brief overview of these methods.

Daily POC concentrations [mg m�3] were converted to the
21-day moving averages to fill in the missing data. At present
it is difficult to precisely estimate the impact of data gaps
due to clouds on average POC estimates presented on our
maps. However, Racault et al. (2014) indicate that increased
number of missing data in CZCS record in comparison to
SeaWiFS has relatively low impact on quantities such as
seasonal or annual mean chlorophyll concentrations. The
estimates of the date of initiation of spring phytoplankton
bloom or the duration of the growing season are more
sensitive to gaps in ocean color data (Cole et al., 2012;
Racault et al., 2014). Therefore we have limited our discus-
sion to regional and seasonal means. From 21-day averaged
data we estimated the monthly, annual, and the 17-year
averaged POC concentrations. Data presented as spatial
averages (including time series plots) represent the weighted
averages from all pixels within the selected region. The
weighted average accounts for the fact that pixel area at
given latitude is equal to the cosine of this latitude multiplied
by the pixel area at the equator (Campbell et al., 1995). The
four regions, subjectively defined to show example time
series of spatially averaged POC concentrations, are indi-
cated in Figs. 2 and 5 as black boxes. The exact positions of
these regions do not have any special significance, the
regions have been defined mainly to illustrate temporal
patterns of POC variability. We are interested in large-scale
patterns, and using regional averages allows us to filter out
the smaller scale variability. The geographical limits for each
of the regions are as follows: region 1: 10.125—18.1258E and
71.375—74.3758N; region 2: 23.125—35.8758E and 72.0—
75.08N; region 3: 38.375—48.1258E and 69.375—72.8758N;
region 4: 25.0—27.38E and 70.95—71.458N. For brevity we
will use in this paper terms such as 'region 1 averages' or
'regional averages'. In all cases the regional averages were
calculated only from pixels representing ocean surface. In
the final POC dataset, data in years 1998—2002 are from
SeaWiFS, in 2003—2007 represent average daily POC concen-
trations from SeaWiFS and MODIS-A, while in 2008—2014 are
from MODIS-A observations. Estimates of multiyear trend in
POC concentrations are based on data from one sensor
(MODIS-A from 2003 to 2014) to avoid issues related to sensor
intercalibrations.

Some of our results highlight seasonal POC variability in
coastal waters. In coastal waters the standard NASA algo-
rithms generally can be associated with increased errors in
comparison to open oceans, because of optically more com-
plex water composition (e.g., Woźniak, 2014; Woźniak et al.,
2011). This is why we have decided to present additionally
ocean color estimates of the vertical diffuse attenuation
coefficient at 490 nm (Kd(490)). In this case Kd(490) has been
derived with the so called QAA algorithm (Lee et al., 2005a,
b, 2007). The QAA algorithm has been validated in a wide
range of oceanic and coastal regions and has been shown to
have acceptable performance in optically complex waters
(e.g., Doron et al., 2007; Lee et al., 2005a, 2007). Note that
strictly speaking the vertical attenuation coefficient, Kd(l, z)
is not a property of the water itself, but rather a descriptor of
the underwater light field. It varies with depth and solar
altitude (e.g., Mobley, 1994; Stramska and Frye, 1997).
However in many studies Kd(l) has been treated as a quasi
inherent optical property (quasi-IOP), because experimental
data and inverse radiative transfer modeling efforts have
shown that Kd(l) is strongly correlated with inherent optical
properties, IOPs (see Kirk, 1984, 1991; Mobley, 1994). Thus, it
is important to keep in mind that the spectral vertical
attenuation coefficient (Kd(l)) is significantly influenced by
the variable concentrations of phytoplankton, colored dis-
solved organic matter (CDOM), and other optically active
water components.

2.2. Sea surface temperature (SST) data

To illustrate regional variability and trends in sea surface
temperature (SST) we have used the 33 years long data series
(years 1982—2014) known as the National Oceanic and Atmo-
spheric Administration (NOAA) Optimum Interpolation SST
Version 2 data set (Reynolds et al., 2007). These SST data
were provided by the NOAA/OAR/ESRL PSD, Boulder, Color-
ado, through their website at http://www.esrl.noaa.gov/
psd/. These are daily records with spatial resolution of
0.258 � 0.258, derived from the Advanced Very High Resolu-
tion Radiometer (AVHRR) infrared satellite measurements
(Pathfinder data: from September 1981 to December 2005;

http://www.esrl.noaa.gov/psd/
http://www.esrl.noaa.gov/psd/
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operational AVHRR: January 2006 onwards). In situ data from
ships and buoys were used for a large-scale adjustment of
satellite biases with respect to the in situ data, before data
delivery by NOAA as the research quality data set. More
details of the data processing methods can be found in
Reynolds et al. (2007). Before applying the correction for
bias, the satellite data have been classified into daytime and
nighttime bins and they were corrected separately. Then, all
the data have been reanalyzed jointly using the optimum
interpolation (OI) procedure. The final data set represents
the daily mean SST values and includes complementary
information about the total SST error and information about
ice fraction in a given pixel. Ice fraction equals 0 if there is no
ice and equals 1 if sea surface is completely covered by sea
ice. NOAA OISST SST data are currently the longest satellite
data record that can be used to study long-term SST varia-
bility and trends. Note that the infrared satellite remote
sensing SST algorithms can provide either a skin SST if they
are based on radiative transfer models or a subskin SST if in
situ observations have been used to adjust satellite retrievals
(Merchant and LeBorgne, 2010). In the NOAA OI SST Version
2 data, the bias correction of the satellite data has been
based on data from ships and buoys, therefore it can be
interpreted as the bulk SST at about 0.5 m depth (Reynolds
et al., 2007).

2.3. Sea level anomaly (SLA) data

To characterize the variability of sea level we have used sea
level anomalies (SLA) extracted from the delayed time (DT)
multimission global gridded data product available at AVISO
(www.aviso.oceanobs.com). The SLA data are continuously
updated by AVISO and referenced to the 20-year (1993—2012)
mean sea surface height. For this study we have used the
available DT SLA data, covering the time period from January
1, 1993 to December 31, 2014 (22 years). The SLA data have
been interpolated by AVISO on 0.258 � 0.258 spatial grid with
1-day temporal resolution, using computing methods based
on objective analysis. Data have been corrected for instru-
mental noise, orbit determination error, atmospheric
attenuation (wet and dry tropospheric and ionospheric influ-
ences), sea state bias, and tidal influence. The tidal aliasing
is routinely corrected for by using tidal models that assim-
ilate altimetry data (Le Provost, 2001). Detailed information
about standard data processing methods is available at www.
aviso.oceanobs.com. The error in the SLA data estimated by
AVISO is about 1—2 cm. A comprehensive validation of a
gridded satellite altimetry data product in the high-latitude
seas, including the Barents Sea has been published by Volkov
and Pujol (2012). The altimetric sea level determinations in
coastal areas have been compared with available tide gauge
records showing a good agreement in terms of the root-mean
square differences, the amplitudes and phases of the seaso-
nal cycle, and the long-term trend. Away from the coast the
altimetry data have been found consistent with the mesos-
cale variability derived from drifter data.

2.4. Meteorological and hydrography data

To evaluate the role of atmospheric forcing we have used the
meteorological data from the NOAA-CIRES Climate Diagnostic
Center NCEP/NCAR (National Centers for Environmental Pre-
diction and National Center for Atmospheric Research) Rea-
nalysis 2. These data sets are based on state-of-the-art
analysis/forecast system to assimilate global meteorological
data from various available sources from 1948 to the present.
In particular we have used the daily latent and sensible heat
flux estimates, along with the net longwave and net short-
wave radiation estimates to calculate the net heat flux at the
sea surface. We have also used the wind stress data.

To discuss water properties we have used the World Ocean
Atlas data (WOA 2013 version 2, www.nodc.noaa.gov/OC5/
woa13/) provided by the National Ocean and Atmospheric
Administration (NOAA) National Centers for Environmental
Information (NCEI). The WOA consists of a climatology of
fields of in situ ocean properties objectively analyzed for the
World Ocean (Boyer et al., 2013). We have downloaded
(18 grid) climatological monthly means of in situ tempera-
ture, salinity, and nitrate.

3. Results

3.1. Regional trends in SST and SLA

We start with a brief description of environmental conditions
characterizing our study region. Fig. 2a and b shows the
regional distribution of the 33-year averaged annual and
May SST, respectively. Spatial SST distributions presented
in Fig. 2a and b demonstrate significant influence of surface
patterns of major oceanic currents shown in Fig. 1. The
highest values of the 33-year average annual and May SST
(about 88C) are noted in the Norwegian Atlantic Current
(NAC), while the lowest SST values (below 08C) are detected
in the northeastern part of the Barents Sea, a region which is
covered by sea ice in winter. In Fig. 2c we have displayed
spatial distribution of the 33-year averaged amplitude of the
annual SST cycle. As can be seen in Fig. 2c the greatest
amplitude of the seasonal SST cycle (about 88C and more)
is associated with the southeastern regions of the Barents
Sea. These include regions located near Norway, within the
shallower section of the Barents Sea where the water depth is
below 300 m (compare with Fig. 1). The smallest amplitude
of the 33-year averaged annual SST cycle (�38C) is observed
in the northern regions and in the West Spitsbergen Current.
In Fig. 2d we have plotted spatial distribution of the standard
deviations (STD) calculated from the 33-years long time
series of the daily SST. These STDs were estimated after
subtracting from the daily SST data the seasonal cycle and
the multi-year trend. Thus, Fig. 2d illustrates the overall
spatial variability of SST, unrelated to the seasonal cycle and
multi-year trend. Note that the highest STD values (about
1.48C) are documented near the Svalbard Archipelago and
between Novaya Zemlya and the coastal regions near Russia.
These high STD values can be due to the variable position of
surface currents and frontal zones. The lowest STDs (�0.78C)
are associated with the AW inflow in the southwest part of our
study region and are also observed in the northeastern
region.

Time series of annually averaged SST data allowed us to
estimate the 33-year annual and May SST trends, displayed in
Fig. 2e and f. From the results shown in Fig. 2e and f it is clear
that the trends (statistically significant at 95% confidence

http://www.aviso.oceanobs.com/
http://www.aviso.oceanobs.com/
http://www.aviso.oceanobs.com/
http://www.nodc.noaa.gov/OC5/woa13/
http://www.nodc.noaa.gov/OC5/woa13/


Figure 2 Maps based on the 33 years of SST data (1982—2014): (a) the 33-year mean SST, (b) the 33-year mean SST in the month of
May, (c) the 33-year mean amplitude of the annual cycle, (d) standard deviation of SST anomalies, (e) trends in the annual mean SST,
and (f) trends for the monthly mean SST in May. Only pixels with statistically significant (p < 0.05, 95% confidence level) trend have
been displayed. Black boxes indicate study regions 1, 2, and 3 (see explanations in Section 2).
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level, p < 0.05) of increasing annual and monthly mean SST
(for the month of May) are detected in most of the area of the
southern Barents Sea. Trends assume values of about
0.068C year�1 (i.e., 0.68C per decade) in the regions located
west of the Hopen Island and between 0.04 and 0.068C year�1

near the coastal regions off Norway. The trends in annually
averaged SST are low or insignificant in the northern regions
of the Barents Sea. Larger values of SST trend in the southern
BS can be related to an increase of the volume and tempera-
ture of the Atlantic Water transported into the Barents Sea
(Årthun et al., 2012). Recently, Oziel et al. (2016) showed
that the volume of the Atlantic Water had approximately
doubled between 1980 and 2011, and the domain occupied by
the Atlantic Water extended further east and north. The
authors indicate that although in the western part of the BS,
the position of the Polar Front is constrained by the topo-
graphy, in the eastern BS the position of the Southern Front
(temperature front) is moving northward.

For comparison, according to Morice et al. (2012) linear
trends in global surface temperature anomalies from 1979 to
2010 are approximately 0.178C per decade, while northern/
southern hemispheric trends are 0.24/0.108C per decade.
Luo et al. (2011) estimated linear trends for global, terres-
trial, and ocean surface air temperatures (SAT) from 1982 to
2008 as 0.14, 0.21, and 0.108C per decade, respectively.
Using the 20 years (from January 1985 to December 2004)
of the global Advanced Very High Resolution Radiometer
Pathfinder data, the global SST trend has been estimated
to be 0.18 and 0.178C per decade based on the daytime or
nighttime data respectively (Good et al., 2007). The warming
trends estimated by us in the Barents Sea are greater than
these global trends in most of the region located south from
768N (see also Jakowczyk and Stramska, 2014).

Satellite altimetry sea level anomaly (SLA) data covering
22 years (1993—2014) have been used to investigate sea level
variability in the study region. We have estimated regional
pattern of statistically significant (95% confidence level,
p < 0.05) trend in sea level (Fig. 3a). This trend varies
spatially with values of about 2—4 mm year�1 in the southern
Barents Sea. Similar trends for this region have been esti-
mated before by Volkov and Pujol (2012), based on somewhat
shorter SLA data record, covering the time from December
1992 to November 2010. For comparison, according to Nerem
et al. (2010), the rate of globally averaged sea level rise is
estimated currently as 3.1 mm year�1 (or 3.4 mm year�1 if
correction for global isostatic adjustment is taken into
account). Similar estimate of the global trend has been
published by the Commonwealth Scientific and Industrial
Research Organization (CSIRO, 3.2 mm year�1, see www.
cmar.csiro.au/sealevel/sl_hist_last_15.html), and by AVISO
(3.2 mm year�1, see www.aviso.oceanobs.com/en/news/
ocean-indicators/mean-sea-level/). Thus, the sea level
trend in the coastal regions of the southern Barents Sea is
slightly higher than the globally averaged trend derived from
satellite altimetry data. In Fig. 3b we have plotted standard
deviation estimated from detrended SLA data. This result
shows that the sea level variability is strongest in the south-
eastern Barents Sea. Note that this is almost the same region

http://www.cmar.csiro.au/sealevel/sl_hist_last_15.html
http://www.cmar.csiro.au/sealevel/sl_hist_last_15.html
http://www.aviso.oceanobs.com/en/news/ocean-indicators/mean-sea-level/
http://www.aviso.oceanobs.com/en/news/ocean-indicators/mean-sea-level/


Figure 3 Sea level variability: (a) the 22-year trend (1993—2014) in the SLA data record. Only pixels with statistically significant
(p < 0.05, 95% confidence level) trend have been displayed. (b) Standard deviations in the SLA data.

Figure 4 Maps of the 17-year averaged (1998—2014) surface
POC concentrations in (a) May, (b) June, (c) July, (d) August, and
(e) in summer (May—August).
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where we have observed relatively large annual amplitude
and standard deviations of SST values (see Fig. 2).

It has been shown before that the major component in the
variability of the altimetric and tide gauge sea level records
in the BS region is the seasonal cycle (Volkov and Pujol, 2012).
Its annual amplitude varies from about 7 to over 10 cm along
the Norwegian coast. It has been confirmed by Volkov et al.
(2013) that the sea level mass related variability in the
central part of the BS is due to the combined effect of wind
forcing balanced by the flow over the varying bottom topo-
graphy (topographic influence). According to these authors
wind forcing is the main reason for the observed time lag
between the annual maxima in the Norwegian and Barents
Seas.

3.2. POC concentrations

Maps displayed in Fig. 4 are summarizing the spring/summer
variability of POC concentrations in the study region and
show the 17-year averaged monthly data. The variability due
to seasonal cycle is significant. The highest POC concentra-
tions (more than 300 mg m�3) can be found in the region
located south from 768N and between 22—508E in May. West
from about 228E, at the edge of the Barents Sea and in the
vicinity of the Norwegian Sea, the maximum annual POC
concentrations are observed later in the year (in June),
and on average these concentration do not reach as high
values as they do in the region east from 228E in May. It should
be noted that the 17-year averaged POC monthly mean
concentrations in the Barents Sea achieve quite high values
when compared to global averages (see Stramska and Cies-
zyńska, 2015 for global estimates). For example it has been
shown that the maximum seasonal POC concentration aver-
aged over the entire North Atlantic Ocean is only about
110 mg m�3 and the annual mean is �90 mg m�3. The max-
imum values in different parts of the northern North Atlantic
can exceed 300 mg m�3. The Barents Sea is one of the few
regions of the global ocean where such extreme values are
regularly observed in satellite data.

When analyzing the characteristic features of POC concen-
tration variability in the Barents Sea, we have noted that the
temporal patterns of POC concentrations in the coastal regions
off Norway are not synchronized with the progression of the
seasonal cycle in the open waters of the southern Barents Sea.
To show this in a better focus we present in Fig. 5 maps of
monthly POC concentrations and vertical diffuse attenuation
coefficient for downwelling irradiance at 490 nm (Kd(490)). We
understand that ocean color POC estimates in coastal waters



Figure 5 Maps of the 17-year averaged (1998—2014) (left panel) vertical diffuse attenuation coefficient at 490 nm, Kd(490); (right
panel) the monthly mean surface POC concentrations in the months of (a and b) May, (c and d) June, (e and f) July and (g and h) August.
Black box in figure a indicates region 4.
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may include larger errors than in the open ocean waters, but
both Kd(490) and POC estimates shown in Fig. 5 strongly
suggest that in May coastal waters are characterized by rather
low concentrations of optically active water components in
comparison to the open ocean waters. These concentrations
increase in coastal waters in June and in July. In August coastal
waters are significantly more turbid than the open waters. A
more quantitative interpretation of ocean color satellite data
in coastal waters is out of scope if this paper, as coastal waters
require a special approach including validations of local ocean
color algorithms. We have recently carried out in situ experi-
ments in one of the fjords shown in Fig. 5 (Porsangerfiorden)
and we will address these problems in our next paper.

In order to stress the regional differences in seasonal
cycles, we present in Fig. 6 the 17-year averaged daily time
series of SST and POC concentrations averaged in the study
regions 1, 2, 3, and 4. Region 1 is associated with the smallest
amplitude of the seasonal SST cycle and the highest annual
average SST value (Fig. 6a). The largest annual SSTamplitude
is observed in region 3. The differences between the 17-year
averaged regional daily SST values in these two regions are
more pronounced in the winter than in the summer. The SSTs
in the winter season in coastal waters (region 4) have similar
values as in region 2 but in the summer the SSTs in region
4 reach higher values than in region 1. In Fig. 6b we compare
the time progression of the seasonal POC cycle in each of the
regions. Since ocean color satellite data are missing due to
low solar angles in winter, we limited this comparison to the
time period of April through September. In Fig. 6b we can see
that the rapid seasonal increase in POC concentration is
observed on average earlier in the year and the maximum
POC concentrations reach higher values in regions 2 and
3 than in regions 1 and 4. The seasonal progression of the
cycle is similar in regions 2 and 3. Significant seasonal
increase of POC concentration in region 2 and 3 is observed
on average around year day 100 and it is accompanied by only
a small increase in SST. Maximum SST values in the annual
cycle are observed significantly later in the year (August)
than the maximum POC concentrations (May). In comparison
to regions 2 and 3, the seasonal increase in POC concentra-
tions in region 1 is observed on average later in the year (days
115—125), the maximum concentrations are reached in June



Figure 6 Comparison of the 17-year averaged (1998—2014)
daily time series of (a) regionally averaged SSTand (b) regionally
averaged POC concentrations. The geographical positions of the
regions are shown in Figs. 4a and 5a are explained in the text.

Figure 7 Comparison of the monthly climatology (based on
WORLD OCEAN ATLAS 2013 version 2 objectively analyzed mean
data on 18 grid from years 1995—2012) of water temperature,
salinity, density s(t, s, 0), and nitrate concentration at grid
points located within region 1 (left panel) and 2 (right panel).
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and are lower than the annual maximum values in regions
2 and 3. In the coastal waters (region 4) the seasonal pro-
gression of POC cycle has a similar shape as in region 1, but it
seems that higher POC concentrations are observed in coastal
waters. Note, that the seasonal averages (May—August) of
POC concentrations shown in Fig. 4e are significantly higher
in the south-eastern part of the BS than in the western part of
the study region. If we compare POC maps (Fig. 4) with SST
and SLA maps (Figs. 2 and 3) we note that the region where
seasonally averaged POC concentrations reach the specta-
cularly high values coincides with the area where the annual
amplitude and standard deviation of SST as well as standard
deviation of SLA are large. This suggests that the more
variable thermal and dynamic environment, where vertical
mixing of the water column is very intense, is also more prone
to sustaining high production of POC particles.

Summarizing, the satellite POC concentrations in the open
BS display seasonal variability that can be associated with the
seasonal cycle in phytoplankton productivity and abundance.
In the literature the Barents Sea has been described as a
spring bloom system (Olsen et al., 2003; Rey, 1981). It has
been shown that the exact timing of the phytoplankton bloom
is somewhat variable and has significant regional variability
throughout the Barents Sea. Usually the main bloom has been
associated with the onset of seasonal stratification of the
water column. The dominant algal group during the spring
bloom are diatoms, and Chaetoceros socialis is often the most
abundant species (Olsen et al., 2003; Rey, 1981). The con-
centrations of diatoms can reach up to several million cells
per liter. When the silicate becomes limiting other algal
groups such as flagellates take over. The most important
flagellate species in the Barents Sea is Phaeocyctis pouchetii.

In order to derive a better understanding of the observed
regional differences in the seasonal POC cycle in the BS we
have plotted in Fig. 7 the vertical profiles of water tempera-
ture, salinity, density, and nitrate concentrations. These data
represent climatology from WOA 2013 data sets for grid
points located within regions 1 and 2. The lowest surface
temperature in the upper part of the water column in both



Figure 8 Comparison of the mean daily net heat flux at grid
points located within region 1 and 2 (based on NCEP data from
years 1998—2014 on sensible, latent, net shortwave and long-
wave radiation flux data).
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regions is observed in April (we did not plot profiles for earlier
months to improve the clarity of Fig. 7). Water salinity
increases with depth, but generally water is less salty in
region 2 than in region 1, while water temperature is lower in
region 2 than in region 1. It is interesting to note that in April
there is a small, but obvious decrease of salinity near the
water surface in region 1 and 2, which translates to a
decrease of water density that is more pronounced in region
2 than in region 1. It is also remarkable that water column
density in region 2 is very well homogenized down till about
250 m, except for this small feature near the surface which is
due to a decrease of water salinity. In region 2 in May, there is
a further decrease of water salinity, which causes a decrease
of water density and increases the stability of surface waters.
This supports the notion that the inflow of melt water creates
the opportunity for the onset of phytoplankton bloom. In May
nitrate concentrations in region 2 are already significantly
lower than in April (this decrease can be observed as deep as
120—150 m), which is consistent with our belief that signifi-
cant primary production takes place here at this time of the
year. In contrast to region 2, water column is weakly strati-
fied in region 1 in April, but the mixed layer depth (defined by
change in the water density, Monterey and Levitus, 1997) is
still relatively deep (�150 m). In May surface water strati-
fication increases, but if we look at the vertical profiles of
nitrate concentrations, we can see that the change between
April and May is smaller in region 1 and larger in region 2. This
is in agreement with our observation that there is only small
increase in the abundance of POC particles here in May.

Based on the presented data we suggest that the regional
differences in the seasonal cycle of POC concentration to a
large degree reflect regional differentiation in seasonal pro-
ductivity and abundance of phytoplankton. These regional
differences are determined by large scale air—sea interac-
tion processes. Intense water column mixing during winter in
the entire region pre-conditions it for the occurrence of
intense seasonal phytoplankton blooms. The blooms start
early in the study area 2, because the surface waters become
stabilized when the low-salinity melt water is supplied. The
fact that the water column is almost homogenous at the
beginning of the spring, allows for efficient replenishing of
nutrients at the time period when the bloom develops. At this
time of the year the periods of calmer seas are alternating
with stormy weather. Such conditions are very favorable for
development of extreme phytoplankton blooms. The fact
that the seasonal increase of POC concentration is observed
later in study area 1 in comparison to study area 2 can be
explained by lower supply of melt water in the area 1. There-
fore, the initiation of the spring bloom in region 1 is delayed
until the net heat flux is sufficient to stabilize the surface
waters. However, the net heat flux in the spring also seems to
favor more efficient warming of surface waters in region
2 than in region 1 (see Fig. 8). Note that according to NCEP
convention negative heat flux indicates that the atmosphere
is loosing and the ocean surface is gaining heat. Thus accord-
ing to Fig. 8 in spring and summer (on average) more heat is
transferred from the atmosphere to the ocean surface in
region 2 than in region 1. In addition, the intensity of the
spring blooms in region 2 is amplified by the fact that below
the surface, the water column remains well mixed after the
winter. Note that, since region 2 is located on the shelf with
water depths of about 300 m or less, winter mixing reaches
the bottom water layer. This allows for efficient re-supply of
nutrients from deep waters in winter and intermittent supply
of nutrients in spring during storms. The main difference
between region 1 and 2 is that region 1 is located in warmer
AW waters in deeper ocean, and there is lower supply of low
salinity waters. In addition, although there is an efficient
mixing of warm advected water masses, water column does
not appear to be as completely homogenous as in region
2. Phytoplankton biomass seems to increase in spring in
response to seasonal warming of surface waters and this
happens later than the onset of phytoplankton bloom in
regions 2 and 3.

In addition to the seasonal cycle, satellite data allow us to
trace the interannual variability of POC concentrations. This
is shown in Fig. 9a, where regionally averaged May POC
concentrations plotted as a function of the year have been
compared. The highest POC concentrations are observed in
year 2003. Interestingly, although the concentrations are
generally lower in region 1 than in regions 2 and 3, never-
theless the patterns of interannual variability seem similar in
all 3 regions. This is confirmed by scatter plots (Fig. 9b), that
show statistically significant correlations between POC con-
centrations observed between regions 1 and 2 and between
regions 1 and 3. In addition the seasonally (May—August)
averaged POC concentrations are strongly influenced by
the concentrations reached during the month when the
maximum concentrations are observed. This is supported
by the results summarized in Fig. 9c, where we can see a
statistically significant correlation between May and season-
ally averaged POC concentrations in regions 2 and 3. In region
1 the seasonally averaged POC concentrations correlate best
with June POC concentrations. What is more, the interannual
variability in POC concentrations can be linked to SST varia-
bility. We have analyzed different sets of data (heat fluxes,
wind stress, air temperatures) and we have found out that
the best, statistically significant correlation is observed
between the minimum value of the regionally averaged
SST in the winter season and the May POC concentrations
(Fig. 9d). Correlations between April or May atmospheric or
SST data and May POC concentrations were not statistically
significant (not shown). This suggests that the interannual
POC variability depends on winter pre-conditioning of the
water masses. These could include more complete homo-
genization of the water column as well as production of more



Figure 9 Interannual variability of POC concentration and SST in the study regions. (a) Time series regionally averaged of POC
concentrations in the months of May in region 1 (black dots), 2 (black triangles) and 3 (open circles). (b) Relationships between the
regionally averaged POC concentrations in May in different regions. Black squares and solid line are for region 2 plotted as a function of
region 1, and open squares and dashed line are for region 3 versus region 1. Horizontal axis is for region 1. (c) Relationships between
regional POC concentrations averaged over summer (May—August, shown on vertical axis) and the regional maximum monthly mean
POC concentrations. Dashed line and dots are for POC concentrations in June in region 1, solid line and triangles are for POC
concentrations in May in region 2, dash-dot-dash line and open circles are for POC concentrations in May in region 3. (d) Correlations
between the regionally averaged POC concentrations in May and the regionally averaged annual minimum SST (dashed line and black
dots are for region 1, solid line and triangles are for region 2).
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sea ice in winter resulting in a better supply of melt water in
the spring.

Because of the extremely high POC concentrations and
efficient mixing of waters, the Barents Sea is potentially an
important region for export of POC particles to deep waters.
Note, that POC particles have low sinking velocities because
their density is close to that of seawater. Traditionally, two
processes have been attributed a major role for exporting
POC. These are transport associated with the zooplankton
ecosystem, and transport by gravitational settling of biogenic
aggregates ballasted by heavy biomineral and lithogenic
particles. Another potentially important mechanism for
export of POC particles from surface waters is turbulent
Figure 10 Map indicating pixels with statistically significant
trend in surface POC concentrations (p < 0.01, 90% confidence
level). Trend has been estimated using data from MODIS-Aqua
(2003—2014).
diffusion and mixing, in particular during energetic mixing
episodes of surface waters in response to atmospheric forcing
events (e.g., Stramska, 2010). This mechanism can play a
particularly strong role in the Barents Sea.

Seasonally averaged POC concentrations can be used to
investigate multiyear trends. We have tested if regional
trends are statistically significant using data from MODIS-A
(data from years 2003—2014). The results are presented in
Fig. 10, where only pixels with statistically significant trends
have been included. Trends of decreasing POC concentrations
have been detected in few areas of the southern Barents Sea.
This could be associated with less efficient mixing and more
stable water masses in this polar province. It is generally
expected that global climate change can slow the production
of dense water masses due to less efficient creation of sea ice
in this region. Increase in the SST has been confirmed by the
analysis of the long-term SST data records. Note however
that the results concerning POC trends need to be taken with
caution and cannot be interpreted at this time as climate
related change, because time series used in our calculations
are too short for detection of climate trends.

4. Conclusions

Our main focus in this paper is in regional and seasonal
variability of POC concentration in the region of the Barents
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Sea. Since northern parts of the BS are covered by sea ice, our
attention has been mostly on the southern part of the BS.
Results presented in this paper have been based on ocean
color satellite data supported by other interdisciplinary data
sets available for research. The most important findings can
be summarized in the following way.

- Seasonal increase in POC concentration in the southeast-
ern Barents Sea is evident in May and is observed earlier in
the year than in the southwestern side and in the neigh-
boring waters of the Norwegian Sea. This is most likely
associated with the stabilization of the surface waters by
melt water beginning in April that allows for an early onset
of phytoplankton bloom in the southeastern Barents Sea.

- In the southwestern edge of the Barents Sea and its
vicinity, the seasonal increase of POC concentration is
observed later in the year (end of May—June). This is
likely associated with the fact that phytoplankton bloom
in this area develops in response to water stratification
taking place due to increased seasonal solar heating of
surface waters. Seasonal increase of net heat flux gained
by the ocean from the atmosphere and stabilization of the
water column due to an increase in surface water temper-
ature in this region is observed later in the year than the
stabilization of surface waters in the southeastern Barents
Sea by the advection of low salinity waters from melting
sea ice.

- POC concentrations in the southeastern Barents Sea are
among the highest observed in the global ocean. This can
be linked to the fact that waters in this region become
efficiently mixed during winters. The vertical mixing pro-
cesses that take place during winters are important for
transporting nutrient rich water to the surface, and this
allows for high primary production in spring. In addition
weak stratification of waters in May and June most likely
allows for periodical replenishing the nutrients during
storms and sustaining relatively high primary production
and POC concentration through the summer months.

- Interannual variability of POC concentration in the open
waters has been linked to lower SSTs observed in the
winter season.

- In coastal waters the seasonal cycle of POC concentrations is
not synchronized with the cycle observed in the open sea.

- We have shown that POC concentrations in the southern
part of the Barents Sea tend to decrease in recent years.
The decreasing trend has been detected with data from
MODIS-Aqua from 2003 to 2014. This result needs to be
taken with caution, as the ocean color time series are still
too short to interpret this result as climate related trend.

Results presented in this paper strongly support the notion that
seasonal restratification of the water column drives the
changes in concentration of POC in surface waters from mid-
winter lows to spring highs in the Barents Sea. In recent years
there has been a renewed interest in Sverdrup's (1953) critical
depth hypothesis (e.g., Behrenfeld, 2010; Chiswell, 2011).
Conceptually, Sverdrup's hypothesis means that the balance
between net phytoplankton production and the vertical mixing
can determine the fate of phytoplankton populations in a
variety of environments. Satellite data presented in our man-
uscript do not allow us to make calculations according to the
model proposed by Sverdrup, since we do not have any data on
grazing and community respiration. Nonetheless, our research
supports the belief that mixing is critical for the temporal and
spatial patterns observed in phytoplankton biomass in the
Barents Sea.
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Summary Satellite Moderate Resolution Imaging Spectroradiometer (MODIS) data of water
leaving radiance of 859 nm with a spatial resolution of 250 m were used to investigate the impact
of atmospheric gravity waves (AGWs), which manifested as stripes in clouds and on the sea
surface. On the basis of an evaluation of the characteristics of AGWs and sea depth, it was shown
that the surface stripes, or surface waves (SWs) were imprints of AGWs. Crests of SWs were like
prolongations of cloud stripes on the combined radiance images testifying that SWs were shifted
by minus a quarter of the period relative to AGWs.
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1. Introduction

The possibility of processing the increased spatial resolu-
tion (250 m) data from Moderate Resolution Imaging
Spectroradiometer (MODIS) has opened up new prospects
(Franz et al., 2006). Particularly they concern more
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detailed observation of imprints of atmospheric phenom-
ena, such as fronts, gravity waves, rain cells, convective
cells and others, on the oceans' surface.

Atmospheric phenomena are usually invisible. Near infra-
red and optical radiance do not penetrate through clouds.
However, at sufficiently high humidity atmospheric events
can imprint in clouds and become visible on images of the
radiance Lt(l) at the top of the atmosphere of level L1
(without the atmospheric correction). So, in the case of
atmospheric gravity waves (AGWs), they display as “cloud
streets” on Lt(l) images.

Atmospheric processes, that cause the variability of sea
surface roughness, are usually investigated by their foot-
prints on the sea surface with the help of satellite Synthetic
Aperture Radar (SAR). Passive microwave radiation pene-
trates through clouds into the sea by no more than several
millimeters so that surface snapshots of atmospheric impacts
form SAR backscatter return (Valenzuela, 1978). Many papers
ences. Production and hosting by Elsevier Sp. z o.o. This is an open
.org/licenses/by-nc-nd/4.0/).

http://dx.doi.org/10.1016/j.oceano.2016.04.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:maarsio@bk.ru
http://www.sciencedirect.com/science/journal/00000000
www.journals.elsevier.com/oceanologia/
http://dx.doi.org/10.1016/j.oceano.2016.04.003
http://creativecommons.org/licenses/by-nc-nd/4.0/


M. Evdoshenko/Oceanologia 58 (2016) 264—271 265
are devoted to investigating atmospheric processes with the
help of SAR, e.g. Alpers and Brummer (1994), Alpers and
Huang (2011), Kozlov et al. (2014), Li et al. (2011), Vachon
et al. (1994), Zheng et al. (1998).

In many published papers, atmospheric processes shown
as cloudy structures have been examined in different geo-
graphical regions on the basis of MODIS true color Lt(l) images
with a resolution of 250 m. Papers mentioned below contain
some examples of signatures of atmospheric internal waves,
coastally trapped atmospheric gravity waves, atmospheric
vortex streets, atmospheric boundary rolls and convective
cells: Da Silva and Magalhaes (2009), Liu et al. (2004), Li et al.
(2008), Weigen et al. (2008).

One of the atmospheric impacts namely atmospheric
gravity waves (AGWs) accompanied by corresponding
changes in pressure, periodically force through the sea sur-
face, modulating its level. This leads to a change in the
normalized water leaving radiance Lw(l) (or remote sensing
reflectance Rrs(l), which differs from Lw(l) by a factor of F0
— mean solar irradiance) of level L2 (after the atmospheric
correction). Under a clear sky, imprints of AGWs display on Lw
images with sufficiently high resolution in the form of stripes
of alternating brightness.

We have not found any papers where 250-m Lw images,
obtained with MODIS, were used for identification of AGW
signatures on the sea surface as surface waves (SWs). Also,
we have not found any papers where a comparison of imprints
of AGWs as cloud stripes on images of Lt and on the sea
surface on images of Lw for a case of intermittent cloudiness
was fulfilled on a single satellite picture. Therefore, the goal
of this study was to obtain simultaneous 250-m MODIS images
of AGW imprints in cloud and on the sea surface for some
cases of their bright manifestations in different ocean
regions. On the basis of an evaluation of a phase speed
and a wavelength of AGWs, and water depth, we aimed to
prove that found SWs were exactly imprints of AGWs, but not
long surface gravity waves, and to reveal a phase shift
between AGWs in cloud and the crests of SWs.

2. Material and methods

It is known that “normalized water-leaving radiance is that
which would exit the sea surface if the Sun were at the zenith
and if the atmosphere were absent” (Gordon et al., 1988). A
layer width in which Lw(l) is formed varies with l and is
defined by the spectral dependence of the backscatter and
the absorption coefficients of pure water and admixture.

Most MODIS optical radiance bands have spatial resolutions
of 1 km, and only two bands I — at 645 nm and II — at 859 nm
provide the resolution of 250 m. In clear ocean waters, Lw(645)
originates in a subsurface layer of 1—2 m, while Lw(859)
originates in the thin, topmost layer of about several centi-
meters due to the high absorption of pure water (Hale and
Querry, 1973; Pegau et al., 1997). Our experience shows that
imprints of atmospheric waves of small amplitude (up to some
tens centimeters) are reproduced better by Lw(859), than by
Lw(645) so we used only Lw(859) data for our investigation.

Level L1a radiance MODIS data were obtained from
http://oceancolor.nasa.gov, NOAA AVHRR L1 data — from
http://www.class.ncdc.noaa.gov. MODIS level 2 radiance
data were generated from level L1 data with the help of
the SeaDAS software package, available on http://seadas.
gsfc.nasa.gov. The process to generate 250-m data consists of
several steps: obtaining a GEO file, generation of an L1b file
and then generation of an L2 file, which includes radiance
data and some product data, such as wind speed and direc-
tion. Wind components at a height of 10 m above the ocean
were calculated for a given place and time by interpolating
ancillary NCEP (National Centers for Environmental Predic-
tion) data with the SeaDAS. Brightness and contrast of radi-
ance images were enhanced slightly for better discernibility
of AGWs in clouds and SWs.

3. Results

3.1. AGW packet in the Bering Sea

Optical scanners record imprints of AGWs on the ocean sur-
face permanently (Evdoshenko, 2008, 2009). Consider their
pronounced manifestations in the Bering Sea near St. Lawr-
ence Island.

Appearance of cloud imprints in the Bering Sea at 22:45 on
6 June 2001 was caused by atmospheric solitary waves in the
vicinity of St. Lawrence Island. That AGW packet propagating in
the upwind direction was initially discovered in RADARSAT SAR
image of arched atmospheric wave imprint on the sea surface
and 250-m MODIS Lt-image of cloud waves (Li et al., 2004).

On 6 and 7 June 2001, the packet of quasi-stationary
(standing) atmospheric waves was revealed as bow-shaped
cloud stripes on several images of Lt of level L1 obtained from
different satellite devices, including NOAA 14 AVHRR
(Advanced Very High Resolution Radiometer), Terra MODIS
(NASA's Earth Observing System — EOS AM) and OrbView-2
SeaWiFS (Sea-Viewing Wide Field-of-View Sensor). Images of
standing atmospheric wave imprints in cloud, obtained from
AVHRR at l = 10.8 mm with a spatial resolution of 1 km, from
MODIS at l = 859 nm with resolution of 250 m and from
SeaWiFS at l = 670 nm with resolution of 1.1 km are shown
in Fig. 1. One can see that the packet of AGWs existed for
more than 10 h from the evening of 6 June up to the early
morning of 7 June 2001.

The absence of the atmospheric cloud wave packet on
AVHRR images of Lt at observations during the previous and
following revolution periods of NOAA-14, each of which is
equal to �1 h 40 min, relative to the considered period of
�10 h, testified that the standing waves originated and
disappeared rather abruptly. That is, solitary AGWs were
formed only when the island was under the influence of
the air break which propagated at low height.

St. Lawrence Island is 145 km long and 13—36 km wide.
The highest mountain, with a maximum height H = 2207 m, is
located in the middle of the island. Several mountains in its
eastern part and a mountain at its western part are of lesser
heights. Between the mountains are plateaus with numerous
lagoons. Solitary, bow-shaped AGWs were obviously gener-
ated when the mountains blocked the cold arctic air break so
that upstream waves arose as a secondary reflected flow.
While passing freely through the plateaus to the leeward side
of the island a part of the cold air break ramified and
propagated downstream as cloud tails modulated by AGWs.
On the lee side of the island cloudy AGWs turned around and
moved downstream close to the meridian.

http://oceancolor.nasa.gov/
http://www.class.ncdc.noaa.gov/
http://seadas.gsfc.nasa.gov/
http://seadas.gsfc.nasa.gov/


Figure 1 Lt-images from AVHRR at 17:15 on 6 June (a), AVHRR at 18:55 on 6 June (b), MODIS at 22:45 on 6 June (c), SeaWiFS at 0:35 on
7 June (d), AVHRR at 1:32 on 7 June (e) and AVHRR at 3:14 on 7 June (f).
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An arctic cyclone, passing from the Arctic Ocean to the
Bering Sea in the Pacific Ocean and provoking the movement
of a cold air break to the south, was observed at 17:15 on
6 June on a MODIS 1-km image of Lt at 6.7 mm (channel 27).
Lt(6700), reflecting the water vapor content at a height of
4.2 km (air pressure 600 hPa) showed that the northern
tail end of the cyclone drew the cold air from the Arctic
Ocean to St. Lawrence Island, the core of the cyclone being
southward between St. Lawrence Island and the Aleutian
Islands (see Fig. 2a).
Figure 2 MODIS images at 22:45 on 6 June 2001: 1-km Lt(6700) (a),
shown on (a) and regions shown on (b) and (c): 62.738N, 174.148W—6
acquired at 18:07:58 on 6 June 2001 (Li et al., 2004) (d).
Fig. 2b represents an enlarged MODIS Lt(859) image for the
island surroundings. The AGW packet was revealed to the
north and above the island as bow-shaped cloud stripes that
were stretched from one end of the island to the other and
resembled the island's arched southern boundary. The packet
contained more than ten solitary waves, and the soliton
wavelength was 4.75 km. To the south of the island several
cloud tails appeared, consisted of a number of shorter, nearly
linear cloud stripes that looked like a prolongation of the
 250-m Lt(859) (b) and 250-m Lw(859) (c); coordinates of the box
3.978N, 167.498W; a RADARSAT ScanSAR wide B mode SAR image,
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arched waves to the north of the island. At the bottom right
hand corner of Fig. 2b one can see a glacier.

The Lw(859) image shows AGW imprints as mainly long-
itude-oriented stripes of alternating brightness (or surface
waves) southward of the island (see Fig. 2c). In contrast to
the cloudy atmospheric wave appearance, when only one
cloud stripe per period is visible, two stripes per period (light
and dark) are visible in the case of surface imprints. The
bright stripes symbolize wave crests, the dark ones symbolize
wave troughs, the bright stripes being like continuations of
cloud waves recognized on the Lw image as smooth gray
stripes with pointed ends. Sea surface signatures that
appeared as a great number of contrasting quasi-parallel
stripes of different lengths and wavelengths were observable
to the south of the island, at distances several times as great
as the width of the island and attenuated with the distance.
Their crest length reached hundreds of kilometers. Far from
the island their wavelength decreased and was much smaller
than that of the cloud arched waves to the north of the
island. The minimum wavelength and the distinguishable
crest width were limited by the scanner resolution, but
undoubtedly signatures of lesser wavelength existed. Their
crests are marked by dots instead of wider solid lines on
Fig. 2c. To the south of the island, wavelengths of surface
waves changed from �1.5 km to �4 km. Black boundaries on
the image that restricted cloud areas can be explained by
Figure 3 MODIS images: Lt(859) (a) and Lw(859) (b); upper — t
decreased values of Lw(859). They were obviously caused by
the faults of the atmospheric correction.

A RADARSAT-1 SAR image of sea surface imprints of atmo-
spheric waves with 100-m resolution, obtained at 18:07:58 on
6 June 2001, and presented in Li et al. (2004), is shown in
Fig. 2d. On the image, imprints of AGWs on the sea surface in
the form of arched waves to the north of the island are seen.
Also visible are some signatures to the south from the island
which coincide in direction with those appeared on MODIS
Lw(859) image.

Fig. 3 represents Lt and Lw images of two smaller AGW
packets in clouds and surface wave packets to the north and
south from the island in the expanded scale. To the north from
St. Lawrence Island arrows indicate a large, arched standing
wave packet (LAGW), a smaller atmospheric wave packet
(AGW) and a smaller SW packet. A smaller AGW packet pro-
pagated at an angle to the large, arched northern AGW packet
(LAGW) and was evidently caused by a vertical velocity shear.
Several tens waves are observable in the smaller, north-east-
ern AGW packet. The width of the packet is no less than 19 km,
the wave crest length is no less than 3.4 km, and the wave-
length is 0.9 km.

At the bottom of the Lt image, two wider AGW signatures
of the bow-shaped packet (LAGW) are seen, and also surface
waves (LSW) caused by them near the island's southern
shore.
o the north and lower — to the south of St. Lawrence Island.



Figure 5 Imposition in a difference mode of Lt(859) and
Lw(859) near St. Lawrence Island; some combinations of
cloud-surface waves are denoted by black and white arrows.
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A small, southwestern AGW packet and a SW packet are
visible on the Lt and Lw images. The packet width is no less
than 23.6 km, the wave crest length is no less than 15 km, and
the wavelength is 0.85 km. For both packets, SWs on Lw-
images also appear to be like continuations of AGW cloudy
signatures on Lt-images.

Images of Lt(859) showed that cloudy waves of a smaller
wavelength induced by AGWs were imposed on larger waves
to the north and to the south from the island. This could be
caused by different heights of AGWs in the low troposphere,
so that cloudy waves were superimposed on each other on the
image. Such phenomenon is observed frequently on satellite
pictures and is also visible from the land.

The wind speed and direction were also calculated at
22:25 on 6 June 2001. A combined vector map is presented
in Fig. 4. It is clear that the cold air outbreak with a wind
speed of 11 m s�1 spread from the Arctic to the south. St.
Lawrence Island was in the way of the stream and blocked it
so that south from the island the wind speed did not exceed
8.5 m s�1 in the main stream. The island's blocking effect led
to the origination of bow atmospheric waves that were
directed to the north of the island against the air stream.

To disclose some peculiarities of the atmospheric—oceanic
interactions, we represent the imposition in a difference
mode of two images: Lt(859) and Lw(859) for a region of
St. Lawrence Island (see Fig. 5). AGWs are shown in gray, and
the crests of SWs that correspond to the highest Lw are shown
in white. In Fig. 5 some combinations of SW crests (white
arrows) and cloud stripes (black arrows) are presented.

In this paper, we present evidence that the surface waves
were not long surface gravity waves but rather atmospheric
wave imprint on the sea's surface. For this purpose, it is
necessary to evaluate the phase speed of the atmospheric
wave ca and the speed of ocean surface gravity wave cg that
can propagate in the ocean of variable depth. ca for the given
site and time was calculated in Li et al. (2004) on the basis of
the radiosonde upper air observation at nearby station Nome
at Alaska at 12:00 on 6 June 2001. Using a forced, extended
Korteweg-de Vries equation for a vertical profile of potential
temperature, representing a two-layer system, the phase
speed was evaluated as ca = 8.9 m s�1 (Li et al., 2004). This
Figure 4 Wind speed (isolines) and wind direction (arrows) at a
height of 10 m.
value is close to the ocean wind speed near the island (see
Fig. 4). As was shown previously, the wavelength of AGWs and
SWs to the south of the island was from 1.5 km to 4 km. The
depth in the region shown in Fig. 5 changes from h = 20 m
near the island to h = 50 m near 628N. When evaluating the
phase speed for hypothetical surface gravity waves with a
wavelength 1.5—4 km, we use an approximation of the dis-
persion relation for shallow waters, c2g ¼ gh, where g is the
acceleration of gravity (Grimshaw et al., 1998). Calculations
show that the speed cg for such waves should be 14 m s�1 for
the depth 20 m and 22 m s�1 for the depth 50 m, which is
greater than the speed of AGWs. Moreover, as seen in Fig. 5,
the locations of SW crests were generally like prolongations
of AGW cloud imprints on the superimposed image, indepen-
dent on depth, so we conclude that the SWs were exactly
imprints of AGWs but not long gravity waves.

3.2. AGWs in the Gulf of Mexico

Another example of AGW imprints in clouds and on the sea
surface was obtained with data from MODIS-Terra at 16:50
and MODIS-Aqua at 20:00 on 15 March 2008, in the Gulf of
Mexico. A packet of atmospheric waves in the form of an
undular bore was recorded as parallel white cloud stripes
moving to the south. Desaturated true-color Lt-images of the
bore are shown in the upper part of Fig. 6, on the left —

obtained from MODIS-T and on the right — from MODIS-A. In
the lower part of Fig. 6, the image of Rrs(859) of MODIS-A at
20:00 with increased brightness and contrast is shown. AGWs



Figure 6 An undular bore wave packet in the Gulf of Mexico on 15 March 2008: above — desaturated true-color images of Lt, on the
left — from MODIS-Terra at 16:50, on the right — from MODIS-Aqua at 20:00, below — a part of the increased Rrs(859) image at 20:00.
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in clouds are presented in black and the crests of SWs in
white. Some combinations of cloud-surface waves are
denoted by black and white arrows. Defined by MODIS-T
and MODIS-A data, the undular bore covered a distance of
83 km in 190 min. Thus the phase speed of AGWs was
ca = 7 m s�1. The mean horizontal wavelength of AGWs
defined by MODIS-A image was la = 10 km, the same was
the wavelength of surface waves ls. The depth h in the
region varies from 100 m to 2000 m. As hmax = 2 km is no
larger than a half of the wavelength ls, we used an approx-
imation of the dispersion relation for shallow waters for
evaluation of the phase speed of hypothetical long surface
Figure 7 An undular bore on MODIS-Terra image obtained at 01:00 o
— a desaturated true-color image of Lt, on the right — a part of the
gravity waves (Grimshaw et al., 1998). For this case, cg = 30—
140 m s�1, which is much greater than ca. The crests of SWs
were like prolongations of AGWs in clouds so we conclude
that SWs could only be the imprints of AGWs, but not long
gravity waves.

3.3. AGWs in the Carpentaria Gulf, Australia

One more example of AGWs and their impact on the sea
surface is presented on the MODIS-Terra image obtained on
2 August 2002, at 01:00 in the Gulf of Carpentaria, to the
north of Australia (sea Fig. 7). A desaturated, true-color
n 2 August 2002, in the Gulf of Carpentaria, Australia: on the left
 increased Rrs(859) image.



Figure 8 A scheme of the relative positioning of the AGW and the SW.
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Lt-image of the gulf is shown on the left of Fig. 7. A typical
phenomenon for this time of year is the Morning Glory — a
powerful, solitary, low-level atmospheric wave that occurs as
a roll cloud (shown in the left upper part of the image) with a
number of waves. It represents an undular bore that
appeared as parallel cloud stripes moving along the gulf.
The image of Rrs(859) with increased brightness and contrast
is presented on the right of Fig. 7. Cloudy AGWs are well
defined as black stripes, and the crests of SWs as white
stripes. The wavelength of AGWs and SWs was 7—10 km.
SW crests were also like prolongations of the cloudy AGWs
on the Rrs-image.

4. Discussion and conclusions

Thus, MODIS 250-m scanner returns at 859 nm are optimal for
studying atmospheric waves by their traces in clouds and on
the sea surface. These traces are mostly convenient to
observe on ocean color scanner images in the case of inter-
mittent cloudiness, when they imprint in adjacent parts of
the region and are visible on a single satellite picture.

Signatures of AGWs propagating in the low troposphere
were clearly manifested on images of normalized water
leaving radiance Lw(859) (or remote sensing reflectance
Rrs(859)). A studding of the nature of SWs was carried out.
For this aim the phase speeds of AGWs were evaluated. On
the basis of the wavelength of SWs and the values of variable
ocean depth, the phase speeds of hypothetical ocean surface
gravity waves were estimated in accordance with the dis-
persion relation, in the approximation of shallow waters.
Evaluations showed that the phase speeds of hypothetical
gravity waves should be much greater than the phase speeds
of AGWs. Moreover, cloud imprints had prolongations in the
crests of SWs. Therefore we conclude that the observed SWs
could not be the long gravity waves but the imprints of AGWs.
From this also follows that AGWs impact on the cloudy layer
and on the sea surface instantly and simultaneously.

It is known from Gossard and Hooke (1975) that an AGW
originates in a set of counter-rotating, nearly circular atmo-
spheric vortices, so that the maximum and the minimum
amplitudes of the AGW coincide with eddy axes. Between two
adjacent, counter-rotating atmospheric vortices above the
updraft part of the vortices' circulations, cloud bands can be
formed, whereas sinking motions of atmospheric vortices
correspond to areas free of cloud (Etling and Brown,
1993). Thus, if we consider the AGW, then cloud bands fit
with areas where the AGW's vertical displacement is near
zero (see the scheme in Fig. 8).

Figs. 5—7 show that the light stripes on Lw or Rrs images,
which reflect the maximum amplitudes of AGWs, are a kind of
prolongation of cloud stripes. This corresponds to a near zero
displacement of AGWs so SWs were shifted by minus a quarter
of the period relative to AGWs. This situation is shown on the
scheme (Fig. 8) where cloud bands, reflected the AGW, and
the SW, are presented in several projections. The scheme
resembles a situation when a resonance of Proudman
between AGWs and anemobaric waves on the ocean surface
occurs (Levin and Nosov, 2009). From the cases considered, it
follows that the resonant conditions are inherent for AGWs
and their imprints on the sea surface in the form of SWs.
Similar signatures are found to be manifested on Lw or Rrs
images with a high spatial resolution obtained from MODISes
flown on two NASA spacecrafts (Terra and Aqua) in different
areas of the World Ocean regardless on depth.
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Summary Nutrients and temperature are the major elements in maintaining stable endosym-
biotic relationships. The mechanisms and response of cultured Symbiodinium cells in the absence
of nitrogen, and at various temperatures are still unclear. The present study investigated the
influence of different temperatures and nitrogen-deprivation on free-living Symbiodinium
cultures. The physiological responses of free-living Symbiodinium cells cultured at different
temperatures during nitrogen deprivation under a 12:12 h light:dark were measured. Symbio-
dinium cell growth was significantly lower in response to lower temperatures. Transmission
electron micrographs (TEMs) revealed the formation of lipid droplets induced by nitrogen
deprivation under different temperatures. The results of this study will increase our understand-
ing of adaptive responses occurring in Symbiodinium under environmental stress.
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1. Introduction

Symbiodinium sp. is a unicellular microalga that has
mutualistic associations with invertebrates such as
corals and anemones (Davy et al., 2012). The coral host
provides nutrients and carbon dioxide to Symbiodinium in
hospite (Muscatine and Porter, 1977; Rodrigues and Grot-
toli, 2007). In return, these microalgae transfer more than
90% of their photosynthetically fixed carbon to the host
cytoplasm where they reside (Muscatine, 1980). This
mutualistic relationship enables coral to survive and
remain healthy.

In more than a decade, the phenomenon of global cli-
mate change has contributed to the decline of coral reef
around the world (Wilkinson, 2008). In such case, this
change might generate huge impacts to the ocean ecosys-
tem at all levels, such as higher mean sea water level,
warmer ocean, stratified ocean, increasing CO2 level in
global scale, ice cover and ocean chemistry changes (Doney
et al., 2009; Duce et al., 2008; Jackson et al., 2001;
Kroecker et al., 2013; Poloczanska et al., 2013). The coral
bleaching is expected to happen more frequently and
become more severe due to the climate change. Environ-
mental factors, such as nutrient levels and temperatures,
play an important role in maintaining the stability of mutua-
listic associations between cnidarians and unicellular dino-
flagellates (Belda et al., 1993; Hastie et al., 1992; Hoegh-
Guldberg and Smith, 1989; Steen and Muscatine, 1987). It
was reported that coral bleaching appeared in the seawater
of southern Taiwan due to the exposure of temperature at
30—318C (Mayfield et al., 2013, 2011). Furthermore, when
corals were exposed at 148C under the full sunlight, the
reduction in photosynthetic ability caused the coral bleach-
ing (Saxby et al., 2003). In terms of elevated sea tempera-
ture, the stability of corals and Symbiodinium
endosymbiotic relationship is yet to be determined by
anthropogenic stress factor such as coastal water quality
(Wooldridge, 2014). Previous studies show that increasing
nutrient levels, like dissolved nitrogen (N), in coastal water
could induce some physiological impact on coral-dinofla-
gellate, for example, coral bleaching and reduced symbiont
density (Koop et al., 2001; Marubini and Davies, 1996;
Stimson, 1991; Szmant, 2002; Wiedenmann et al., 2013).
For instance, the organic carbon supply by Symbiodinium to
hosts could be established depending on nutrients from
various sources including exogenous sea water, host cata-
bolism and host heterotrophy (Steen, 1986; Szmant-Froe-
lich and Pilson, 1984). Nitrogen, a major nutrient, is
excreted as ammonium by the host (Rahav et al., 1989).
Several investigations have reported that endosymbionts
could survive in nitrogen-limited environments (Jiang
et al., 2014; Peng et al., 2012). Therefore, nitrogen depri-
vation could alter symbiont physiologies (Weng et al.,
2014). It is likely that symbiotic cnidarians may maintain
the endosymbiont density through regulation of nitrogenous
waste (McAuley, 1987; Rees, 1989). Moreover, temperature
elevation alone can damage Symbiodinium cells in hospite
(Sammarco and Strychar, 2013). It has been reported that
the nutrient uptake in symbionts differed under different
temperatures due to stress susceptibility among corals
hosting different symbionts (Baker et al., 2013). There have
been numerous studies using Symbiodinium treated with
either differing temperatures or nitrogen deprivation (Jiang
et al., 2014; Nitschke et al., 2015; Weng et al., 2014).

Several studies have reported that nitrogen starvation or
other environmental stressors can affect growth, morphol-
ogy, and metabolism of microalgae (Hockin et al., 2012;
Pasaribu et al., 2014). For example, reduced nitrogen con-
centration increases lipid production in microalgae, which is
stored in lipid droplets (Li et al., 2010; Piorreck et al., 1984).
Recent studies have shown that increasing the temperature
variation induced lipid content accumulation in Nannochlor-
opsis oculata (Converti et al., 2009). Macedo and Alegre
(2001) observed that lipid content increased in Spirulina
cultured with nitrogen and decreased temperatures. How-
ever, the synergistic effects between nitrogen source and
different temperature treatment on cellular mechanisms of
Symbiodinium are poorly known.

The present study describes the influence of different
temperatures and the absence of nitrogen in the medium
on cultured free-living Symbiodinium. The aim was to exam-
ine changes in cellular biology, including cell proliferation,
lipid classes, and ultrastructure in free-living Symbiodinium.
Symbiodinium cell proliferation was slower when samples
were cultured at temperatures of 158C, than at 25 and 308C.
Results showed increased formation of different lipid dro-
plets in Symbiodinium when cultured in extreme tempera-
tures (i.e. 15 and 308C).

2. Material and methods

2.1. Symbiodinium culture and treatment

The free-living Symbiodinium sp. (clade B) used in this study
was obtained from National Museum of Marine Biology and
Aquarium. They were maintained in the f/2 medium in
filtered seawater (FSW) at room temperature under a photo-
synthetically active radiation (PAR) of 40 mmol m�2 s�1 in a
12-h light/12-h dark (12L/12D) cycle. For treatment, three-
batch cultures were grown in the nitrogen-deficient artifi-
cial seawater with temperatures at 15, 25 and 308C, sepa-
rately.

2.2. Symbiodinium clade identification

The genetic identity (18S rDNA) of the cultured Symbiodi-
nium was examined by PCR-RFLP (polymerase chain reaction-
restriction fragment length polymorphism) analysis, and it
was determined as clade B. Symbiodinium DNA was extracted
using a plant genomic DNA extraction miniprep system (VIO-
GENE, Taipei). Basically, Symbiodinium nuclear small subunit
(n18S-rDNA) was amplified by PCR from 3 replicate extracts
of each of the two cultures using the primers, ss5z (an
equimolar mixture of the oligonucleotides 50-GCAGTTATAATT
TATTTGATGGTCACTGCTAC-30 and 50-GCAGTTATAGTTTATTT-
GATGGTTGCTGCTAC-30) and ss3z (50-AGCACTGCGTCAGTCC-
GAATAATTCACCGG-30). The PCR products were digested by
restriction enzymes, Taq I and Sau3A I (Promega, USA). The
digestion products were separated by electrophoresis on
1.5% 0.5� TAE (Amresco, USA) agarose gels, to generate
the RFLP pattern. The RFLP pattern was compared to the
literature (Rowan and Powers, 1991) to identify the clade of
each culture.



Figure 1 Microscopic examination of free-living cultured Sym-
biodinium. (A) Light microscopy of free-living cultured Symbio-
dinium. (B) Free-living cultured Symbiodinium observed under
scanning electron microscopy.
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2.3. Cell density determination

The Symbiodinium cell density was counted with haemocyt-
ometer based cell counting. Cell densities were determined
daily by placing an aliquot of well-mixed culture suspension
on a Neubauer hemocytometer (Marienfel, Germany) under a
Axioskop2 Plus microscope (Zeiss, Germany) connected to a
CCD camera (Photometrics, USA).

2.4. Lipid analyses

Lipid contents of three replicates from the nitrogen-
deprived culture Symbiodinium cells with temperatures
15, 25 and 308C were extracted by the Bligh and Dyer
procedure (Bligh and Dyer, 1959). Neutral lipids from Sym-
biodinium cells were extracted with 150 ml of chloroform/
methanol (2:1, v/v). After centrifugation, the lower chloro-
form fraction was collected for the analysis by thin layer
chromatography (TLC) (Analtech, USA) with the solvent
system modified from previous reports (Fuchs et al., 2007;
Oku et al., 2003).

2.5. The transmission electron microscopy and
imaging analysis

To investigate the morphological variability of Symbiodinium
cultured in different temperatures under nitrogen depriva-
tion, Symbiodinium cells were collected and fixed in 2.5%
glutaraldehyde and 2% paraformaldehyde in 100 mM sodium
phosphate containing 5% sucrose (pH 7.3) for 2.5 h at 48C.
They were then rinsed with 100 mM sodium phosphate buffer
at 48C. Cells were then post-fixed in 1% OsO4 in 50 mM sodium
phosphate (pH 7.3) for 1 h at 48C. The cell aliquots were then
washed three times for 15 min each with the same buffer and
dehydrated by a graded ethanol series (50, 70, 80, 90, 95 and
100%) before embedding in LR white resin. Thin sections
(70 nm) cut by a Leica Reichert Ultracut R were collected
on nickel grids, post-stained with 2.5% uranyl acetate and
0.4% lead citrate, rinsed three times with water, and the
samples were viewed on a JEM-1400 transmission electron
microscope (JEOL, Japan).

3. Results and discussion

3.1. Morphology of free living cultured
Symbiodinium cells

Symbiodinium spp. can be either autotrophic or symbiotic in
cnidarians cells. Free-living Symbiodinium cells of 5—6 mm
were brown-colored and coccoid-shaped (Fig. 1A). The size of
cultured free-living Symbiodinium cells was equivalent to
those of other free-living Symbiodinium species and clades
(Blank and Huss, 1989). Generally, the morphology of cul-
tured free-living Symbiodinium cells indicated they were
smaller than symbiotic cells isolated from coral (Pasaribu
et al., 2014). It has been reported that the most abundant
Symbiodinium is coccoid yellow-brown (Freudenthal, 1962),
and is smaller than cultured Symbiodinium (Jeong et al.,
2014). In cultured free-living Symbiodinium, the intercalary
bands were located at the cell surface (Fig. 1B). The inter-
calary bands are known as growth bands indicating cell
growth, and occur with the addition of material along plate
margins in some dinoflagellates (Graham and Wilcox, 2000).

3.2. Effect of temperature and nitrogen-
deprivation on Symbiodinium cell growth

Temperature is an important factor for algal growth. It
strongly influences cellular chemical composition, nutrient
uptake, and growth rates of all algal species. After 5 days,
Symbiodinium cells cultivated in a nitrogen-deprived med-
ium proliferated more slowly and showed increased lipid
contents, than those in a nitrogen-enriched medium (Jiang
et al., 2014). To determine the most efficient way to culti-
vate Symbiodinium cells and induce lipid accumulation, free-
living Symbiodinium cells were subjected to different tem-
peratures under nitrogen-deprivation, and the cultures were
counted using a hemocytometer. Fig. 2 shows that when
cultured under nitrogen-starvation, Symbiodinium cells have
slower growth at lower temperatures (158C) than at normal
temperatures (258C). However, at high temperatures (308C)
growth rate was higher than at normal temperatures (258C)
(Fig. 2). As Symbiodinium cells cultured in nitrogen-deprived
media showed inhibited growth with lower temperatures,
higher temperatures were considered appropriate to achieve
high cell concentrations. Different temperatures also
affected phosphorus uptake in microalgae, with phosphorus



Figure 3 Thin layer chromatography (TLC) analysis of lipids
extracted from Symbiodinium cells cultivated at different tem-
peratures under nitrogen deprivation. The lipid comparison of
free-living cultured Symbiodinium between three different tem-
peratures under nitrogen deprivation.

Figure 2 Growth curves of Symbiodinium cells cultivated at
different temperatures under nitrogen deprivation. Tempera-
ture treatments (15, 25, and 308C) were applied to free-living
Symbiodinium sp. The data represents means � SD (n = 3).
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accumulation increasing with higher temperatures compared
to lower temperatures (Powell et al., 2008). Several micro-
algal species can grow in extreme environments, such as high
temperatures of 30—358C (Converti et al., 2009; Oliveira
et al., 1999), however, some species do not grow efficiently
in temperatures above 308C and these temperatures are
considered as heat stress (Bajguz, 2009). Symbiodinium cells
had the best growth rates at normal temperatures (258C)
with nitrogen supply (Pasaribu et al., 2015); however, results
from the present study indicated that Symbiodinium cells
grew well in temperatures above 308C in nitrogen-free
media. Other studies have reported similar results that the
optimum growth of Symbiodinium could exceed the thermal
break-point (>328C) (Kinzie et al., 2001; Strychar et al.,
2005). Furthermore, the response to the temperature
changes was an adaptive physiological adjustment of Sym-
biodinium (Sammarco and Strychar, 2013). It is feasible that
Symbiodinium endosymbiont were present in nutrient-lim-
ited environment with respect to nitrogen source (Dubinsky
and Berman-Frank, 2001; Wooldridge, 2010), therefore, the
stability of coral-dinoflagellate was particularly supported by
interaction of temperature and nutrient.

3.3. Temperature and nitrogen-deprivation
induces neutral lipid accumulation in
Symbiodinium cells

Nitrogen deprivation is a nutrient limitation that disrupts
algal cell metabolism. Several studies reported that micro-
algae cultivation under environmental stress caused slow
growth and lipid accumulation (Hu and Gao, 2005; Yeesang
and Cheirsilp, 2011). Cultured free-living Symbiodinium cells
were treated with low and high temperatures in a nitrogen-
free medium for 7 days. The change in lipid content during
the treatments was analyzed using thin-layer chromatogra-
phy (TLC) (Fig. 3). There were no apparent differences
between the temperatures during the experiment, and all
temperature treatments induced neutral lipid (triacylglycer-
ide [TAG]) accumulation on day 5. Previous studies demon-
strated that nitrogen deprivation increased lipid content and
lipid droplet accumulation in free-living Symbiodinium cells
(Jiang et al., 2014). These findings were similar to those of
the studies involving temperature and nutrient-starved green
algae, Spirulina sp. and N. oculata (Converti et al., 2009;
Macedo and Alegre, 2001).

3.4. Ultrastructure of lipid droplets in
Symbiodinium cells

The main cause of coral bleaching is extreme temperatures
and if the extreme temperature persists for a long period,
corals begin to die. Sammarco and Strychar (2013) concluded
that during exposure to the high temperatures for soft coral
for 2 days, the Symbiodinium cells were apoptotic, but the
hosts adapted to the high temperature. High water tempera-
tures can affect the endosymbiotic Symbiodinium cells. In
the free-living cultures, Symbiodinium cells were in contact
with the environment directly. The cells slowly proliferated,
and the morphology changed due to a lower temperature or
upon nitrogen deprivation (Jiang et al., 2014; Pasaribu et al.,
2015). When the temperature went up above 308C, the free-
living cultures of Symbiodinium cells did not change in terms
of the growth during the nitrogen deprivation (Fig. 2). Syner-
gistic effects of temperature and nitrogen source on cell
morphology in the Symbiodinium cells were examined using
transmission electron microscopy (TEM) (Fig. 4). After 5 days
of culture in the nitrogen-deprived medium, the cell walls of
Symbiodinium cells were thickened, and the lipid droplets
(the major organelle) occupied most of the space in the cells
(Fig. 4A and B). Lipid droplet formation was found in Sym-
biodinium cells with lipid accumulation in nitrogen-deprived
conditions (Jiang et al., 2014). Lipid droplet accumulation in
algae typically occurs during periods of environmental stress,
including growth under nutrient-deficient conditions. Nitro-
gen-deprivation invariably caused a steady decline in the
rate of cell growth. When algal cell divisions slow down, the
synthesis of new membrane components might also slow
down, and the cells transform fatty acids into triacylglycerols



Figure 4 Morphology of Symbiodinium cells using transmission electron microscopy (TEM). (A and B) Ultrastructure of free-living
Symbiodinium cells cultivated at 308C using TEM. Free-living Symbiodinium cells cultivated at extreme temperatures (C and D: 258C; E
and F: 158C). Abbreviations: LD, lipid droplet; Ch, chloroplast; N, nucleolus; S, starch granule.
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(Jiang et al., 2014; Lin et al., 2012; Wang et al., 2009).
Extreme temperature stress of low and high temperatures
also induced lipid droplets in Symbiodinium cells (Fig. 4C and
E). However, numerous inclusion bodies (see the arrowhead
in Fig. 4D and F) appeared inside the lipid droplets on day 5 of
the nitrogen-deprivation treatment, which were not found in
the normal temperature treatment (Fig. 4B). The surface of
lipid droplets in Symbiodinium cells seemed to be modified,
suggesting that they might become relatively unstable.
Bleaching induced similar morphological changes in Symbio-
dinium and its host (Dunn et al., 2007; Fujise et al., 2014). It
was presumed that under extreme temperatures, Symbiodi-
nium used lipids earlier to survive the environmental stress.
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Summary We propose a new approach to indication of algal blooms. It stems from analysis of
the multispectral satellite reflectance Rrs of areas where blooms were documented during recent
decades. We found that spectra of algal blooms exhibit minima at wavelengths of channels of
Moderate Resolution Imaging Spectroradiometer (MODIS) l = 443 and l = 488 nm (Baltic, Black,
and Caspian seas), l = 443 nm (Southwest Tropical Pacific (SWTP)), and l = 443 nm and l = 469 nm
(Patagonian Continental Shelf (PCS)), attributable to absorption bands of chlorophyll a and
accessory pigments. We quantified the minima using indices D1 = Rrs(443) � Rrs(412) and
D2 = Rrs(488) � Rrs(469) and proved their diagnostic potential by comparing their distributions
to that of Rrs(555). Linear dependence of D1 upon chlorophyll a was found from MODIS data for the
bloom of Nodularia spumigena. Time dependences of D1 and D2 point to the latter as a probable
remote forerunner of cyanobacterial blooms. In the PCS, D1 and D2 proved to be too simplistic
owing to diversity of spectral shapes at l < 550 nm. Cluster analysis revealed close linkage of the
latter and local oceanological conditions. Our findings bear witness to the diagnostic potential of
the indices by virtue of their direct relation to pigment absorption and because the broadband
background reflectance changes reduce when calculating the indices as a difference of spectrally

Peer review under the responsibility of Institute of Oceanology of the Polish Academy of Sciences.

§ Part of the paper was presented at the 8th International Conference “Current Problems in the Optics of Natural Waters”, St. Petersburg,
Russia, 8—12 September 2015.
* Corresponding author at: Laboratory of Ocean Optics, Shirshov Institute of Oceanology RAS, Nakhimovskiy prospekt, 36, Moscow 117997,

Russia. Tel.: +7 499 1245996; fax: +7 499 1245983.
E-mail address: genkar@mail.ru (G.S. Karabashev).

http://dx.doi.org/10.1016/j.oceano.2016.05.001
0078-3234/# 2016 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by Elsevier Sp. z o.o. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://dx.doi.org/10.1016/j.oceano.2016.05.001
mailto:genkar@mail.ru
http://www.sciencedirect.com/science/journal/00000000
www.journals.elsevier.com/oceanologia/
http://dx.doi.org/10.1016/j.oceano.2016.05.001
http://creativecommons.org/licenses/by-nc-nd/4.0/


close reflectances. Further studies are needed to convert the indices to band-difference
algorithms for retrieving the bio-optical characteristics of algal blooms.
# 2016 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o.o. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The rapid growth of microalgae abundance in water basins is
usually referred to as algal bloom. Extensive studies of
blooms during last decades revealed recurrence of blooms
in many areas of the oceans (Anderson, 2001; Sellner et al.,
2003). A bloom may be induced by a set or a single algal
species. The blooms occur in different climatic zones and
cover the areas sizing from local scales to basin-wide ones.
The period, when algal cells concentration in water exceeds
a certain threshold level, determines the lifetime of a bloom.
This period lasts from days to months. Radical changes in
content and composition of suspended particles, dissolved
organic matter, nutrients and other substances accompany
the blooms because of vital activity of the microorganisms,
their lifetime excretions, consumption, degradation, and
final decomposition. These processes develop against a back-
ground of water dynamics events of different scales, which
contributing into the intricacy of bloom patterns. The neces-
sity to understand the latter is particularly urgent because
some of the algae produce toxins and induce the harmful
algal blooms (HABs) dangerous for aquatic biota and humans
(Sellner et al., 2003).

The understanding of such cause-and-effect relations
requires knowing the distributions of the relevant organisms
and substances in time and space on periods from seconds to
years and on scales from 100 to 106 m. To date, the problem of
'undersampling' (Munk, 2002) is far from being eliminated in
biological oceanography since the labor-consuming labora-
tory treatment of water samples for studying the ecologically
significant objects remains relevant (Balzano et al., 2015).
The light absorbing and fluorescing chlorophyll and accessory
pigments are inherent to the algae, which provides great
scope for rapid remote sensing of algal abundance in differ-
ent aquatic environments. In their pioneering work, Clarke
et al. (1970) used an airborne spectroradiometer for record-
ing the spectra of solar radiation, backscattered from the
Sargasso Sea and coastal waters. In authors' judgment, the
shape of these spectra demonstrated much potential for
yielding information about algal chlorophyll in the near sur-
face layer in spite of the fact that there were no radiance
minima attributable to the absorption of light by algal pig-
ments. At present, these potentialities are implemented as a
system of satellite instrumentation, techniques, band-ratio
algorithms, and discoveries described in thousands of pub-
lications. It is precisely the satellite information of global
coverage that underlies the present day knowledge of geo-
graphy, duration, and scales of algal blooms and inhomo-
geneities of optically significant admixtures in the World
Ocean (McClain, 2001; Świrgoń and Stramska, 2015).

These successes were achieved thanks to orbiting multi-
spectral ocean color scanners (OCSs) run by the NASA and ESA
since 1978. Elimination of atmospheric contribution into the
OCS products (atmospheric correction) makes them indis-
pensable for ocean studies. The OCSs are distinguished by
swaths more than 1000 km wide, ground sample distance
(GSD) close to 1 km or less, and rated revisit time as short as
1—2 days which fits well to time and space scales of algal
blooms. Such a consistency has been achieved at the expense
of spectral resolution of the OCSs, which usually have several
spectral bands in the visible range. This is insufficient for
reliable identification of blooming algae from manifestation
of individual absorption and fluorescence bands of algal
chlorophyll and accessory pigments in the satellite reflec-
tance spectra of the sea surface. At the same time, mani-
festations of this kind were occasionally reported in
publications based on data of the shipborne hyperspectral
radiometers.

When recording the Rrs spectra with a floating spectro-
meter in the Falkland Current frontal zone, Kopelevich et al.
(2005) observed a broad minimum in the violet-blue range
roughly at 440 nm where the absorption band of chlorophyll a
belongs. This fact agrees well with information on blooms of
various algae in the system of Falkland-Brazilian currents and
the Patagonian Continental Shelf (Ferreira et al., 2013;
Painter et al., 2010; Sabatini et al., 2012). Lubac and Loisel
(2007) used a ship-borne spectrometer and recorded reflec-
tance spectra having well-defined minimum in the blue-
violet wavelength range. The minimum took place exclusively
at stations in the English Channel where chlorophyll and
cell counting in water samples provided evidence of the
Phaeocystis globosa bloom. Similar shapes of the wavelength
dependence of water-leaving radiance have been revealed by
Soloviev (2005) when analyzing the images of the Caspian and
Baltic Seas obtained with the OCS MODIS (Moderate Resolu-
tion Imaging Spectroradiometer) during blooms of Nodularia
spumigena in summer 2005.

The MODIS determinations of sea surface reflectance have
been improved in spectral resolution within the shortwave
half of the visible spectrum upon data reprocessing version
R2013.1. The updated estimates of Rrs are now available at
the OceanColor website of NASA (http://oceancolor.gsfc.
nasa.gov/) as Level 2 products at GSD = 1 km and wave-
lengths l = 412, 443, 469, 488, 531, 547, 555, 645, 667,
and 678 nm. Using the updated MODIS imagery for the same
cyanobacterial bloom of 2005 in the Baltic Sea, we have
found that better spectral resolution makes possible to dis-
criminate the second shortwave reflectance minimum at
488 nm (Karabashev and Evdoshenko, 2015). Metsamaa
et al. (2006) have measured the spectra of absorption coeffi-
cients of the cyanobacteria Aphanizomenon flos-aquae “bal-
tica”, Anabaena circinalis and N. spumigena as the main
bloom-forming species in the Baltic Sea. In these organisms,
the absorption of light peaks at 439 nm, exhibits weaker
maximum at 479 nm, and tends to zero at 560 nm. The peak
at 439 nm corresponds to the absorption maximum of the
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chlorophyll a. The latter is universally present in the photo-
synthesis system of plants (the Soret band); the maximum at
479 nm points to the accessory pigments such as carotenoids
or phycobilins (Wozniak and Dera, 2007). Poutanen and
Nikkilä (2001) provided evidence of frequent occurrence of
the carotenoids in the Baltic waters during last half-century.

The above findings give grounds to anticipate that an
excess in the near-surface chlorophyll a concentration exhi-
bits as minimal Rrs(443) relative to Rrs(412) and Rrs(469)
reflectances (reflectance deficit due to chlorophyll a absorp-
tion) while inequalities Rrs(488) < Rrs(531) and Rrs(488) <
Rrs(469) indicate high content of accessory pigments (reflec-
tance deficit due to accessory pigments). If quantified, these
relationships appear promising for indication of algal blooms
based on multispectral OCSs data in waters whose waters
exhibit descending spectral slope at l < 500 nm.

The differences D1 = Rrs(443) � Rrs(412) andD2 = Rrs(488) �
Rrs(469) are the simplest quantitative indexes of variability of
algal pigments directly calculable from measured multi-
spectral reflectances. To our knowledge, the natural sub-
stances of non-algal origin, whose absorption bands
resemble the algal pigments in spectral characteristics,
are missing from marine environment. At the same time,
there are other sources of reflectance deficit in the short-
wave spectral range.

The sea surface spectral reflectance is predictable since
the second half of the last century (Jerlov, 1976; Mobley,
1994; Morel, 1988). It is universally accepted that the sea
surface reflectance dependence on wavelength of solar
radiation relies on the ratio Rrs(l) � bb(l)/a(l), where
bb(l) is the coefficient of total backscattering of light by
suspended particles and water and a(l) is the sum of absorp-
tion coefficients of water and admixtures. The latter are the
only components that are able to cause the reflectance
deficit by definition. Absorbance of water proper is irrelevant
to our aims because it is negligible at l < 500 nm and uni-
versally constant as compared to the absorbance of admix-
tures.

The colored dissolved organic matter (CDOM), or “Gelbst-
off”, had been discovered and understood by Kalle (1963) as a
substance, omnipresent in natural waters. The ubiquity of
the CDOM means that it belongs to the refractory DOM at
least partly. Dafner and Wangersky (2002) report that the
residence time of dissolved organic carbon (DOC) makes up
roughly 1300 years for the refractory DOC components in the
surface layer of oligotrophic gyre. The extra CDOM is obser-
vable during blooms due to lifetime excretions and degrada-
tion of algae. For example, a two-fold increase of CDOM
florescence intensity has been recorded in surface waters
upon the local bloom authenticated by biological observa-
tions in March 1974 off Peru (Karabashev, 2008). It is known
(Jerlov, 1976) that absorption of the CDOM exponentially
grows with diminishing wavelength:

aCDOMðlÞ ¼ aCDOMðl0Þe�Sðl�l0Þ: (1)

The slope S varies as 0.0165 � 0.0035 in diverse waters
depending on origin and residence time of the CDOM
(Schwarz et al., 2002). The CDOM is difficult to trace in
the clear ocean waters. Respectively, their spectral reflec-
tance is inversely dependent on the wavelength from 400 to
700 nm. Measurable concentrations of CDOM in water, typical
of oceanic periphery and inland seas, attenuate the short-
wave reflectance to the extent that the reflectance spectrum
takes the form of a unimodal curve having a positively sloping
shortwave branch. Hence, the CDOM background widely
varies in residence time and magnitude.

The atmospheric correction is a source of weakly selective
bias in satellites Rrs estimates. Comparison of Rrs(l) from
orbiting OSC and concurrent reflectance spectrum from a
hyperspectral floating radiometer demonstrates that the
difference of such spectra gradually increases towards the
short- and longwave limits of the visible range (Burenkov
et al., 2001). Dense accumulations of colored suspended
mineral particles, the Aeolian fine sands from deserts alike,
are able to affect the shape of the Rrs(l). However, the
spectra of mass-specific absorption and scattering coeffi-
cients of mineral particles of different composition and
dimensions exhibit no traces of fine structures from 400 to
700 nm (Stramski et al., 2007).

Thus, the totality of conceivable admixtures in natural
seawater, excepting living algal cells, is a bearer of back-
ground absorption that adds up with the absorption of algal
pigments. By virtue of higher spectral selectivity of pig-
ments, subtraction of reflectances from spectrally close
channels of an OSC reduces at least partly the contribution
of non-algal background into the difference of reflectances
involved. The same is true concerning partial reduction of the
affect of atmospheric correction errors by subtraction. For
this reasons, the indexes may be helpful as a new means for
digesting already acquired multispectral information and as a
simple tool for operative assimilation of data supplied by
orbiting color scanners.

Our goals in this paper are two-fold. First, to propose the
indices of algal pigments in seawater based on manifestations
of pigments' shortwave absorption in data of satellite multi-
spectral color scanners. Second, to give proofs of diagnostic
potential of these indices as the first and necessary step prior
to the development of an algorithm to retrieve some bio-
optical parameters of algal blooms in seas and oceans.

We aspire to improve informativeness of currently func-
tioning multispectral sensors and to make available the new
information from global data sets collected with the help of
these sensors during last decades. That is why we avoid
considering the opportunities of hyperspectral remote sen-
sing. It offers many advantages over the multispectral
approach but for now is inferior to multispectral sensing in
spatial coverage and revisit time. The latter are of primary
importance for monitoring the algal blooms.

2. Material and methods

The algal blooms are unpredictable in time and space and
difficult to explore in Baltic-size or larger water basins.
Another difficulty is in the diversity of the bloom-forming
species and their adaptive behavior leading to inadequacy of
conventional techniques of water sampling (Kutser, 2004).
Having regard to the reconnaissance nature of our goals, we
took advantage of a less demanding approach. It is based on
availability of published evidence on the intensity, species
composition, and timing of blooms in certain marine areas
during operation of MODIS sensors. Analytical treatment
of archived MODIS imagery, corresponding to published
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evidence in time and location, underlies our approach. The
time span of MODIS operation since 2002 to the present and
better spectral resolution in the visible are the key advan-
tages of this sensor in reference to its forerunners and
contemporaries among the OCSs.

2.1. Study areas

2.1.1. The Baltic Sea
This basin belongs to one of the best-studied inland seas of
moderate latitudes. Here the cyanobacterial blooms occur in
summer. They were extensively studied and documented
during last decades under the aegis of HELCOM (Baltic Marine
Environment Protection Commission — Helsinki Commission)
and by individual researchers (Kahru et al., 2007; Vazyulya
et al., 2014; Wasmund et al., 2013; etc.). It was established
that the blooms are due to mass development of genera
Aphanizomenon, Nodularia and Anabaena. The Baltic mate-
rials are the best in sufficiency for our aims thanks to avail-
ability of published information on species composition,
time, extent, localization, and intensity of blooms during
operation of MODIS sensors.

2.1.2. The Black Sea
Early summer blooms of the coccolithophore Emiliania huxleyi
occur in the Black Sea (Burenkov et al., 2005; Cokacar et al.,
2001; Karabashev et al., 2006b; Yasakova and Stanichnyi,
2012). They are beyond the scope of the present study because
reflectance spectra of E. huxleyi blooms exhibit no traces of
shortwave reflectance deficit (Karabashev and Evdoshenko,
2015). The first bloom of N. spumigena in the Black Sea has
been recently observed in its NW shelf zone. This event has
been described at length in Alexandrov et al. (2012) and is
discussed in what follows.

2.1.3. The Caspian Sea
The blooms of N. spumigena happen from time to time in the
South Caspian Sea. One of the most intensive blooms took
place in August—September 2005. This is a valuable case of a
single species bloom against a background of evolution of a
mesoscale vortex. The satellite and conventional estimates
of blooms' characteristics are given in Moradi (2014), Nasrol-
lahzade et al. (2011) and Soloviev (2005).

2.1.4. The West Tropical Pacific (SWTP)
A comprehensive summary of aerial observations and/or
bucket sampling of cyanobacteria from cruises and various
transects made by the French Navy ships and the r/v Alis in
the SWTP region from 1998 to 2010 is given in Dupouy et al.
(2011). The later research (Biegala et al., 2014) corroborated
the contribution of Trichodesmium sp. into the cyanobacter-
ial bloom in this region. Using these sources as a guide, we
examined the MODIS imagery of the SWTP in the box from
208S, 1638E to 158S, 1698E for December—February of 2007.

2.1.5. The Patagonian Continental Shelf (PCS)
Reflectance spectrum, recorded with floating hyperspectral
radiometer in the Falkland Current frontal zone (Kopelevich
et al., 2005), was initially the only incentive to consider the
southwest Atlantic Ocean as an area where reflectance
deficit in the blue-violet range may be traceable due to high
density of phytoplankton population. The published evidence
on physics and biology of the area corroborated this idea
(Ferreira et al., 2013; Moreno et al., 2012; Sabatini et al.,
2012; and others).

Upon some testing for occurrence of narrowband short-
wave reflectance deficit and quality of satellite data, pre-
ference has been given to two images of the PCS collected
with MODIS-Aqua sensor in May 2012 in the box from 44.58S,
638W to 41.58S, 568W.

2.2. Materials and data treatment

2.2.1. Initial data
Based on time and locations of blooms, known from publica-
tions or preliminary searching, we downloaded the digital
images of relevant testing sites, obtained with the MODIS
sensors and available at the NASA portal at http://
oceancolor.gsfc.nasa.gov/. These archive materials involved
the standard products of level L2 in current version for
reflectances Rrs at wavelength l = 412, 443, 469, 488, 531,
547, 555, 645, 667, and 678 nm and chlorophyll concentra-
tion chl_a. We preferred the MODIS Aqua data to the Terra
imagery excepting few special cases.

The downloaded images were pre-processed with the
SMCS browser (Sheberstov, 2015). It operates on Windows-
systems, supports batch processing and visualization of data
of different satellite sensors, and allows to control the data
quality by means of flags and masks and to export fragments
of digital images in desired coordinates and formats, con-
venient for further data treatment with dedicated software.
When dealing with the SWTP data, we took advantage of the
Giovanni online system, developed and maintained by the
NASA GES DISC (Acker and Leptoukh, 2007). The system
allowed us to compose the distributions of spectral reflec-
tance Rrs(531) and bloom index D1 inside the box between
158S, 1628E and 208S, 1698E where MODIS data has been
averaged in cells 4 km � 4 km over 8-day periods starting
on December 3, 11, and 19, 2007.

2.2.2. Statistical analysis and visualization
We used the tools of descriptive statistics to compose and
visualize the patterns of variability of relevant quantities in
time and space. The K-means method of cluster analysis
served to reduce the dimensionality of initial data sets in
order to map the distribution of Rrs spectra over the PCS. The
number of clusters K = 10 has been chosen as a trade off
between intention to show the diversity of spectral shapes
and necessity to limit the number of gradations of indexes for
the sake of readability of the map. The average spectra of
clusters (or centroids) served as keys for reading the map
(Karabashev et al., 2006a).

We took advantage of linear regression analysis to find the
dependence of index D1 upon the concentration of chloro-
phyll a when treating the data of the Caspian Sea bloom. Use
has been made of the regional band-ratio algorithm for
retrieving chlorophyll concentration from MODIS reflectances
of the Caspian Sea (Kopelevich et al., 2013). This algorithm is
based on ground truthing data obtained with the help of a
floating spectroradiometer in the open Caspian Sea during
summer seasons. The Caspian Sea level L2 data were aver-
aged over a regular grid of cells 2 km � 2 km to remove
irrelevant details of spatial distributions.

http://oceancolor.gsfc.nasa.gov/
http://oceancolor.gsfc.nasa.gov/
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2.2.3. Adaptation of indices to reflectance spectra of
waters of diverse transparency
In clear ocean waters, the spectral reflectance grows to the
shortwave limit of the visible spectrum (see Section 1). This is
the case of the SWTP region. We have to adopt the chlor-
ophyll index D1 = Rrs(443) � Rrs(469) in order to maintain the
negativity of D1 as a feature of reflectance deficit due to
chlorophyll a in waters of oceanic transparency. In such
waters, Rrs(443) � Rrs(412) < 0 is a permanent property
regardless of the deficit at 443 nm.

The PCS region is known as a meeting place of the open
ocean and shelf waters. Therefore, we adopted
D1 = Rrs(443) � Rrs(469) as a chlorophyll a indication by ana-
logy with the SWTP region. No spectra with the reflectance
minimum at 488 nm have been found in both images of the
PCS region. Instead, large fraction of pixels of the latter
exhibited reflectance deficit at 469 nm. On these grounds,
index D2 = Rrs(469) � Rrs(488) has been tentatively adopted
for accessory pigments in the PCS region. These adaptations
should be kept in mind when comparing information from
different testing sites.

3. Results

3.1. Extreme patterns of shortwave reflectance

The spectra in Fig. 1 belong to pixels having the lowest
estimates of indices D1 or D2 among the pixels of an indivi-
dual MODIS image. To reduce the effect of random errors, we
reproduce the spectra having the lowest and second-lowest
estimates of D1 and D2. The spectra are designated by
Figure 1 Reflectance spectra having the lowest (11) and the secon
second-lowest (22) minima at 488 nm during blooms in the following a
588N, MODIS Aqua, July 10, 2005; Panel 2: the Black Sea (bls) from 30.98
Caspian Sea (csp) from 49.58E, 37.58N to 528E, 38.758N, MODIS Aqua, S
1698E, 198S, MODIS Terra, December 10, 2007; Panel 5: the PCS waters (
abbreviation of testing site name and digital code. For
instance, blt11 in panel 1 designates the spectrum from
the Baltic Sea having the lowest index D1, blt12 points to
the spectrum having the second-lowest D1 and blt22 means
the spectrum with the second-lowest D2. Thus, Fig. 1 displays
the initial spectral shapes unaffected by our data processing.

The spectra from inland seas (panels 1—3 in Fig. 1) are
similar in wavelength of their main maxima in the green. The
amplitudes of these maxima are 4—5 times as high as reflec-
tance level of the same waters under bloom-free conditions.
In the Baltic Sea, there is evident difference between shapes
of spectra Rrs(l), having maximal D1 or D2. The same spectra
are virtually indistinguishable in the Black and Caspian Seas.

The SWTP spectra feature the simplest shape having well-
reproducible minimum at 443 nm. The same minimum is
present in spectra of the PCS regions but much larger reflec-
tance deficit is evident at 469 nm.

3.2. Variability of the indices

3.2.1. Baltic Sea bloom in July 2005
This bloom is one of the most intensive cyanobacterial Baltic
blooms for last decades in spatial coverage, sea surface
reflectance level, and biological characteristics (Wasmund
et al., 2013). Satellite images of this bloom frequently
illustrate materials dedicated to nature conservation.

The maps in Fig. 2 reproduce the pixel-by-pixel distribu-
tions of indices D1 and D2 along with Rrs(555) from the MODIS
image of the Eastern Gotland Basin of July 10, 2005, when the
bloom was close to culmination. The distributions exhibit
similar structures despite the fact that indices D1 and D2 are
d-lowest (12) minima at l = 443 nm and the lowest (21) and the
quatic areas. Panel 1: the Baltic Sea (blt) from 188E, 558N to 218E,
E, 46.08N to 31.78E, 46.58N, MODIS Aqua, July 7, 2010; Panel 3: the
eptember 1, 2005; Panel 4: the SWTP (SWTP) from 1688E, 208S to
ptg) from 638W, 44.58S to 588W, 41.58S, MODIS Aqua, May 18, 2012.



Figure 2 The distributions of indices D1 [% sr�1] (a), D2 [% sr�1] (b), and reflectance Rrs(555) [% sr�1] (c), pixel-by-pixel calculated
from the MODIS image of the East Baltic Sea of July 10, 2005. White triangles in panel a mark the pixels having spectra blt11 and blt12 in
panel 1 of Fig. 1. Stars in panel b mark the pixels having spectra blt21 and blt22 in panel 1 of Fig. 1.
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much lower in amplitude and lack precision as compared to
the Rrs(555) estimates. It is notable that the pixels of the
lowest and second-lowest estimates of D1 belong to the
bloom maximum between 568N and 578N whereas analogous
pixels of D2 reflectance deficit occurred within another
maximum divorced from the former one.

To judge the time dependence of the spectral features of
these blooms, use has been made of MODIS images of testing
Figure 3 The histograms of reflectance Rrs(555) and indices D1 and D
18.3418E, 55.1558N to 20.5378E, 57.8678N in the East Gotland Basin fo
designates the frequencies of occurrence of values of respective va
site in the East Gotland Basin of the Baltic Sea from 18.348E,
55.168N to 20.548E, 57.878N (see Fig. 2). The images were
obtained in July 2005 for year days (YD) 185, 186, 187, 190,
191, 192, and 194. After calculating the D1 and D2 for every
pixel of an image of a particular YD, we plotted the histo-
grams of these indices along with the histograms of Rrs(555)
as a proxy for bloom intensity (Fig. 3). The displacements
of the high-end wing of the histograms for Rrs(555) and the
2 calculated from the MODIS images of the same testing site from
r year days (YD) 185, 186, 187, 190, 191, 192, and 194 in 2005. N
riables in bins of the X-axes.



Figure 4 Distributions of reflectance Rrs(555) and index D1 in
the South Caspian Sea of August 18 (YD 230) and September 1 (YD
244), 2005. Panels 1 and 2 display the localization of the bloom
relative to 100 m depth contour at initial and culmination stages
of the bloom. The horizontal arrows mark the starting point of
the zonal profiles of D1 and Rrs(555) in panel 3 passing through
the center of the anticyclonic vortex at 38.188N. The left vertical
arrow in panel 3 indicates the distance L = 72 km from starting
point of profile to Rrs(555) minimum at vortex center while the
right arrow marks the position of Rrs(555) maximum east of the
vortex center.
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low-end wings of the histograms for D1 and D2 during bloom
period indicate extreme bloom intensity in terms of these
quantities regardless of probable inconstancy of the amount
of pixels of acceptable quality within the same testing site.

The Rrs(555) histograms 185 and 186 in Fig. 3 belong to the
same range of Rrs(555) < 1.5% sr�1, which roughly corre-
sponds to the medium level blooming. The fraction of the
highest Rrs(555) > 2% sr�1 was the most numerous on the YD
191, which is the day of bloom's peak in terms of the Rrs(555)
level. The lowest fraction of D1 < �0.15 was the most popu-
lated on YD 190 while the lowest D2 were the most abundant
on YD 187 (Fig. 3). This means that the reflectance deficit at
443 and 488 nm was one or several days ahead of the highest
reflectance peak at 555 nm. Notice that histograms of D1 and
D2 for YDs 192 and 194 returned to their earlier ranges on YDs
185 and 186 whereas considerable fraction of Rrs(555) >
1.5% sr�1 survived until YD 194.

3.2.2. Caspian Sea bloom of August—September 2005
Initially, the bloom shows up as a combination of quasi-linear
elements distinguished from the background by slightly
higher Rrs(555) (panel 1 in Fig. 4). In 2 weeks, a mesoscale
cyclonic vortex develops in the west of the testing site, and
the whole bloom takes the shape of a comet with the vortex
as its head in the west and filament-like structures as its tail
in the east (panel 2 in Fig. 4). This evolution took place
beyond the reach of coastal influences and in a deep basin,
which excludes the contribution of near-bottom resuspended
sediments into water surface reflectance. Under these con-
ditions, the variations of D1 and Rrs(555) were inversely
correlated lengthwise in the zonal profile at 38.188N (hor-
izontal arrow in panel 2) which is evident from distributions
of D1 and Rrs(555) in panel 3. Notice that the western part of
testing site on YD 230 appears as a bloom-free space.

Consider now the reflectance spectra in Fig. 5, plotted from
data at the center of the vortex (L = 72 km for YD 230 and 244,
left panel) and at site of L = 90 km where Rrs(555) peaks (right
panel). It is evident that spectra 1—3 are more or less similar to
each other in shape and magnitude while spectrum 4 exceeds
them at least three-fold in amplitude. Spectrum 3 is lower in
amplitude than the spectra 1 and 2. It is worth noting that
D2 < 0 and D1 > 0 under fore-bloom conditions on YD 230
(spectrum 1 in Fig. 5) while D1 < D2 < 0 at the time of bloom
culmination (spectrum 4 in Fig. 5).
Figure 5 Left panel: reflectance spectra at site of vortex center (72 km) prior to (1, YD 230) and during (2, YD 244) the bloom. Right
panel: the same but at site of Rrs(555) maximum east of vortex center (see Fig. 4). Spectrum 4 belongs to reflectance range 0—3% sr�1.



Figure 6 Dependences of index D1 on concentration of chlo-
rophyll a CHLLOO (regressions D1(CHLLOO)), found from MODIS
reflectances at X-coordinates of the profile in panel 3,
Fig. 4. Regional algorithm (2) has been used to estimate
CHLLOO. The dashed regression line and dots correspond to data
of YD 230, 2005; the solid regression line and crosses are for YD
244, 2005. R2 represent the estimates of coefficients of deter-
mination. For details, see text.
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Evolution of the bloom against a background of mesoscale
vortex resulted in strong intermittence of content of opti-
cally significant admixtures in the zonal profile across the
vortex' center. This and localization of the profile far away of
coastal zone and shallows provide favorable conditions for
testing the concentration dependence of indices. The stan-
dard algorithms for calculating the chlorophyll a content
Figure 7 Average reflectance spectra Rrs(l) from gridded MODIS-Aq
8-day periods starting on December 3 (a), December 11 (b), and Decem
been calculated from MODIS data subsets whose estimates of inde
+0.5 < D1 < +0.10, +0.15 < D1 < +0.20, and +0.25 < D1 < +0.30 (fo
from satellite reflectance are famed for poor performance
in waters of inland seas (Blondeau-Patissier et al., 2014).
Upon the abortive attempt to use the MODIS standard product
chl_a for finding dependence of D1 on chlorophyll a, we took
advantage of the regional algorithm (Kopelevich et al., 2013)
for estimating the content of chlorophyll a from MODIS
Rrs(488) and Rrs(555) at X-coordinates of the profile in
Fig. 4, panel 3. The formula is of the form

CHLLOO ¼ 0:573
Rrsð488Þ
Rrsð555Þ

� ��2:39

: (2)

The subscript LOO stands for the Laboratory of Ocean Optics.
In Fig. 6, regressions D1(CHLLOO) exemplify the results for YD
230 and YD 244, 2005. In the same profile, the standard
estimates of MODIS chlorophyll chlor_a are characterized by
14.03 mg m�3 for the mean and from 2.1 to 37.6 mg m�3 for
the range. Finally, we calculated the regressions D2(CHLLOO)
and found larger data scatter and reduces R2 to 0.563 for YD
230 and to 0.763 for YD 244 as compared to R2 = 0.9 in the
case of D1(CHLLOO).

3.2.3. The SWTP bloom
Fig. 7 shows the reflectance spectra at different levels of
index D1, calculated from distributions found with the help of
the Giovanni online system in the SWTP region. These dis-
tributions indicate gradual advancement of higher reflec-
tance to the west of the Vanuatu Archipelago but they were
depreciated because of data gaps due to cloudiness. Pre-
senting results as averaged spectra instead of 2D patterns
spares space but keeps the main outcomes.

In Fig. 7, the shape of spectra, having positive D1, is
typical of the clearest ocean waters. The negativity of D1
decreased with time faster during the first half of the 24-day
period against a background of growth of Rrs at l > 500 nm. In
spite of data losses, the spectra having D1 < 0 survived until
the end of this period. This means that the spectra in panel 4
of Fig. 1 are not accidental and characterize one of the
ua data in the SWTP box between 208S, 1638E and 158S, 1698E for
ber 19 (c), 2007 (see Sections 2.2.1 and 2.2.3). The spectra have
x D1 hit the intervals �0.15 < D1 < �0.10, �0.05 < D1 < 0.0,
r details see text).
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inherent features of bloom in the SWTP region in December
2007.

3.2.4. The PCS patterns
Diversity of spectral shapes is the most remarkable feature of
the PCS. The cluster analysis has helped us to reduce this
diversity to observable level. Fig. 8c demonstrates that the
spectra ptg11 and ptg12 (Fig. 1) belong to the same domain of
cluster 6 and spectra ptg21 and ptg22 belong to the same
domain of cluster 7. In our view, such consistency of geo-
graphy and spectral shapes involved provides evidence
of objective character of clustering outcomes because the
Figure 8 Cluster analysis of reflectance spectra Rrs(l) as
applied to the MODIS-A image of the PCS from 44.58S, 638W to
41.58S, 588W, collected on May 18, 2012. Panels a and b serve as a
key for reading the map in panel c. Panel a shows mean spectra
(centroids) of four clusters having minima at 443 nm (centroid 7)
and at 469 nm (centroids 2, 6, 8). Panel b displays the centroids
of the off-shelf clusters 4 and 5 and the inner-shelf clusters 1, 3,
9, 10 (all in black in panel c) having centroids peaks at 488 nm. In
panel c, the numbers of gray shades correspond to numbering of
centroids in panels a and b. The gravel pattern in the map
indicates the domain of cluster 6 having the lowest Rrs(469).
The arrow indicates the direction of general water transport in
the area. The triangles and stars mark the sites of pixels having
spectra ptg11, ptg12 and ptg21, ptg22 in panel 5, Fig. 1, respec-
tively. The depth contours (dashed, [m]) are based on the data
processed with the GEBCO Grid Demonstrator v. 2.13.
ptg-spectra and centroids of spectral clusters have been
found using different criteria and procedures.

The K-means clustering of reflectance spectra on the
pixel-by-pixel bases revealed three groups of spectral types.
They are given in panels a and b of Fig. 8. The outer PCS
between 75 and 125 m isobaths was dominated by pixels of
cluster 6 (gravel pattern in the map, Fig. 8). Among the
spectra in Fig. 8a, the cluster 6 is distinguished by the lowest
Rrs(469). The spectra of clusters 2 and 8 have minima at
469 nm too but their amplitude is lower as compared to that
of the cluster 6. Clusters 4 and 5 belong to pixels in the
continental slope area. The similarly shaped centroids of
clusters 1, 3, 9, 10 belong to the inner part of the PCS west
of the 75 m isobath.

The centroid of cluster 7 in panel a is the only spectrum
having minimum at 443 nm. The domain of cluster 7 inter-
faces the outer and inner shelf areas. After subdividing the
set of spectra of cluster 7 into 10 sub-clusters, we have found
that the pixels, having spectral minima at 443 nm, outnum-
ber those having minima at 469 nm among the pixels of
interfacing domain. We have found no indications of pixels
having spectral minimum at 488 nm over the whole PCS area
shown in panel c, Fig. 8.

It should be mentioned that spectra of the MODIS image of
May 2, 2012 of the PCS area has been clustered using the same
procedure. The set of ten centroids was certainly similar to
that of May 18 excepting underpopulated clusters whose
spectra recall the centroids 6, 2, 8 in Fig. 8, panel a. The
domain of spectrum 6 extended, at most, to 618W. To all
appearance, the image of May 2 reproduced the same bloom
at earlier stage of evolution. We omitted respective results to
spare space.

4. Discussion

4.1. Variety of reflectance deficit in the blue-
violet range

The CDOM presence in water is easy to recognize in the above
satellite reflectance spectra in panel b, Fig. 8. The spectra 1,
3, 9, 10 correspond to waters, rich in suspended matter and
CDOM. They belong to inner shelf (black shade in panel c) and
exhibit reflectance decline following the growth of CDOM
absorption from green to violet.

The spectra of this kind are typical of waters of low and
moderate transparency (inland seas, shelf areas, shallows,
climatic upwelling areas, etc.). Here reflectance deficit of
algal origin adds up with the deficit due to CDOM. When
calculating the indices D1 and D2 as differences of Rrs of
neighbor channels of MODIS sensor, we substantially reduce
the affect of inconstancy of the CDOM background but the
latter survives in the case of using the ratios of Rrs of the same
channels instead of differences.

Another sort of reflectance deficit arises due to atmo-
spheric correction errors. They are coincidentally frequent in
the areas of higher CDOM content. Such errors are easy to
discriminate when they are large to an extent that negative
spectral reflectances appear among the pixels' attributes. As
a rule, this is typical of reflectances from channels at
l < 500 nm and l > 600 nm, but the absence of negative
estimates of Rrs does not mean that pixels' attributes are
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free of such errors. Again, quantifying the algal reflectance
deficit as difference of Rrs of neighbor channels substantially
reduces the damage caused by errors of atmospheric correc-
tion. These circumstances are favorable for diagnostic appli-
cations of indices D1 and D2.

4.2. Diagnostic potential of indices D1 and D2

The use of index D1 as a measure of content of chlorophyll a in
water is justifiable by the fact that the absorption band of
this pigment peaks roughly at 443 nm (Wozniak and Dera,
2007). From the very beginning of satellite remote sensing of
seas and oceans in the visible range, any orbital multispectral
sensor is equipped with a channel, centered at 443 nm. As for
the index D2, its diagnostic capability is less definite. Among
previously named carotenoids and phycobilins, there are
pigments whose absorption bands peak near 488 nm. The
same is true concerning such accessory pigment as chloro-
phyll c. It is worth to notice that spectral shapes, having well
defined minima at 443 and 488 nm, took place in the Baltic,
Black, and Caspian Seas. From the previously mentioned, it
may be seen that N. spumigena was always present among
the species responsible for blooming event in all three seas.
The same species was the only contributor into the blooms in
the Black and Caspian Seas.

The SWTP spectra, deprived of D2 minima, resulted from
blooming of Trichodesmium sp. These are the grounds to
anticipate that changes in negative estimates of D2 are
mainly due to the reflectance deficit caused by accessory
pigments of N. spumigena. If this is the case, one might
expect certain disagreements of D1 and D2 behavior in space
and time due to differences of functions of main and acces-
sory pigments.

In Fig. 2, the pairs of pixels, having the lowest and second-
lowest D1 and D2, are tens of kilometers apart from each
other. Besides, they belong to structural elements that differ
in extent and orientation. According to histograms in Fig. 3,
describing the time dependence of cyanobacterial bloom of
2005 in the Baltic Sea, the estimates of D2 has reached their
lowest level ahead of D1 and the lowest D1 estimates occurred
ahead of Rrs(555) culmination. Qualitatively, this sequence
appears natural because the estimates of Rrs(555) depend on
total content of backscattering particles, including remains of
algal cells, while D1 and D2 relate to living organisms.

The case of the Caspian Sea (Fig. 4) allows to distinguish
the following stages of bloom event: prior-to-bloom condi-
tions (western part of the area in panel 1), a “young” bloom
(eastern part of the area in panel 1), the bloom in the prime
of life (western part of the area in panel 2), and the bloom of
advanced age (east of the same area). This sequence corre-
sponds to gradual development of bloom in the east accord-
ing to several images, collected prior and upon YD 230, and to
later evolution of the bloom against a background of the
westwards bound mesoscale vortex. It is worth noting that
D2 < 0 and D1 > 0 under fore-bloom conditions on YD 230
(spectrum 1 in Fig. 5) while D1 < D2 < 0 at the time of bloom
culmination (spectrum 4 in Fig. 5). This is another indepen-
dent argument in support of the above evidence of earlier
occurrence of D2 < 0 relative to timing of D1 < 0 at the initial
stage of bloom development.

Under the fore-bloom conditions (YD 230), the estimates
of D1 remained weakly positive but D2 fluctuated at zero
level. When passing to the next stage, the D1 estimates
jumped from 0.1 to �0.15% sr�1 and gradually declined to
zero. The estimates of D2 exhibited the same changes but
within narrower limits.

The panel 3 in Fig. 4 demonstrates strong intermittence of
estimates of D1 lengthwise in the zonal profile across the
vortex center (YD 244). Respective estimates of D2 fluctu-
ated from 0 to �0.1 levels. The similarity of the Caspian and
Baltic blooms of 2005 is in the fact that negative D2 appeared
slightly ahead of negative D1. We anticipate that this pecu-
liarity is inherent to blooms of N. spumigena regardless of
specific features of environment and may be used for early
warning of highly harmful N. spumigena.

The outcomes of regression analysis of the Caspian Sea
bloom substantiate the hopes of diagnostic capabilities of
index D1. Regardless of maturity of the bloom, regression
lines for YDs 230 and 244 are indistinguishable in their
linearity and estimates of R2 (Fig. 6). The latter means that
chlorophyll concentration was virtually the only contributor
into the variations of D1 estimates along the zonal profile
across the bloom. However, the regression lines go closely in
parallel but they do not coincide. This may be due to the
specific features of algorithms for retrieving the chlorophyll
concentration from the satellite reflectances. The Caspian
bloom significantly enhanced the shortwave reflectance def-
icit due to CDOM and shifted the wavelength of reflectance
maximum to 555 nm (compare spectra 2 and 4 in Fig. 5).
These affects may be due to surface scums which are char-
acteristic of blooms of N. spumigena and were detected at
mature stages of the bloom in the south Caspian Sea in 2005
(Moradi, 2014).

Relationship of regressions D1(CHLLOO) and D2(CHLLOO)
(see Section 3.2.2) fit well to the assumed partial co-variance
of main and accessory pigments at the time of bloom devel-
opment. Index D1 and CHLLOO closely co-varied during early
and mature stages of the bloom, as it should be when
comparison characteristics depend on the same carrier (algal
chlorophyll in our case). The lowest correlation links index D2
and CHLLOO in the beginning of bloom and correlation of
intermediate strength describes their coupling at later stage
of blooming. This sequence agrees with the above conclusion
concerning leading behavior of D2 relative to D1 during initial
stage of a bloom.

4.3. The special case of the Patagonian
Continental Shelf

In the inland seas, the CDOM reflectance deficit exceeded the
algal one (the D1 and D2 minima are superimposed on the
descending slope of Rrs(l)) while CDOM deficit was negligible
in the SWTP and D1 minimum interrupted monotonous growth
of reflectance with diminishing wavelengths. In the PCS
proper (cluster 6 in panel c, Fig. 8), the algal and CDOM
reflectance deficits were more or less comparable in ampli-
tude.

Three features are worth to noting. First, cluster 6 is the
most populated among clusters whose centroids are given in
panel a, Fig. 8. Second, this centroids are the only that
exhibit Rrs maximum at l > 650 nm, usually attributable to
fluorescence of chlorophyll a. Third, centroid 6 exhibits the
highest magnitude of reflectance minimum at 469 nm. The
same minimum is traceable in centroids of clusters 4 and 5,
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whose general view is similar to general view of Rrs spectra in
the SWTP region. The clusters 4 and 5 are common in the zone
of continental slope tens of miles east off the outer shelf. To
all appearance, absorption peak at 469 nm was a character-
istic feature of the PCS bloom in May 2012, and traced the
lateral water exchange between the shelf proper and the
zone of continental slope.

The broad shortwave Rrsminimum, recorded with the help
of a hyperspectral ship-borne instrument in the Falkland-
Brazilian current system (Kopelevich et al., 2005), recalls the
centroid 6 in Fig. 8, panel a. Spectrum 6 belongs to four
spectral types characteristic of water of the outer shelf area.
In total, they substantially differ from spectral shapes of
inland seas and SWTP region.

The spectral properties of centroids in panel a of Fig. 8
may be regarded as a result of partial superposition of
absorption bands of chlorophyll a and accessory pigments
whose absorption band peaks closer to 469 nm than to
488 nm. Such pigments can be inferred from Wozniak and
Dera (2007). An alternative interpretation follows from
findings of Welschmeyer (1994). Based on recent acknowl-
edgment of the presence of chlorophyll b in marine phyto-
plankton, the author demonstrates that the shortwave
absorption bands of chlorophylls a, c2, and b, extracted from
algal cultures, peak from 430 to 460 nm and partially super-
impose each other. When recorded with a low-resolution
instrument in living algal cells, this triplet may appear as
a single broad band, red-shifted by 10—30 nm relative to
absorption maximum of chlorophyll a.

A question arises: whether we are dealing with a single
species as a carrier of the whole set of pigments involved or a
number of species as carriers of individual pigments from the
similar set. In our view, the presence of spectral types 4 and
5, found far beyond the outer shelf and marked by the same
reflectance deficit, as spectrum 6 (Fig. 8), provides evidence
in favor of the first choice. Otherwise, we have to admit that
different algal species were equally successful in surviving
the lateral water exchange between the regions of the outer
shelf and continental slope.

4.4. Limitations and difficulties

The abovementioned failure to find the reflectance deficit
due to chlorophyll in Rrs spectra during coccolithophore
summer bloom in the Black Sea arises out of the fact that
the backscattering of light by the calcite shells of these algae
is disproportionally strong relative to content of pigments in
their cells. This is a fundamental distinction of the cocco-
lithophores. Therefore, reflectance deficit approach is uni-
versally inapplicable to the blooms of the coccolithophores.
At the same time, the satellite monitoring of blooms of other
species against a background of high content of coccolitho-
phores and/or coccoliths may be successful because the
background components of reflectances are reducible when
estimating D1 and D2 by subtraction of spectrally close
reflectances.

We failed to find manifestations of shortwave reflectance
deficit in certain regions of a fortiori highest content of
chlorophyll, CDOM, and suspended particles (Curonian
Lagoon of the Baltic Sea in summer, the inner PCS areas
(spectra 1, 3, 9, 10 in panel b, Fig. 8) and the like). At the
same time, there is an example of well-marked reflectance
deficit in the blue-violet range according to MODIS data
obtained quasi-concurrently with the recording of smooth
Rrs spectrum by means of a floating hyperspectral spectro-
meter (Fig. 13, panel d, sta 17F in the east of the Gulf of
Finland (Vazyulya et al., 2014)). Based on the shape of
longwave hyperspectral reflectance, the authors assume
the contribution of cyanobacterial bloom into the spectral
shapes of Baltic waters during their observations. The Baltic
cyanobacteria tend to produce the surface scums and to
scatter over subsurface thickness depending on the environ-
mental conditions and time of day. This and other adaptive
mechanisms of the cyanobacteria create enormous difficul-
ties in obtaining adequate information concerning their
abundance and distribution (Kutser, 2004). It is permissible
to assume that surface accumulation of cyanobacteria took
place at sta 17F and the floating spectrometer, being partially
submerged, underestimated the content of their pigments in
the surface film while the MODIS radiometer sensed both the
film and the underlying layer.

5. Conclusion

The main outcome of our study is an initiation of a new
approach to monitoring the algal blooms in seas and oceans
by means of multispectral color scanners. We quantified
manifestations of shortwave reflectance deficit, caused by
absorption of solar radiation by algal photosynthetic pig-
ments. Difference of reflectances from a pair of neighbor
spectral channels, one of which is tuned to absorption band of
a specific pigment, served as a measure of the deficit. The
threshold of bloom detection in terms of concentration of
chlorophyll a is close to 0.4—0.5 mg m�3 and corresponds to
slightly positive estimates of index D1 in the case of a
cyanobacterial bloom (Fig. 4).

The difference-based index is advantageous over indica-
tions based on reflectance ratios because subtraction of
spectrally close reflectances reduces the bias due to broad-
band reflectance deficit caused by the CDOM absorption and
atmospheric correction errors. The disadvantage of the same
index is in higher random errors inherent to subtraction
results. To our knowledge, the algal pigments are the only
natural substances in aquatic environment whose absorption
bands have the half-width making up only a fraction of the
blue-violet range. If this is the case, the manifestations of
narrow-band reflectance deficit are attributable exclusively
to the algal pigments.

The indices presented here may already be applied to
current satellite monitoring of algal blooms and to treatment
of archived data of orbital multispectral sensors. In three of
four non-PCS cases, we were dealing with the blooms con-
tributed by N. spumigena. The latter was the major con-
tributor into the Caspian and Black Seas blooms. This species
attracts attention as one of the most frequent and harmful
cyanobacteria. The prospect of using the D2 estimates as a
forerunner of N. spumigena blooms follows from the
enhancement of D2 ahead of D1 during blooms in the Baltic
and Caspian Seas. Our visual inspection of Rrs spectra in early
summer MODIS images of different Baltic Sea regions
revealed frequent occurrence of close-to-zero reflectance
deficit at l = 488 nm during years of moderate and strong
blooms.
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More works will have to be done to recognize the full
worth of the diagnostic potential of the reflectance deficit
due to algal pigments. Highly variable spectral patterns of
the PCS region give notice of broader range of problems that
may become accessible if narrow-band manifestations of
reflectance deficit will be quantified by more precise and
adequate models than the simplistic difference of two reflec-
tances. In any case, a definitory formula has to involve the
subtraction of measured or simulated background reflec-
tance from level L2 data in order to retrieve the content
of pigments from shortwave manifestations of algal absorp-
tion in reflectance field. This procedure may be regarded as a
band-difference retrieval algorithm by analogy with the
current band-ratio algorithms. Given the above advantages
and limitations of the proposed indices, the former algorithm
may be useful supplement to the latter ones.
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Summary Dilution experiments were performed to estimate phytoplankton growth and micro-
zooplankton grazing rates at two sites: freshwater (Nida) and brackish water (Smiltyne) in the
Curonian Lagoon (SE Baltic Sea). Using the size-fractionation approach and dilution experiments,
we found that the microzooplankton community was able to remove up to 78% of nanophyto-
plankton (2—20 mm) standing stock and 130% of the total daily primary production in the brackish
waters of the lagoon, and up to 83% of standing stock and 76% of the primary production of
picophytoplankton (0.2—2 mm) in the freshwater part. The observed differences were attributed
to the changes in ciliate community size and trophic structure, with larger nano-filterers (30—
60 mm) dominating the brackish water assemblages and pico-nano filterers (<20 mm and 20—
30 mm) prevailing in the freshwater part of the lagoon.
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metabolic rate and short generation time, microzooplankton
may play a pivotal role in determining the overall rates of
grazing, nutrient regeneration and secondary production,
especially during periods when they are most abundant
(Weisse, 1990).

Ciliates tend to dominate microzooplankton communities
in estuaries and reach very high abundances (up to
72 800 cells L�1) (Gallegos, 1989; Quinlan et al., 2009). Even
though their preferred prey falls within the 5—25 mm size-
class, ciliates can feed even on the smallest phytoplankton,
i.e. picofraction (<2 mm) (Hansen et al., 1994). Thus ciliates
may be an important link in the transfer of carbon from
picophytoplankton to higher trophic levels (Quinlan et al.,
2009), especially during the summer when copepod produc-
tion is at its highest (Dzierzbicka-Głowacka et al., 2015). In
addition, a number of nano-sized (2—20 mm) ciliates are
widening the effect of microzooplankton towards smaller
prey size.

Size-selective grazing by ciliates has important implica-
tions for the food-web structure and nutrient cycling, espe-
cially in coastal regions, where efficient grazing on small-
sized phytoplankton, called Fast-Growing-Low-Biomass, is
observed (Sun et al., 2007). Moreover, different size groups
of the phytoplankton community also have specific responses
to grazing by ciliates.

Using the dilution technique (Landry and Hassett, 1982),
the estimated grazing impact on phytoplankton is frequently
masked by the abundant large phytoplankton fraction, not
suitable for grazers, which is frequently dominant in coastal
eutrophic waters (Gallegos et al., 1996). Therefore, the size-
fractioning is suggested in coastal and estuarine areas, where
the less abundant small phytoplankton fraction can have high
turnover rates and contribute significantly to the secondary
production of microzooplankton (Gallegos et al., 1996).

The information available on the trophic role of ciliates as
grazers in the transitory ecosystems with changing riverine
discharges and salinity regimes is limited. The dilution
method for microzooplankton grazing estimation has been
used only in a few Baltic Sea studies (Aberle et al., 2007;
Lignell et al., 2003; Moigis and Gocke, 2003; Reckermann,
1996). Setälä and Kivi (2003) used field data combined with
experimentally derived species-specific clearance rate infor-
mation to assess ciliate community grazing in the open Baltic
Sea. Reckermann (1996) estimated that microzooplankton
carbon consumption rates exceeded mesozooplankton graz-
ing in the Gotland Sea by 10 times, and in the estuarine
Pomeranian Bay by 25—30 times.

The Curonian Lagoon is one of the most heavily eutrophi-
cated coastal areas of the Baltic Sea (Gasiūnaitė et al., 2008).
This transitory ecosystem is characterised by high primary
production and the domination of toxic cyanobacteria during
summer/autumn (Gasiūnaitė et al., 2005; Krevš et al., 2007;
Sulčius et al., 2015). In the estuarine part the overall phy-
toplankton biomass markedly decreases with increasing sali-
nity (Gasiūnaitė et al., 2008). An important feature of this
system is the heterogeneity of the pelagic communities
induced by the non-stable salinity gradient. The microzoo-
plankton community in the lagoon is dominated by the
ciliates, while heterotrophic dinoflagellates comprise only
a minor fraction (<1%) of the total dinoflagellate abundance
(Olenina I., personal communication). The detailed ciliate
taxonomical composition of the Curonian Lagoon was
described by Mažeikaitė (1978, 2003) and revised to include
the brackish water ciliate assemblage by Grinienė et al.
(2011). Recent observations show significant differences in
the community structure of ciliated protozoan between the
brackish water and freshwater parts of the lagoon (Grinienė,
2013). In this study it was demonstrated that very small nano-
ciliates (<20 mm) compose more than 60% of total freshwater
ciliate assemblage, while in the brackish water community
the share of nano-ciliates is only 15% of the total abundance.
The larger size fraction (20—60 mm) dominates the brackish
water ciliate assemblage (Grinienė, 2013).

In this study we applied dilution experiments and phyto-
plankton size-fractionation to experimentally evaluate the
differences in microzooplankton and phytoplankton commu-
nity structures, grazing and growth rates between the fresh-
water and brackish water parts of the lagoon. The
experiments were made with two communities representing
the two extremes of the habitat: a high salinity sample from
an area (Smiltyne) with extreme salinity variability, and a
freshwater sample from an area (Nida) with constant low
salinity regime. Our hypothesis is that the grazing efficiency
varies according to the grazer community structure (size and
grazing mode).

2. Material and methods

2.1. Study area

The Curonian Lagoon (SE Baltic Sea) is a shallow (mean depth
3.8 m) eutrophic water basin connected to the Baltic Sea by
the narrow Klaipeda strait. The southern and central parts of
the lagoon contain fresh water due to discharge from the
Nemunas River. The salinity in the northern part varies from
0 to 7 due to seawater intrusions, which are usually restricted
to the northern part of the lagoon, rarely propagating more
than 40 km (Dailidienė and Davulienė, 2008). Seawater inflows
with a residence time of 1—6 days are most common (Gasiū-
naitė, 2000). In terms of hydraulic regime-based zonation, the
northern part of the lagoon and Nemunas River avandelta are
classified as transitory, while the central part is classified as
stagnant and intermediate (Ferrarin et al., 2008).

According to the intensive weekly study in 2007—2008 the
seasonal dynamics in the fresh water site (Nida) ciliates
follows the model of temperate eutrophic lakes with four
seasonal phases: winter, early spring, late spring and sum-
mer/autumn (Grinienė, 2013). Summarising, during the win-
ter time ciliate growth is limited by low biomass of
phytoplankton. In the early spring, when small sized phyto-
plankton prevails, ciliate assemblage is dominated by small
naked oligotrichs and prostomatids. After the late spring
diatom bloom, ciliate assemblage shifts to medium sized
nano-filterers (tintinnids). The functional and taxonomic
diversity of ciliates increases toward the summer, which
points to the exploitation of a wide size range of food. Small
sized naked oligotrichs (pico-nano fraction feeders) and
peritrichs (mainly pico-fraction feeders) were most abundant
in summer and autumn. Despite this ciliate community struc-
ture is homogenous during whole period (June—October)
forming the same summer/autumn cluster (Grinienė, 2013).

The structural differences between the seasonal clusters
were significant and shown by ANOSIM global R statistics



Table 1 Analysis of similarity (ANOSIM) of the four seasonal
assemblages in Nida site (from Grinienė, 2013).

Assemblages R statistics Significance
level, p

Winter, early spring 0.96 <0.01
Early spring, late spring 0.91 <0.01
Late spring, summer/autumn 0.74 <0.01
Summer/autumn, winter 0.88 <0.01
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approaching 1 with the highest differences were observed
between spring and winter assemblages, and also between
the two spring assemblages (Table 1).

In the brackish water site (Smiltyne) significant negative
salinity effect on the ciliate community is observed (Gri-
nienė, 2013). Summarising, the total abundance of ciliates
correlated negatively with salinity in this site (r = �0.42,
N = 34, p < 0.05). Two ciliate assemblages, according to
salinity intervals 0—2 PSU and �4 PSU, could be distin-
guished. The global R statistics from ANOSIM of these assem-
blages demonstrated that the overall differences between
them were statistically significant (global R = 0.939,
p < 0.01). Structurally, these assemblages were very differ-
ent in species composition, size and feeding mode.

2.2. Dilution experiment setup and sample
analysis

Water samples for the experiments were collected from two
sites: freshwater (Nida) on 29 August and brackish water
(Smiltyne) on 10 October 2009. Water was collected from a
depth of 0.5 m into two 50 L carboys and transported to the
laboratory.

The particle-free water (FW) was prepared by filtering
lagoon water sequentially through a plankton mesh with a
pore size of 20 mm, intermediate 2-mm and 0.7-mm GF/F filters
and finally a 0.2-mm Millipore filter under slight air pressure.
The length of the filtration process depends on the concentra-
tion of phytoplankton and suspended solids, and it took 20 and
5 h at the Nida and Smiltyne sites, respectively. The whole
lagoon water (WW) was collected the next day in the Nida and
Smiltyne experiments and was gently poured through a 150-
mm mesh to remove mesozooplankton. Visual observation
before experiments was conducted to assure that the 150-
mm-sized mesh removed mesozooplankton and that the filtra-
tion through the mesh did not have a negative effect on the
vitality of ciliates, especially aloricated forms. The WW was
diluted by FW to four target dilutions in ratios of 1:0 (no
dilution), 3:1, 1:1 and 1:3 (dilution factor or decimal fraction
of WW: 1, 0.75, 0.5 and 0.25, respectively) in 3 L transparent
plastic bottles. The incubation volume was 3 L and all treat-
ments were carried out in triplicate. All bottles were incu-
bated in situ at a depth of 0.5 m for 24 h. During the
experiment on 10 October 2009, altogether 6 bottles out of
12 were lost during the night-time storm.

At the start and at the end of both experiments, 500 ml
from each experimental bottle were sampled for nutrient
(nitrate, nitrite, ammonium, phosphate and silicate) analy-
sis, 25—30 ml for nano- and picofractions of chlorophyll a and
300 ml for microzooplankton counts.
The sample for nanophytoplankton (2—20 mm) chlorophyll
a was filtered through a 20-mm mesh and concentrated onto a
2-mm Millipore polycarbonate filter. The remaining filtrate
was concentrated on a 0.2-mm Millipore polycarbonate filter
for picophytoplankton (0.2—2 mm) chlorophyll a measure-
ment. All filters were kept frozen at �208C and analysed
within 2 months.

Total chlorophyll a concentration in the initial water
samples was determined fluorimetrically (FluorProbe II).
Pigments of nano- and picofractions were measured by
high-performance liquid chromatography (HPLC) at the Bal-
tic Sea Research Institute, Warnemünde, Germany. The sam-
ples were analysed according to Barlow et al.
(1997). Pigments were detected by absorbance at 440 nm
using a Biotek (545 V) diode array detector and identified by
retention time and online visible spectra (350—750 nm)
obtained from scans by the diode array detector. Chlorophylls
were further detected by a Jasco (FP-1520) fluorescence
detector (440 and 660 nm excitation and detection wave-
lengths, respectively). The chromatograms are processed
using the Biotek Kroma 3000 software. Pigment concentra-
tions were calculated by the peak area.

Nutrients were analysed at the Baltic Sea Research Insti-
tute (Warnemünde, Germany) according to standard meth-
ods (Grasshoff et al., 1983).

Ciliate counts were performed in Lugol fixed samples by
Utermöhl's (1958) method. Volumes of 10—25 ml were settled
for at least 24 h in Utermöhl's chambers. Ciliates were
counted, measured and identified with an inverted micro-
scope at 200� magnification. The entire content of each
Utermöhl chamber was surveyed, and an additional subsam-
ple was counted if the total number was <150 organisms.

Rotifers and copepod nauplii were counted using a micro-
scope at 40� magnification in the Bogorov chamber.

Ciliate-size groups (<20 mm, 20—30 mm, 30—60 mm and
>60 mm) and trophic groups (pico-filterers, nano-filterers,
pico/nano-filterers, omnivorous feeding on heterotrophic
flagellates, algae or ciliates, and predators feeding on other
ciliates) were distinguished according to Mironova et al.
(2012). Mesodinium rubrum (Myrionecta rubra) was observed
in the Smiltyne site experiment but not included in the total
ciliate abundance counts, because it appears to function
mostly as an autotroph.

2.3. Data analysis

Dilution experiment data analysis was performed according
to Landry and Hassett (1982). The apparent growth rate of
prey (AGR) was estimated using the function (1):

AGR ðday�1Þ ¼ lnðChlat=Chla0Þ
t

; (1)

where Chlat and Chla0 are the final and initial concentration
of chlorophyll a [mg L�1] and t is the time of incubation [day].
AGR was estimated for both pico- and nanosize fractions.

The rates of growth and grazing mortality were calculated
by the linear regression of AGR versus actual dilution factor.
The absolute value of the slope of the regression is the
grazing rate by microzooplankton g [day�1] and ordinal
intercept (y-intercept) of the regression is the growth rate
of phytoplankton in the absence of grazing k [day�1].



Table 2 Environmental parameters and microzooplankton
abundance at initial whole lagoon water (WW) at two re-
search sites.

Parameters Freshwater
site

Brackish
water site

Temperature [8C] 18.6 11
Salinity 0 6.2
Dissolved oxygen [mgO2 L

�1] 16.6 10.1
Nitrate [mmol L�1] 0.09 7.02
Nitrite [mmol L�1] 0.03 0.31
Silicate [mmol L�1] 1.95 11.81
Ammonium [mmol L�1] 3.37 5.15
Phosphate [mmol L�1] 1.88 0.98
Total chlorophyll a [mg L�1] 30.3 4.7
Pico-fraction chlorophyll
a [mg L�1]

1.8 0.09

Nano-fraction chlorophyll
a [mg L�1]

14.1 2.8

Microzooplankton abundancea:
Ciliates [ind. L�1] 30 667 9800
Copepod nauplii [ind. L�1] 115 24
Rotifers [ind. L�1] 75 —

a Not including heterotrophic dinoflagellates and silicoflagel-
lates.
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Significant negative slope (one-tailed t-test, p < 0.05)
suggests a measurable grazer effect on phytoplankton
growth. In cases of statistically non-significant regression,
grazing rates were not determined and the phytoplankton
growth rates were obtained from averaged AGR among all
dilution treatments (Twiss and Smith, 2012).

The standing stock of phytoplankton biomass as chloro-
phyll a [mg L�1] removed daily Pi [% day�1] and phytoplankton
potential production grazed daily Pp [% day�1] were calcu-
lated using equations (2) and (3) presented in James and Hall
(1998):

Pi ¼ 1�e�g; (2)

Pp ¼ ðek�ek�gÞ
ðek�1Þ ; (3)

where k is the growth rate of phytoplankton and g is the
grazing rate of microzooplankton estimated from the linear
regression.

To determine clearance rates (y) for total ciliate commu-
nity and different trophic groups, a biovolume-dependent
equation (4) established for the Baltic Sea (Setälä and Kivi,
2003) was applied:

y ¼ 0:1493�x0:906; (4)

where x is the estimated spherical diameter (ESD) of the
ciliate.

3. Results

3.1. Environmental parameters and nutrient
concentrations

The different environmental parameters, nutrient concen-
tration and microzooplankton abundances are given in
Table 2. At the fresh water site (Nida) salinity was 0, whereas
at the brackish water site (Smiltyne) it was 6.2. The differ-
ence in water temperature between sites was 7.68C. Due to
the high initial concentrations of both inorganic nitrogen
(nitrate + nitrite + ammonium) and phosphorus (phosphate)
as well as silicate no nutrient limitation happened during the
incubations (Table 2). The lowest end values were above
1 mmol L�1 and 0.5 mmol L�1 for inorganic nitrogen and phos-
phorus, respectively (Table 2).

3.2. Phytoplankton community structure

We used high-performance liquid chromatography (HPLC)
estimations of phytoplankton pigment signatures to deter-
mine the community structure of phytoplankton fractions.
The total chorophyll a concentration was 6 times higher in
freshwater (30.3 mg L�1) than in brackish water (4.7 mg L�1)
(Table 2). The relative abundance of different phytoplankton
size groups within the community, represented by the chlor-
ophyll a concentrations, differed between freshwater and
brackish water areas. In the freshwater site the share of
>20 mm, nano- (2—20 mm) and picofraction (0.2—2 mm) was
47.7%, 46.4% and 5.9% of total chlorophyll a concentration,
respectively. The nanofraction of chlorophyll a dominated
the brackish water site with 59.8% of total chlorophyll a,
while the share of >20 mm fraction was 38.2% and that of
picofraction only 1.9% of the total.

The pigment composition gives an indication of the sys-
tematic composition of phytoplankton, but it cannot be
considered quantitative. At both sites the picofraction of
phytoplankton was represented only by chlorophyll a,
whereas the nanofraction of phytoplankton contained addi-
tional pigments and varied between sites (Fig. 1). Lutein
(green algae), alloxanthin (cryptophytes), b-carotene (for all
phytoplankton taxonomic groups) and divinyl chlorophyll a
(cyanobacteria) were found in the nanofraction at the fresh-
water (Nida) site, while at the brackish water (Smiltyne) site
190-hexanoyloxyfucoxanthin (prymnesiophytes) and zeax-
anthin (cyanobacteria) were recorded. In addition to chlor-
ophyll a, fucoxanthin (diatoms) was detected in the
nanofraction at both sites. Phytoplankton AGR calculations
were performed using only chlorophyll a (as indicator of the
whole phytoplankton community) data. Other pigments were
detected only in undiluted water (dilution factor 1) or weakly
diluted treatment (dilution factor 0.75), and they could not
be used in AGR calculations. However, the pigment results
indicate that the autotrophic communities remained stable
during the experiments.

3.3. Microzooplankton community structure

At both experimental sites microzooplankton was dominated
by ciliates (99% of total abundance), while the number of
metazoans was very low, composing 1% of the total micro-
zooplankton abundance at both experimental sites (Table 2).
In the brackish water site nano-filterers feeding on nanosized
phytoplankton were dominated by medium-sized (30—60 mm)
tintinnid Tintinnopsis sp., large naked oligotrich Strombidium



Figure 1 Pigments concentrations of pico- and nanophytoplankton at experimental sites.
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conicum, Strombilidium gyrans and Lohmaniella sp. and large
(>60 mm) ciliates (Codonella relicta, Tintinnopsis kofoidi):
they shared 48% of the total ciliate abundance (Fig. 2). Small
ciliates (<20 and 20—30 mm) were composed of Mesodinium
cf. acarus, Strobilidium spp., Urotricha sp. and Lohmaniella
oviformis.

In the freshwater site small-sized (<20 and 20—30 mm)
pico/nano-filterers (Strobilidium spp., Tintinnopsis cf. nana,
Halteria sp.) and pico-filterers (Cyclidium spp., Vorticella
spp.) prevailed. Together these functional groups composed
77% of the total abundance (Fig. 2). Medium-sized
ciliates (30—60 mm) were represented mainly by tintinnids
Figure 2 Relative abundance of ciliate functi
Tintinnidium pusillum, Tintinnopsis tubulosa and Codonella
cratera, and they composed 23% of the total ciliate abun-
dance. Predators represented by Didinium nasutum, found
only in the brackish water site, shared 4% of the total ciliate
abundance. These could affect experiments by selectively
preying on other ciliates, but at this low number the effect is
considered to be minor.

3.4. Growth and grazing rates of phytoplankton

In the freshwater site the grazing rate (g = 1.8 day�1) on the
picofraction of the phytoplankton community exceeded the
onal and size classes at experimental sites.



Table 3 Growth rates of the phytoplankton pico- and nanofractions k � SE [day�1] and microzooplankton grazing rates g � SE
[day�1] based on chlorophyll a. R2, coefficient of determination; N, number of observations. The significance level of regression
(i.e. slope, g, was significantly differed from zero, p < 0.05) is indicated by p-value; n.s., non significant.

Site Fraction [mm] k g R 2 p-value N

Freshwater 0.2—2 1.33 � 0.36 �1.83 � 0.53 0.55 <0.01 12
2—20 0.19 � 0.19 �0.35 � 0.29 0.15 n.s. 10

Brackish water 0.2—2 �1.09 � 0.60 2.19 � 0.90 0.59 n.s. 6
2—20 0.92 � 0.28 �1.52 � 0.42 0.77 <0.05 6
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prey growth rate (k = 1.3 day�1) (Table 3), indicating high
microzooplankton pressure on this size class. The microzoo-
plankton grazing pressure on picoalgae expressed by the
percentage of grazed biomass as standing stock (Pi) and
percentage of grazed potential production (Pp) was 83%
and 76%, respectively.

In the freshwater site the grazing rate of nanophytoplank-
ton was not estimated, because no significant linear relation-
ship was observed between the apparent growth rate (AGR)
of this fraction and the dilution factor, i.e. the slope (micro-
zooplankton grazing rate, g) did not differ significantly from
zero (Fig. 3; Table 3). However, the growth rate of the
nanofraction of phytoplankton can be calculated as the
average of apparent growth rates among all dilution treat-
ments (average � SE) and replicates (N = 10), and it was near
zero (�0.02 � 0.08 day�1).
Figure 3 Relationship between dilution factor and apparent growt
sites. Only significant slopes are presented in the graph.
The AGR of the picofraction increased linearly with the
dilution factor at the brackish water site and regression
analysis resulted in a positive slope, which did not differ
statistically from zero (Fig. 3; Table 3); therefore the micro-
zooplankton grazing rate (g) is not interpretable. However,
the growth rate (0.28 � 0.3 day�1) was only less than ¼ of
the growth rate calculated in the freshwater site, indicating
significant differences in the activity of the picosize fraction.

The growth rate of nanoalgae at the brackish water site
was 0.9 day�1 and largely exceeded the nanophytoplankton
growth rate in the freshwater site. The grazing rate
(1.5 day�1) was higher than the growth of the prey commu-
nity, however, while the actual values were lower (Table 3;
Fig. 3). In the brackish water site microzooplankton grazed
on 78% of the nanophytoplankton standing stock per day and
130% of potential daily production.
h rate (AGR) of chlorophyll a of pico- and nanofractions at both
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4. Discussion

Dilution experiments have been performed over the past
three decades to examine the grazing impact of microzoo-
plankton, ranging from the open sea to coastal zones and
estuaries (data reviewed by Landry and Calbet, 2004 and
Schmoker et al., 2013). This relatively simple and standard
technique is useful for comparative microzooplankton graz-
ing rate studies among the geographic regions, as well as
revealing the role of microzooplankton in time series of
ecological processes (Gallegos, 1989).

However, for the estimation of microzooplankton grazing
on phytoplankton in the Baltic Sea the dilution technique has
been applied to a lesser extent (Aberle et al., 2007; Lignell
et al., 2003; Moigis and Gocke, 2003; Reckermann, 1996).
Moigis and Gocke (2003) used the dilution method as an
alternative to the 14C and O2 methods for primary production
estimation, but they did not take into account the grazers'
community. The grazing rate by microzooplankton varied
from 0.21 to 0.41 day�1 in Kiel Fjord.

Reckermann (1996) found high microzooplankton grazing
rates on ultraphytoplankton (<5 mm) both in the Gotland Sea
and the Pomeranian Bay. In the Gotland Sea in 1994, the
microzooplankton (<200 mm) grazing pressure on Synechococ-
cus was higher than on eukaryotic pico- and nanophytoplank-
ton. Generally, microzooplankton grazing on Synechococcus
was over 100% of gross production grazed per day and pico- and
nanoeukaryotic production was not completely grazed. In the
Pomeranian Bay, microzooplankton grazing on ultraphyto-
plankton varied from considerably exceeding daily growth
to rather low values (176—51%). In the study by Lignell
et al. (2003) the microzooplankton grazing rate on the whole
phytoplankton community varied between 0.05 and
0.30 day�1. However, in both studies the total phytoplankton
community rather than different size classes was measured,
which may mask the effect of the size-selective microprotozoa
Table 4 Published results of microzooplankton grazing in other r
tions k [day�1] and microzooplankton grazing rates g [day�1], Pp, pot
of dilution experiments.

Location Salinity Fraction
[mm]

k g 

Curonian Lagoon 0 0.2—2 1.33 1.83 

6.2 2—20 0.92 1.52 

Chesapeake Bay 20 0.2—2 2.10 1.92 

2—20 0.61 0.41 

Delaware Inland Bay 15 0.2—2 2.05 0.7 

2—20 0.81 0.77 

Delaware Bay 16 0.2—2 1.83 1.78 

2—20 0.84 0.32 

Gulf of Alaska — <5 0.42 0.48 (
5—20 0.34 0.39 (

Manukau estuary
(New Zealand)

28—33 <5 0.2—1.8 0.3—1
5—22 0.2—1.8 0—0.8

Upper St. Lawrence
River (US)

— 0.2—2 0.2—1.8 0—1.1
2—20 0.1—1.3 0—1.2
grazing or even genus/species level as is evidenced by Aberle
et al. (2007) in their mesoscosm study.

The significant estimates of ciliate grazing rates on phy-
toplankton pico- and nanofractions were obtained at fresh-
water (Nida) and brackish water (Smiltyne) sites,
respectively. Grazing rates exceeded the growth rate of
phytoplankton fractions (g > k), suggesting that phytoplank-
ton production and biomass accumulation is controlled by
microzooplankton, as it was frequently observed by other
authors (Burkill et al., 1987; Landry et al., 1995; Lehrter
et al., 1999; McManus and Ederington-Cantrell, 1992; Verity
et al., 1993).

The grazing rate of the picofraction at the freshwater site
is in the range reported in the other regions (Table 4). Ciliates
consumed 76% of potential picophytoplankton production at
this freshwater site. The dominance of small pico- and pico/
nano-filterers in the freshwater site suggests that predation
on the picophytoplankton fraction can be high, but it could
be tested visually by observing autotrophic picofraction cells
via epifluorescence microscopy or flow cytometry. The cal-
culated clearance rate as the daily clearance percentages (%
of the water volume cleared in 24 h) by pico/nano-filterers in
this site was very similar (70%) to potential picophytoplank-
ton production removed by ciliates calculated from the
dilution experiment. This finding is in good agreement with
the study by Rassoulzadegan et al. (1988) as they found that
small ciliates (<30 mm) consist of 72% picoplankton and 28%
nanoplankton.

In contrast, the dilution experiment provided no statisti-
cally significant estimates of grazing rate (g) for phytoplank-
ton nanofraction at the freshwater site. The AGR of the nano-
fraction was very similar in all dilution treatments (Fig. 3),
which indicates the absence of microzooplakton grazing. This
is supported by the low number of nano-filterers in the initial
water at the beginning of the experiment (Fig. 2). The low
average value of AGR (�0.02 � 0.08) indirectly points at a
slowly growing nanophytoplankton community, which can be
egions. Growth rates of the phytoplankton pico- and nanofrac-
ential consumption of primary production [% day�1]; N, number

Pp N Reference

76 1 This study
130 1

97 1 Sun et al. (2007)
73 1

58 1
97 1

99 1
48 1

0.02—1.07) 102 (�29) 39 Strom et al. (2007)
0.05—0.92) 102 (�32)

.3 30—230 12 Gallegos et al. (1996)
 0—98

 — 12—38 Twiss and Smith (2012)
 —
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a result of viral lysis, the presence of toxic material or other
unknown inhibitory metabolites that could be released dur-
ing preparation of the filtered water (Stoecker et al., 2015).

The grazing rate of the nanofraction at the brackish water
(Smiltyne) site exceeded grazing rates in other estuarine
ecosystems by two- or threefold (Table 4). Ciliates consumed
130% of the nanophytoplankton production at the brackish
water site. The calculated total ciliate community clearance
rate as daily percentage was lower — 71%, but 41% was due to
nano-filterers. This is not surprising as nanophytoplankton
chlorophyll a concentration was 30 times (Table 2) higher
than picophytoplankton chlorophyll a, and ciliate assemblage
was dominated by medium-sized ciliates (Fig. 2) composed of
naked oligotrichs Strombilidium gyrans, Strombidium con-
icum and tintinnid taxa Tintinnopsis sp.; all of them prefer to
feed on small nano-sized algae (Appendix A, Table A1).
Gallegos et al. (1996) used the dilution technique combined
with size fractioning and found that the highest grazing rates
of the phytoplankton fraction of 5—22 mm coincided with
tintinnid abundance increase in ciliate assemblage. The
tendency of higher consumption rates is usually reported
in dilution experiments where nutrients are not added
(Landry and Hassett, 1982). The adding of nutrients is recom-
mended at the start of the experiment to keep the phyto-
plankton growth unlimited (Gallegos, 1989; Landry et al.,
1995). In this study nutrients were not added, assuming high
rates of N and P loading in the Curonian Lagoon during
autumn, when experiments were conducted and to avoid
increased mortality of delicate protists during experiments
(Gifford, 1988; Landry and Hassett, 1982).

In the Smiltyne site, the AGR of the picofraction increased
linearly with the dilution factor (theoretically impossible
case); with the highest AGR values at nondiluted treatment
(Fig. 3), similar results were reported previously (Gallegos,
1989; Lignell et al., 2003; Modigh and Franzè, 2009). Positive
slopes are usually attributed to the complex cycling of
nutrients between internal and external pools, mixotrophy
or filtration contamination and trophic cascade effect
(review by Calbet and Saiz, 2013). The last explanation could
be the reason for the positive AGR of the picofraction trend
along the dilution factor in our data, suggesting that nano-
filterers, which dominated in the brackish water site (Fig. 2),
intensively grazed not only on the autotrophic nanofraction
of phytoplankton, but also on heterotrophic flagellates,
which belong to the same size spectra (2—20 mm) and are
one of the main pico-fraction feeders, thereby releasing the
phytoplankton picofraction from predator control. Unfortu-
nately, the number of heterotrophic nanoflagellates (HNF)
was not estimated in this study, making the ciliate protozoa
grazing estimates overestimations to some degree. HNF
counts should also be included in the dilution experiments
in the Baltic Sea. A similar food web effect was suggested to
affect the dilution experiments in mesocosms (Lignell et al.,
2003), but it was not found in the experiments conducted in
the Baltic Sea by Reckermann (1996).

5. Conclusion

The dilution experiment approach revealed a significant
ciliate grazing effect on the nano-fraction of phytoplankton
in the brackish water, and on the pico-fraction in the fresh-
water community. This pattern is related to the differences in
ciliate community size structure: larger nano-filterers dom-
inate in the brackish water assemblages, whereas pico/nano-
filterers prevail in freshwater. Thus it is important to monitor
the species composition and/or size-class division of specific
ciliate communities to estimate their size-selective grazing
effect. This is also important for constructing more detailed
carbon flow models in the Baltic Sea ecosystem.
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Summary This study shows the influence of eutrophication pressure on the phytoplankton
community structure, abundance and biodiversity in the investigated bays with different hydro-
morphological features. Šibenik Bay is a highly stratified estuary of the karstic river Krka; Kaštela
Bay is a semi-enclosed coastal bay, which is influenced by the relatively small river Jadro; and Mali
Ston Bay is located at the Neretva River estuary, the largest river on the eastern part of the Adriatic
Sea. All of the areas are affected by urban pressure, which is reflected in the trophic status of the
waters. The greatest anthropogenic influence was found in Kaštela Bay while the lowest influence
was found in Mali Ston Bay. In this study, the highest biomass concentration and maximum
abundance of phytoplankton were recorded at the stations under the strongest anthropogenic
influence. Those stations show a dominance of abundance compared to the biomass and a
dominance of opportunistic species, which is reflected in the lower biodiversity of phytoplankton
community. Diatoms were the most represented group of the phytoplankton community in all three
bays, followed by the dinoflagellates. Diatoms that were highlighted as significant for the difference
between the bays were Skeletonema marinoi in Šibenik Bay, Leptocylindrus minimus in Kaštela Bay
and the genus Chaetoceros spp. in Mali Ston Bay. Dinoflagellates were more abundant at the stations
under the strongest anthropogenic influence, and most significant were Prorocentrum triestinum in
Kaštela Bay and Gymnodinium spp. in Šibenik Bay and Mali Ston Bay.
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1. Introduction

Phytoplankton biomass and community composition were
analyzed in three bays on the eastern Adriatic coast, with
different hydrological and trophic statuses. Phytoplankton is
very sensitive to changes in its environment and, therefore,
provides good insight into water quality before it becomes
visible on higher trophic levels and the excessive eutrophica-
tion of certain areas commences (Brettum and Andersen,
2005). Eutrophication is an enrichment of water with nutri-
ents, primarily nitrogen and phosphorus, which stimulates
primary production. In some cases, that leads to visible
blooms and accumulation of submerged and floating organic
material in the water (Vollenweider, 1992). Eutrophication
can have natural and anthropogenic origins. A natural one
occurs due to substrate remineralization, upwelling and
increase of rivers inflow. Resuspension of particulate matter
can enhance primary production because of the intrusion of
the pore water rich with nutrients from the sediments into
the bottom layer and consequentially into the whole water
column (Guinder et al., 2015; Su et al., 2015). A previous
study of the investigated areas shows that sediment resus-
pension is one of the sources of ammonia, nitrate and phos-
phate regeneration (Barić et al., 2002). Upwelling brings
nutrient rich waters from the deeper layers, and rivers' inflow
bring the bulk of total nitrogen to the sea. Anthropogenic
eutrophication occurs due to various human activities in the
vicinity of the coastal area, such as the inflow of urban and
industrial wastewaters, rinsing of agricultural land and atmo-
spheric pollution. A causal link between anthropogenic
sources of nutrients and the eutrophication of the system
is generally accepted (McQuatters-Gollop et al., 2009; Smith,
2006), although it is very important to take into account
systems-specific features of a certain area to distinguish
changes in the ecosystem resulting from natural seasonal
and interannual dynamics. Given the scale, the eutrophica-
tion process could be beneficial for the ecosystem, but it
could have adverse effects depending on the different char-
acteristics of each ecosystem (Crossetti et al., 2008; Mar-
asović and Pucher-Petković, 1985; Skejić et al., 2014; Su
et al., 2015). The beginning of eutrophication causes an
increase in phytoplankton biomass, but the composition of
the phytoplankton community becomes more uniform. Cer-
tain species disappear, while at the same time, opportunistic
species of phytoplankton begin to dominate (McQuatters-
Gollop et al., 2009). Species diversity is reduced because of
the competitive exclusion between species, whereas with a
slight increase of eutrophication, competition is relaxed,
thus resulting in increased diversity. With a further increase
in eutrophication, diversity drops again because of species
reduction due to stress (Spatharis et al., 2007). Eutrophica-
tion tends to favour small and fast-growing organisms, which
usually means that the proportion of the dominant taxa to the
total biomass is relatively low, meaning that the biodiversity
values are higher than when large-sized taxa dominate
(Uusitalo et al., 2013).

In highly eutrophicated systems, the trophic chain is
lacking higher links, and autotrophic processes exceed het-
erotrophic, which significantly affects the balance of the
system (Richardson et al., 1998). The responses of phyto-
plankton to the eutrophication process have been reported
mostly through chlorophyll a concentrations (Edwards et al.,
2003; Gowen et al., 1992; Vollenweider, 1976). The phyto-
plankton biomass (chl a) is a common indicator of eutrophi-
cation because it provides consistent insights of a certain
area, but it should be monitored with the compositional
changes of the community structure (McQuatters-Gollop
et al., 2009; Ninčević Gladan et al., 2015). The Water Frame-
work Directive (WFD) (European Commission, 2008) states
that phytoplankton and its biodiversity are one of the crucial
biological elements in the assessment of the ecological status
of the sea. Previous studies of researched bays along the
eastern Adriatic coast, revealed that these are the areas with
the highest nutrient concentration and primary productivity.
These are the semi-enclosed areas and salt-wedge estuaries
with a high urban nitrogen and phosphorus loading, and a high
natural nitrate and silicate loading by the rivers' inflow (Barić
et al., 1992; Legović et al., 1994). In previous studies, the
trophic status of investigated bays has been determined using
the phytoplankton abundance and volume (Čalić et al., 2013;
Marasović and Ninčević, 1997; Viličić, 1989).

The aim of this study is to determine a difference between
the stations considering the specific nutrients, to quantify
the potential anthropogenic pressures and to determine the
relationship between abiotic parameters and biomass. In
addition, we determine the similarity of the phytoplankton
community regarding the abundance of species and define
how much individual species affect the diversity observed
between the investigated stations. The aim is to establish the
relationship between biomass and phytoplankton abundance
and use it as a way to define the level of disturbance in the
investigated areas. Overall, the aim of this study is to inves-
tigate the impact of anthropogenic pressures on phytoplank-
ton community structure and biodiversity.

2. Material and methods

2.1. Study area

Šibenik Bay is a highly stratified estuary of the karstic river
Krka, with small tidal amplitudes and permanently brackish
surface water (Svensen et al., 2007). The Krka River is one of
the most pristine European rivers, characterized by low
concentrations of nutrients and extremely low input of
terrigenous material (Legović et al., 1994). Freshwater
discharge from the Krka River has been systematically
monitored since 1947 (Bonacci and Ljubenkov, 2005), and
it can vary between 5 and 565 m3 s�1 with an annual average
discharge of 52.9 m3 s�1 (1950—1998). The Krka River estu-
ary is a typical salt-wedge, highly stratified estuary (Žutić
and Legović, 1987) that is 25 km long and relatively narrow
except for two wider parts, Prokljan Lake and Šibenik
harbour. The depth gradually increases from 5 to 43 m at
the mouth. The town of Šibenik is located in the estuary's
middle reach, and it is the only source of direct anthropo-
genic eutrophication (Gržetić et al., 1991; Legović et al.,
1994). Šibenik harbour has reduced exchange with the
waters of the open sea, and it is under a direct anthropo-
genic influence (Kušpilić, 2005). The phytoplankton com-
munity in the estuary is dependent on seasonal cycles of
temperature and salinity (winter—spring and summer—
autumn), and on the degree of eutrophication, which can



Figure 1 The investigated areas with sampling stations.
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be of natural or anthropogenic origin. Decomposition of
freshwater phytoplankton greatly contributes to natural
eutrophication and the regeneration of nutrients in the
upper reaches of the estuary, whereas in the lower parts,
the eutrophication favours anthropogenic sources (Legović
et al., 1994; Svensen et al., 2007; Viličić et al., 1989).
Previous studies of this area show that the main source of
nitrates and orthosilicates is the Krka River, while the total
phosphorus is mainly of anthropogenic origin from the
Šibenik urban area (Legović et al., 1994). In this area,
samples were taken at two stations, SB103 and SB203, which
were 35 m and 25 m deep, respectively (Fig. 1).

Kaštela Bay is a semi-enclosed coastal bay, the largest in
the middle part of the eastern Adriatic coast, 15 km long and
6 km wide, with an average depth of 23 m. It communicates
with the adjacent channel through an inlet that is 1.8 km
wide and 40 m deep. The most important fresh water source
is the Jadro River, a relatively small river with an average
annual discharge of 8 m3 s�1, which discharges into the east-
ern part of the bay (Ljubenkov, 2015). The discharge of
several submarine springs is of a lower intensity. Kaštela
Bay is under the strong impact of untreated municipal and
industrial effluents. Previous studies show that anthropo-
genic eutrophication and nutrient inflow from the Jadro River
cause frequent summer algal blooms with the development
of toxic dinoflagellates (Marasović et al., 1991). Regularity in
spring—autumn maximum abundances was found, but there
was also evidence that algal biomass and community struc-
ture changed over time. An increase of abundance and
phytoplankton biomass have been recorded in mid-1980 to
mid-1990's period, following the decrease (Ninčević Gladan
et al., 2009). Previous studies also show a regularity of layout
in the size fractions. Smaller pico and nano fractions con-
tributed more to community composition in the outer more
open part of the bay, while larger micro fractions occurred in
the inner and more eutrophicated part (Marasović and Nin-
čević, 1997).

In this area, samples were taken at four stations, two
located within the bay (ST101, ST103) and the other two just
outside of the bay (ST203B, CJ007) (Fig. 1). The outer sta-
tions were included in the research to determine the reach of
anthropogenic influence to the surrounding area. The depth
of the investigated stations ST101, ST103, ST203B and CJ007
were 37 m, 12 m, 35 m and 50 m, respectively.

Mali Ston Bay is deeply cut between the mainland and the
Pelješac Peninsula, and it is located at the end of the Neretva
Channel. The area is influenced by a considerable freshwater
discharge from the Neretva River, the largest river on the
eastern part of the Adriatic Sea, and several submarine
springs situated inside Mali Ston Bay. The average annual
discharge of the Neretva River is 332 m3 s�1 (Orlić et al.,
2006). Neretva River estuary is classified as the salt-wedge
type, where due to small tidal currents, the advection of the
river water is much larger than the introduction of seawater
through tidal mixing. The bay generates estuarine circulation
with a brackish water output current on the surface, while
saline water enters below the halocline from the open sea.
This area is sparsely populated, so the anthropogenic impact
on the bay is low. Previous studies show that the principal
regulator of production conditions in Mali Ston Bay is the
specific, constant and strong exchange of water within the
bay and the open sea, the strong impact of the Neretva River
and the karstic submarine springs (Viličić, 1989). According
to the nutrient concentration, the transparency of the water
column and the quantity of phytoplankton, Mali Ston Bay may
be classified as a moderate natural eutrophicated system
(Jasprica and Carić, 1994; Jasprica et al., 2012; Skejić et al.,
2015; Viličić, 1989; Viličić et al., 1998). Thanks to the
hydrographic features and favourable primary production,
the bay has been well known for cultivated mussels since
ancient times, and today it presents one of the most impor-
tant places for shellfish farming in Croatia. In this area,
samples were taken at two stations PL102 and PL105, 21 m
and 8 m deep, respectively (Fig. 1).

2.2. Sampling methods

Sampling was performed during 2005, with the intent of
capturing the seasonal cycle of phytoplankton in a certain
area. In Kaštela Bay, sampling was performed monthly in a
period from January to December, while in Šibenik and Mali
Ston Bay, the study covers 8 months of sampling (January,
May, June, July, August, September, November, December).
Physical and chemical parameters (salinity, temperature,
nutrients) were sampled simultaneously with phytoplankton
samples to make a more complete ecological characteriza-
tion of the study area. Sampling and determination of phy-
toplankton, physical and chemical parameters were
conducted using standard oceanographic methods (Strick-
land and Parsons, 1972). Temperature and salinity were
measured with a Seabird-25 CTD probe. Dissolved oxygen
was determined by the Winkler method of thiosulphate
titration. Dissolved inorganic nutrient concentrations were
measured photometrically with an AutoAnalyzer III system
(Bran + Luebbe), using modified automated methods accord-
ing to Grasshoff (1976). Chlorophyll a concentrations were
measured using the fluorometric method from 90% acetone
extracts (Strickland and Parsons, 1972), and the results were
expressed as mg chl a m�3. Phytoplankton abundance and
community composition have been determined according to
the Utermöhl method (Utermöhl, 1958). Water samples
(250 mL) were collected with Nansen bottles and preserved
with formaldehyde to a final concentration of 2% formalde-
hyde-sea water solution. Subsamples of 25 mL were settled in
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counting chambers for at least 24 h. Counting was performed
in one transect of the sedimentation chamber, using an
inverted microscope with magnifications of �200, and �400
for different species, depending on their respective sizes. In
the case of blooms or a high abundance of some species,
counting was done in several randomly selected fields.

2.3. Data analysis

Analysis of variance (ANOVA) was used to determine the
difference between the stations considering the specific
nutrients.

The impact assessment of anthropogenic influence on land
in the study area was determined by calculating the LUSI
index (Land Uses Simplified Index), using the Croatian CORINE
(Coordination of Information on the Environment) digital
database that assesses the environmental pressure. CORINE
has been accepted and evaluated by the European Union as a
fundamental reference data set for spatial and territorial
analysis. The LUSI index is quantifying potential anthropo-
genic pressures according to the percent of land used in
various anthropogenic activities such as urbanization, indus-
trialization, and proximity to large urban and agricultural
areas. In this study, the LUSI index was calculated in accor-
dance with Flo et al. (2011) with a small modification, which
relates to a radius being taken into account. A radius of 5 km
from the investigated points was taken to insure that all the
stations are included in the calculation.

The biological data was tested for normality by the Kol-
mogorov—Smirnov and Liliefor tests, which showed that it
does not have a normal distribution and was analyzed with
nonparametric methods.

The Bray—Curtis similarity coefficient was used to deter-
mine the similarity of the phytoplankton community struc-
ture regarding the abundance of species (Bray and Curtis,
1957). Total abundances were used, and the input data were
transformed using a logarithm (Clarke, 1993; Field et al.,
1982). The obtained data gave the similarity matrix, and
using the method of cluster analysis, the dendrogram of
average similarity between stations was made. For a graphi-
cal representation, MDS (Multidimensional Scaling) was used
with vectors of phytoplankton groups (Clarke and Warwick,
2001).

SIMPER (Similarity Percentage analysis) was used to deter-
mine how much individual species affect the diversity
observed between the investigated stations. This analysis
identifies species that are typical in terms of regularity of
occurrence in a constant for most samples. The analysis was
used to compare the phytoplankton community at the sta-
tions that are in areas of highest anthropogenic pressure in
this investigation.

Non-parametric Spearman rank order correlations were
used to determine the relationship between biomass and
abiotic parameters.

The relationship between biomass and phytoplankton
abundance was determined through ABC-plots, a simple
graphic way to determine the level of disturbance in the
investigated area.

Biodiversity was presented through the curves of cumu-
lative dominance of species with k-dominance plots and
different types of diversity indexes, of which the most sig-
nificant proved to be Menhinick's diversity index (D).
3. Results and discussion

3.1. Environmental parameters in the bays

During this study in Šibenik Bay area, the sea temperature
ranged from 7.35 to 23.478C. Both extreme values were
observed in the surface layer at station SB103, where
the minimum temperature was recorded in January and
the maximum in September. The salinity of this area ranged
from 4.42 to 38.71 in December at the surface and in August
at the bottom, respectively. Both extremes were found at the
same station (SB103), indicating the strong influence of the
freshwater inflow of the Krka River at this station. This
assertion is confirmed by the maximum values of orthosilicate
(9.59 mmol m�3) and nitrate (TIN 57.93 mmol m�3) recorded
at that station. Orthophosphate concentrations in this area
ranged from 0.002 to 0.12 mmol m�3 recorded at SB203 and
SB103, respectively. The oxygen saturation of this area ran-
ged from 78 to 125%.

The sea temperature in the Kaštela Bay area ranged from
9.45 to 26.938C, recorded at the surface at stations ST101 in
March and ST103 in July, respectively. The salinity ranged
from 34.16 to 38.71, and both extremes were recorded at
station ST101, in May at the surface and in July at 5 m of
depth, respectively. The maximum values of orthosilicate
and nitrate were recorded at station ST103, which is under
direct influence of the Jadro River. The highest value of
orthosilicates (12.32 mmol m�3) was recorded in December
on the surface, and the maximum value of nitrates was
measured in August at a depth of 5 m (TIN 24.90 mmol m�3).
These findings have confirmed the influence of the fresh-
water inflow of the Jadro River at this station. Orthopho-
sphate concentrations in this area had the highest range of
all investigated areas, from 0.002 mmol m�3 at station
CJ007, which is under the lowest influence from the land,
to 1.5 mmol m�3 at station ST103, which is closest to land
and under the direct influence of urban wastewaters.
Oxygen saturation in the Kaštela Bay area ranged from
84 to 133%.

In the Mali Ston Bay area, the sea temperature ranged
from 10.54 to 23.658C at station PL105 in January and PL102
in August, respectively. Both extremes were recorded at the
surface. Salinity in this area ranged from 26.47 to
38.62. These values were recorded at station PL102, strongly
influenced by land, submarine springs and freshwater inflow
of the Neretva River, which is confirmed by the large range of
recorded values of orthosilicates (0.37—21.93 mmol m�3)
and TIN (0.34—38.85 mmol m�3). The maximum value of
orthosilicates was recorded in December at the surface
and of nitrates in November at a depth of 5 m. Orthopho-
sphate concentrations in this area had the lowest range of all
investigated areas, from 0.01 to 0.11 mmol m�3, indicating a
week anthropogenic influence. Oxygen saturation in this area
ranged between 94 and 127%.

The seasonal distribution of temperature and salinity at
the surface layer at all investigated stations is presented in
Fig. 2. It is evident that the influence of the seasons and
freshwater inflow were great at stations closest to the mouth
of the rivers and land. The abiotic parameters of the inves-
tigated areas were studied in detail in earlier research and
have been presented in Bužančić et al. (2012).



Figure 2 Seasonal distribution of temperature [8C] (A) and salinity [psu] (B) in the surface layer at all investigated stations.
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The difference between the stations considering the spe-
cific nutrients was determined by an analysis of variance
(ANOVA).

A statistically significant difference ( p < 0.001) with
respect to salinity was observed between stations SB103
and all other investigated ones. This station, given the very
low salinity, describes the transitional waters while all other
stations belong to the coastal waters (Kušpilić et al., 2011;
Ninčević Gladan et al., 2015). At the stations in the coastal
waters, the salinity was lowest in the Šibenik Bay area (outer
station), followed by Mali Ston Bay and Kaštela Bay (inner
stations), while the Kaštela Bay area (outer stations) was
characterized by higher salinity. The difference in salinity
between Kaštela Bay (inner stations) and the Šibenik Bay area
(outer station) is statistically significant.

The highest nitrate concentration was recorded at station
SB103 where the fresh water inflow from the Krka River is the
greatest. Statistically significant ( p < 0.05) higher concen-
trations of nitrate were found at station SB103, in contrast to
stations CJ007 and ST203B, which were weakly influenced by
fresh water inflow. At the other investigated stations, the
nitrate concentration was lower in comparison to station
SB103, but this difference was not statistically significant.
The reason for this is the influence of the fresh water inflow of
the Jadro and Neretva Rivers and the influence of submarine
springs.

The highest concentration of orthosilicates was observed
in the transitional waters of Šibenik Bay and the inner part of
Mali Ston Bay, which is under a stronger influence of sub-
marine springs. Statistically significant ( p < 0.01) higher
concentrations of orthosilicates were observed at stations
SB103 and PL105 in relation to all other stations (ST103,
SB203 and PL102). The lowest statistically significant corre-
lations were observed at stations CJ007, ST101 and ST203B,
which are located furthest from the river mouth.

A statistically significant ( p < 0.001) higher concentration
of orthophosphates was recorded at station ST103, which is
under the strongest anthropogenic influence, compared to all
other investigated stations.

Regarding the concentration of ammonium salts, a sig-
nificant difference ( p < 0.05) was observed between stations
SB103, characterized by the highest concentration, and sta-
tions CJ007, ST203B, SB203 and PL102, characterized by the
lowest concentration of ammonium salts. The remaining
stations (ST102, ST103, PL105) had increased concentrations
of ammonium ions but were not statistically different.

The proximity and intensity of the rivers' inflow and the
influence of activities from the land mainly condition the
physical and chemical characteristics of the investigated
areas. The impact of agricultural activities on water quality
in most European rivers is manifested through increased
concentrations of nitrates (Crouzet et al., 1999; Ludwig
et al., 2009). Rivers and groundwater bring the bulk of total
nitrogen to the sea (nitrates, nitrites, ammonium salts), as
confirmed by our research. The maximum concentrations of
TIN were recorded at all stations in the surface layer through



Table 1 LUSI index of the investigated stations.

Impact Station

SB103 SB203 ST101 ST103 ST203B CJ007 PL102 PL105

Urban 1 1 2 2 3 1
Industrial 1 1
Agricultural 1 1 1 1 1 1
Harbour 1 1 1 1 1

LUSI index 3 2 4 5 4 0 4 1
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the winter—spring season, at the time of increased fresh-
water inflow and precipitation. The urban influence is man-
ifested through an increased gradient of orthophosphate and
ammonium ions. Previous research in the northwestern Med-
iterranean Sea shows the same association between the
physical and chemical parameters (Flo et al., 2011).

3.2. Anthropogenic influence on the
investigated stations

The Land Uses Simplified Index (LUSI) was used to determine
the anthropogenic influence on the investigated stations
(Table 1).

The greatest anthropogenic influence on the body of
water was found in Kaštela Bay at ST103 situated in the
eastern part. A relatively high LUSI index was established at
station ST203B, which is under strong urban pressure, but as
it is located in the channel area with strong current
dynamics, there is no pronounced impact of human activity.
At the referent station, CJ007 is located outside of Kaštela
Bay, furthest from the coast and anthropogenic influence,
and LUSI was 0. The lowest index was found in Mali Ston Bay at
PL105. At station PL102, which is under a strong influence of
agricultural land in the valley of the Neretva River, harbour
and urban pressures from the city Ploče, the LUSI index was
high. At the same station, the anthropogenic influence was
not expressed as in Kaštela Bay, which is probably due to the
hydro-geomorphological characteristics of its location. The
Šibenik Bay area had a moderate anthropogenic pressure on
the body of water.

3.3. Phytoplankton biomass

The highest phytoplankton biomass expressed as chlorophyll
a concentration was recorded in Šibenik Bay at SB103
(4.73 mg m�3), followed by Kaštela Bay at ST103
(2.79 mg m�3), as both stations are directly influenced by
freshwater inflow and high anthropogenic pressure. At all
other stations, the recorded values of chlorophyll a were
generally below 1 mg m�3 (Fig. 3).

In the Šibenik Bay area, the range of chl a data varied from
0.07 to 4.73 mg m�3. The highest value was measured in May
at SB103 on the surface layer, and the minimum one was
recorded in July at SB203 in the bottom layer. In this area, the
highest values of chl a have been recorded in the surface
layer during the whole investigated period at both stations.
The seasonal distribution of the phytoplankton biomass has
shown a big difference between these two stations, where
much higher concentrations were recorded at SB103 due to
the positive impact of freshwater inflows and anthropogenic
eutrophication (Fig. 3).

In the Kaštela Bay area, the phytoplankton biomass varied
from 0.01 to 2.79 mg m�3 (Fig. 3). The maximum values of chl
a were recorded at ST103 in September throughout the water
column (2.17—2.79 mg m�3), while the minimum one
(0.01 mg m�3) was recorded at station CJ007. Higher bio-
masses were recorded at stations inside of Kaštela Bay
(ST101, ST103) opposed to stations just outside of the bay
(ST203B, CJ007). The seasonal distribution of chl a in this
area followed the distribution of nutrients with a marked
increase in the autumn—winter period. Such regularity was
much more pronounced at stations inside of the bay. Higher
values at the surface in relation to the bottom and the
vertical distribution of the biomass during the summer period
indicate an inflow of nutrients at the surface layer due to the
anthropogenic influence on stations placed in Kaštela Bay.

The maximum value of chlorophyll a (1.26 mg m�3) in the
Mali Ston Bay area was recorded at station PL105 in Novem-
ber, and the minimum value (0.04 mg m�3) was recorded at
PL102 in July. A strong anthropogenic influence on PL102 was
not reflected on the phytoplankton biomass, probably due to
the hydro-geomorphological characteristics of this area
(Viličić, 1989). The seasonal distribution in the Mali Ston
Bay area was in accordance with the distribution of nutrients
and has shown that maximum values of chl a occurred in the
autumn—winter period (Fig. 3).

According to the seasonal distribution of biomass, there
were well pronounced differences between bays. Šibenik Bay
is characterized by the highest values of chl a and the
significantly more frequent appearance of higher biomasses
compared to other areas. Although the greatest human
impact was recorded in the eastern part of Kaštela Bay,
the largest biomass was recorded in Šibenik Bay, largely
due to natural eutrophication by the strong influence of
the Krka River along with anthropogenic load. The eutrophi-
cation of this area was determined in earlier research (Ceti-
nić et al., 2006; Legović et al., 1994; Svensen et al., 2007;
Viličić et al., 1989) and confirmed by this study. Besides
Šibenik Bay, Kaštela Bay was also characterized by a greater
incidence of high concentrations of chl a, opposed to Mali
Ston Bay, which was characterized by small concentrations of
chl a. This finding confirms the significantly lower trophic
level of this area, determined in earlier research studies
(Jasprica et al., 2012; Skejić et al., 2015; Viličić et al., 1998).

3.4. Phytoplankton community composition

With the qualitative analysis of phytoplankton composition at
the investigated area of Šibenik Bay, 114 phytoplankton taxa



Figure 3 Seasonal distribution of chlorophyll a concentrations [mg m�3] at the station SB103 (A), the station SB203 (B), the station
ST101 (C), the station ST103 (D), the station ST203B (E), the station CJ007 (F), the station PL102 (G) and the station PL105 (H).
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have been determined. The most diverse functional groups
were diatoms (61) and dinoflagellates (37). Coccolithophor-
ids contributed with 6, cryptophytes with 3, and silicoflagel-
lates, euglenophytes, chlorophytes with 2 taxa each. The
diverse flagellate group of phytoplankton, which is placed by
size in the microflagella group, was present in the whole area
with a high frequency of findings (96%). The most diverse
station in this area with 100 recorded taxa was SB103,
located in the Šibenik harbour, which is under a strong
influence of urban waste waters and the city port and marina.
At station SB203, 66 phytoplankton taxa were found.

In the investigated area of Kaštela Bay, a total of 193 phy-
toplankton taxa have been recorded. The dinoflagellate
functional group was the most diverse one with 92 taxa,
followed by diatoms (80), coccolithophorids (9), silicoflagel-
lates and euglenophytes (4), cryptophytes (2) and chloro-
phyte (1). The microflagella group also had a high frequency
of findings in this area (99%). The station with the most



Figure 4 Total abundance of phytoplankton groups [cells L�1] in the surface layer at all investigated stations (DIA, diatoms; DIN,
dinoflagellates; SI, silicoflagellates; CO, coccolithophorids; EU, euglenophytes; CL, chlorophytes; MIC, microflagellates; CR, crypto-
phytes).
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recorded phytoplankton taxa was ST103 (140), situated dee-
pest in the bay and under a direct influence of the Jadro River
and strong anthropogenic pressure. A somewhat smaller
number of taxa were recorded at station ST101 (108), located
further away from the freshwater influence but under strong
anthropogenic pressure. Stations ST203B with 84 and CJ007
with 82 recorded taxa had the lowest diversity in this area,
presumably because they are influenced by canal waters and
currents, preventing nutrient retention at these stations.

In the Mali Ston Bay area, a total of 88 phytoplankton taxa
have been found: 39 diatoms, 36 dinoflagellates, 4 cocco-
lithophorids, 3 chrisophyte, 2 silicoflagellates and eugleno-
phytes and 1 chlorophyte taxa. A diverse microflagella group
had the highest frequency of findings in this area (100%).
Station PL102, under the direct influence of the Neretva
River, was the more diverse one, with 72 taxa recorded,
compared to PL105 where 49 taxa were found.

The complete list of all phytoplankton taxa determined in
the investigated areas with their frequency of findings was
presented in Bužančić et al. (2012).

Diatoms were the most abundant component of the phy-
toplankton community at all stations except SB103, where
euglenophytes prevailed and PL105, where cryptophytes
were the most significant group (Fig. 4). Dinoflagellates were
a second significant component of the phytoplankton com-
munity, whose contribution was most evident at stations
SB103 and ST103 under the highest trophic load, followed
by SB203, ST101 and PL102. The lowest contribution was at
the stations under the lowest trophic load: ST203B, CJ007
and PL105. A diverse microflagella group was represented
with great abundance in all areas with an increase in the
spring—summer period.

The maximum abundance in the diatom group was
reached by Leptocylindrus minimus (4,480,000 cells L�1) in
Kaštela Bay at ST103, followed by Skeletonema marinoi
(3,870,000 cells L�1) in Šibenik Bay, at SB103, and Chaeto-
ceros spp. taxa (2,770,000 cells L�1) in the Mali Ston
Bay area at PL102. The maximum abundance of the dino-
flagellate group was reached by Prorocentrum triestinum
(489,000 cells L�1) in Kaštela Bay at station ST103, followed
by Gymnodinium spp. taxa with 88,100 cells L�1 and
42,600 cells L�1, in Šibenik Bay (SB103) and Mali Ston Bay
(PL102), respectively.

Dinoflagellates were most abundant at the stations that
were under the greatest anthropogenic influence and gen-
erally more abundant in the warmer part of the year, which is
in accordance with previous studies (Ninčević Gladan et al.,
2009; Skejić et al., 2012; Smayda, 2000). Previous research
indicates that diatoms are positively correlated with nitrates
and silicates, and dinoflagellates with phosphates (Svensen
et al., 2007).

It is also noteworthy to indicate the monospecific bloom of
euglenophyta Eutreptia lanowii (5,090,000 cells L�1) at sta-
tion SB103, which occurred after a sudden rise in temperature
of the surface layer. That is characteristic for diluted, warm
and eutrophicated waters, and this taxon is used as a biological
indicator of organic pollution (Ninčević Gladan et al., 2015;
Stonik and Selina, 2001). Blooming of euglenophyta was
replaced by blooming of diatom S. marinoi at the beginning
of July, characterized by strong growth due to the increase of
nitrate (DeManche et al., 1979; Ninčević Gladan et al., 2015).
This makes it a better competitor among diatoms in eutrophi-
cated conditions, so it is a good indicator species for eutro-
phication (Collos et al., 1997; Lagus et al., 2004).

It is interesting to point out that the Mali Ston Bay area, in
contrast to the other two investigated bays, was character-
ized by a greater abundance of cryptophytes, which is
according to many authors (Pick and Caron, 1987; Skejić
et al., 2015; Watson et al., 1997; Willen et al., 1990) common
in oligotrophic systems. In addition, coccolithophorids con-
tributed more to community composition in the Mali Ston Bay
area than in all other areas of research.

3.4.1. Multi-dimensional scaling of the phytoplankton
community structure
The similarity of the phytoplankton community structure
in the investigated bays, regarding the abundance and dis-
tribution of species, is shown in a MDS diagram with vectors of
the phytoplankton taxonomic groups (Fig. 5). The stress
value of 0.01 confirms the statistical significance of the



Figure 5 MDS diagram of the distance between the stations
considering the groups of phytoplankton (DIA, diatoms; DIN,
dinoflagellates; SI, silicoflagellates; CO, coccolithophorids; EU,
euglenophytes; CL, chlorophytes; CR, cryptophytes; MIC, micro-
flagellates).
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MDS presentation. The similarity percentage of all stations,
with regard to the identified groups, is over 80%.

This analysis connected stations in areas of high trophic
levels, which are directly influenced by rivers' inflow and
anthropogenic load (SB103, ST103), with more than 90%
similarity (Fig. 6). There is a strong connection between
stations ST101 and ST203B in the Kaštela Bay area with a
similarity of over 95%, which are not directly influenced by
river inflows, but are, according to the LUSI index, under a
strong anthropogenic load. The analysis grouped stations
SB203 and PL102, strongly influenced by river inflow and
with high LUSI index, but because of their geomorphological
features, the stations were not eutrophicated. Station PL105
was significantly different from all other investigated sta-
tions because it was not directly influenced by the Neretva
River; it had the smallest pronounced anthropogenic eutro-
phication, and the smallest number of taxa was recorded.
Diatoms, dinoflagellates and euglenophytes were mainly
responsible for such grouping of the investigated stations.

3.4.2. SIMPER analysis of the phytoplankton
community
The phytoplankton community was compared by SIMPER ana-
lysis at stations that have the highest value of LUSI index in the
investigated areas (SB103, ST103, PL102). The analysis can
point out those species that most affect the diversity at
stations under a strong anthropogenic eutrophication. The
phytoplankton community recorded at station ST103 in Kaštela
Figure 6 Dendrogram display of the relationship between the sta
Bay differs slightly more from the community recorded at
PL102 (64.2%) rather than the community at station SB103
(61.63%). The species that contribute the most to the average
differences between communities at these stations were
proved to be L. minimus at station ST103, S. marinoi at
SB103 and Chaetoceros spp. at PL102. Šibenik Bay and Kaštela
Bay were characterized by a greater abundance of species L.
minimus and S. marinoi, confirming the eutrophic character-
istics of these areas and strong anthropogenic pressure.

3.5. Relationship between biomass and abiotic
parameters

Non-parametric Spearman rank order correlations were used
to determine the relationship between biomass and abiotic
factors in the investigated areas. The analysis includes eight
variables throughout the water column: temperature, sali-
nity, nitrate, nitrite, ammonium salts, TIN, orthophosphates
and orthosilicates. Results are shown in Table 2.

The negative correlation of phytoplankton biomass with
salinity indicates the significant influence of freshwater
inflow on the biomass in Šibenik Bay and at the stations
located within Kaštela Bay. The stations located outside of
Kaštela Bay and those in the Mali Ston Bay area do not exhibit
such dependence. The phytoplankton biomass in the Mali
Ston Bay area had a statistically significant and positive
correlation with all nutrients except orthophosphates. This
is associated with the lower trophic level of the area and the
weaker anthropogenic influence so that any increase in
nutrient concentrations has a positive effect on the biomass
of phytoplankton. A similar correlation was observed in the
Kaštela Bay area at stations located outside of the bay, where
salinity along with nutrients and temperature, positively and
significantly affected the growth of biomass. This indicates
the lower impact of freshwater inflow to these stations and a
greater dependence of biomass with nutrients. The negative
correlation of biomass with orthophosphate is expected
because as the development of phytoplankton spends ortho-
phosphates, orthophosphate concentration decreases so the
phytoplankton biomass increases.

3.6. Relationship between biomass and
abundance: ABC-plots

The level of disturbance in the phytoplankton community,
whether caused by natural process or anthropogenic load,
tions (similarity [%]) with respect to the phytoplankton groups.



Table 2 Spearman rank order correlations between phytoplankton biomass and abiotic factors (temperature, salinity, nitrates,
nitrites, ammonium salts, TIN, orthophosphates and orthosilicates) in the investigated areas.

Temperature Salinity NO3
� NO2

� NH4
+ TIN PO4

3� SiO4
4�

The Šibenik Bay area
SB103, SB203

0.06 �0.49a 0.17 0.16 0.16 0.19 �0.30a 0.44a

Kaštela Bay, inner stations
ST101, ST103

0.09 �0.34a �0.12 0.01 0.04 �0.02 �0.05 �0.08

Kaštela Bay, outer stations
ST203B, CJ007

0.50a 0.42a 0.55a 0.59a 0.57a 0.61a 0.51a 0.53a

The Mali Ston Bay area
PL102, PL105

�0.17 0.15 0.36a 0.53a 0.42a 0.58a �0.33 0.55a

a Statistically significant.
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was determined by the comparison method of phytoplankton
abundance and biomass-abundance/biomass comparison
plots (ABC-plots). The W index, visible on the graphs, is a
practical measure of the trophic status of the particular area.
Positive values of the W index, indicating the oligotrophic and
unpolluted ecosystems, were recorded at the stations
located outside Kaštela Bay (ST203B, CJ007) as well at sta-
tion PL105 in Mali Ston Bay. Negative values of the W index,
indicating the eutrophic or polluted ecosystems, were
recorded at all other stations (SB103, SB203, ST101,
ST103, PL102). In the graphic representation of these sta-
tions (Fig. 7), there is an evident difference between meso-
trophic and eutrophic areas. At stations SB203 and ST101
abundance and biomass curves are closely matched and even
intersected, indicating mesotrophic areas, while at stations
SB103, ST103 and PL102, the abundance curve on the graph is
located above the curve of the biomass, indicating eutrophic
condition of these areas.

Kamenir and Dubinsky (2012) have also reported this
comparison method of phytoplankton abundance and bio-
mass. In unloaded ecological systems, the k-type species
prevail because they are larger and have the capability of
storing nutrients. They are slow growing, with abundance
rarely dominant, but because of the cell size, those species
form the bulk of the biomass. Altisan (2006) confirms a higher
concentration of chlorophyll a in times when larger phyto-
plankton organisms prevailed in the community. With an
increase of eutrophication, the r-type species are beginning
to prevail in the phytoplankton community. Characterized by
small size cells, which quickly respond to the increase in
nutrient concentrations, they have a rapid growth so abun-
dances become dominant and often create intense blooming.
The results obtained in this study confirm the purpose of this
method because the stations are under a strong natural or
anthropogenic eutrophication (SB103, ST103, PL102), show a
dominance of abundance compared to the biomass and a
dominance of opportunistic species. The relationship
between trophic levels, abundance of the community and
cell size is well documented in many works (Cohen, 1991;
Cohen et al., 2003; Kamenir and Dubinsky, 2012). In addition,
the W index at station ST203B indicates an unpolluted con-
dition although the station is under an anthropogenic influ-
ence according to the LUSI index (Table 1). That is a
consequence of the distance from the coast, which is marked
in previous studies (Flo et al., 2011; Ninčević Gladan et al.,
2015).
3.7. Biodiversity in the investigated bays

3.7.1. Biodiversity indices
In this paper, we tried to define the characteristics of the
community by using the ratio of number of taxa and the total
abundance of phytoplankton in the investigated areas.

The maximum of total phytoplankton abundance was
observed in Šibenik Bay, but the largest number of species
in the total number of cells was noted in Kaštela Bay. The
total phytoplankton abundance in the Šibenik and Kaštela
Bay area was similar, while in the Mali Ston Bay area, it was
considerably lower. We have calculated more types of diver-
sity indices (Margalef's index (d), Menhinick's index (D),
Pielou index (J0), Shannon's index (H0) and Simpson index
(1 � Lambda0)) to better define biodiversity in the investi-
gated areas (Table 3).

Spearman's correlation between the abundance of
phytoplankton and various diversity indexes shows that Mar-
galef's (d = 0.574*), Pielou (J0 = �0.385*) and Menhinick's
(D = �0.637*) diversity indexes had a statistically significant
correlation with abundance ( p < 0.05), while Shannon's
(H0(log) = 0.010) and Simpson's (1 � Lambda0 = 0.019)
indexes did not. Although Shannon's diversity index is a
commonly used index in biodiversity assessments, recent
studies show that it is not linearly related to the trophic
gradient (Spatharis and Tsirtsis, 2010). The most significant
index is proved to be Menhinick's diversity index (D) due to its
strong and significant correlation with the abundance of
phytoplankton. The obtained negative correlation is
expected because in the areas of higher trophic levels an
increase in the number of phytoplankton cells is anticipated.
A reduction in the diversity of the community is also expected
due to opportunistic species that reproduce quickly and
occupy the ecological niche, thus reducing the diversity of
the phytoplankton community. The effectiveness of Menhi-
nick's diversity index due to its consistent and linear change
through the trophic gradient has been documented
(Spatharis and Tsirtsis, 2010). Fig. 8 is presenting a seasonal
distribution of Menhinick's index in the surface layer for all
investigated sites. In the Šibenik and the Kaštela Bay areas,
Menhinick's index was generally higher at stations located
outside of the bays, in the areas of lower trophic levels,
compared to stations located within the bays, areas of higher
trophic levels. The Mali Ston Bay area, characterized as a
moderate eutrophicated system, has a uniform distribution
at both stations. These findings confirmed Menhinick's index



Figure 7 Abundance/biomass comparison plots of phytoplankton in the surface layer at the station SB103 (A), the station SB203 (B), the
station ST101 (C), the station ST103 (D), the station ST203B (E), the station CJ007 (F), the station PL102 (G) and the station PL105 (H).
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as a good indicator of biodiversity, which is highest in mod-
erately eutrophic conditions because it is directly linked to
the abundance of species that prove to be most numerous in
moderately eutrophic areas. When assessing biodiversity, one
must take into consideration that the phytoplankton com-
munity composition is highly sensitive to variation in their
environment, which is reflected in the biodiversity assess-
ment. The phytoplankton community consists of a very large



Table 3 Diversity indexes in the investigated areas (including number of species (S), the number of cells (N), Margalef's index (d),
Menhinick's index (D), Pielou index (J0), Shannon's index (H0(log)) and Simpson index (1 � Lambda0)); their mean value (mean), the
maximum (max) and minimum (min) values.

Diversity indexes The Šibenik Bay area The Kaštela Bay area The Mali Ston Bay area

mean max min mean max min mean max min

S 15 23 7 15 37 6 12 21 5
N 599,340 5,407,290 35,130 478,606 5,064,990 21,970 238,024 2,891,840 41,030

d 1.090 1.773 0.538 1.129 2.448 0.434 0.878 1.521 0.355
D 0.031 0.052 0.009 0.029 0.058 0.010 0.030 0.057 0.011
J0 0.666 0.894 0.107 0.620 0.887 0.147 0.597 0.801 0.091
H0(log) 1.739 2.382 0.331 1.655 2.528 0.306 1.426 2.150 0.263
1 � Lambda0 0.705 0.889 0.113 0.673 0.893 0.106 0.609 0.821 0.082
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number of species, and many taxa simply cannot be identified
to the species level by light microscopy of preserved samples
(Ojaveer et al., 2010). Some of the taxa were identified at a
higher taxonomic level than species, which may underesti-
mate the biodiversity in cases where the genus or higher unit
actually includes several species. Previous studies showed that
the best option is to use all of the available data and accept the
fact that the taxonomic units vary, since discarding parts of the
data or aggregating those means losing information related to
biodiversity (Uusitalo et al., 2013).
Figure 8 Seasonal distribution of Menhinick's diversity index (D)
at the investigated stations in the surface layer of the Šibenik Bay
area (A), the Kaštela Bay area (B) and the Mali Ston Bay area (C).
3.7.2. The cumulative dominance plots
In this paper, biodiversity is also presented through the curves
of cumulative dominance of species (k-dominance plots) that
represents the relationship between the number of organ-
isms and the number of taxa found in the sample (Warwick
and Clarke, 1991). The points on the graph indicate the
percentage of the number of certain species in the phyto-
plankton community, and a curve that is placed highest on
the graph has the lowest diversity.

The cumulative dominance curves in the surface layer for
all investigated stations are presented in Fig. 9. There is a
visible grouping of the stations placed in the area of higher
trophic levels (SB103, ST101, ST103, PL102). These curves
are placed higher on the chart, and they have a lower
diversity from the stations (SB203, ST203B, CJ007, PL105)
located further from the coast and away from sources of
eutrophication, where the more diverse community was
recorded.

Seasonal distribution of the k-dominance curves is a
reflection of the seasonal distribution of the phytoplankton
community, and the natural spring blooms are common and
well documented in the subtropical seas (Carstensen et al.,
2004; Spatharis et al., 2007; Zingone et al., 1995). Greater
diversity in the winter period could be related to a moderate
trophic condition caused by mixing of the water column and
increasing concentrations of nutrients in the surface layer,
which in addition to sufficient light during mild winters favour
the grow of phytoplankton.

Previous studies show that a continuous inflow of nutrients
results in communities dominated by species that are more
competitive for limiting nutrients, while weaker competitor
species are rare or non-existent in the community (Cap-
blancq, 1990; Hardin, 1960; Sommer, 1985). The case of
non-continuous inflow of nutrients increases the coexistence
between species, leading to more species in the community
(Harris, 1986; Margalef, 1978). However, by further eutro-
phication, the number of species drastically reduces, and the
diversity rapidly decreases (Crossetti et al., 2008; Polish-
chuk, 1999), which is consistent with the hypothesis that the
maximum number of species occurs in areas with moderate
trophic levels (Connell, 1978). Spatharis et al. (2007) in the
Aegean Sea and Aktan (2011) in the eastern Mediterranean
obtained similar results. Crossetti et al. (2008) have also
reported that biodiversity loss following trophic change
was not a single dimension of a single factor, but rather a



Figure 9 The k-dominance curves in the surface layer for all investigated stations.
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template of factors co-varying in consequence of the larger
levels of the biomass. Therefore, it is important to monitor
the bays' area with a wide range of physical, chemical and
biological parameters to make better ecological character-
ization of the study area.

4. Conclusion

This study confirms that biodiversity of the phytoplankton
community is dependent on its spatial and temporal distribu-
tion in relation to environmental conditions, as well as its
composition.

Diatoms were the most represented group of the phyto-
plankton community in all three bays. Species that were
highlighted as significant for the specific area in this study
were S. marinoi in Šibenik Bay, L. minimus in Kaštela Bay and
the genus Chaetoceros spp. in Mali Ston Bay. Dinoflagellates
were the second most significant group. A noticeably larger
abundance of dinoflagellates was recorded in the Kaštela Bay
area, characterized as the most influenced by anthropogenic
pressure.

A MDS similarity analysis, based on the abundance of
phytoplankton taxonomy groups, shows the close connection
between stations strongly influenced by anthropogenic pres-
sure. In addition, the k-dominance curves show the lowest
biodiversity at these stations, and ABC curves with the
negative W index at these stations indicate the conditions
of stronger eutrophication.

Further monitoring of the bay areas is needed and an
effort should be taken in order to keep the eutrophication at
a moderate level, optimal for the phytoplankton community
to maintain its great biodiversity, which is a good indicator of
a balanced ecosystem.
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Summary The in situ remote sensing reflectance (Rrs) and optically active substances (OAS)
measured using hyperspectral radiometer, were used for optical classification of coastal waters in
the southeastern Arabian Sea. The spectral Rrs showed three distinct water types, that were
associated with the variability in OAS such as chlorophyll-a (chl-a), chromophoric dissolved
organic matter (CDOM) and volume scattering function at 650 nm (b650). The water types were
classified as Type-I, Type-II and Type-III respectively for the three Rrs spectra. The Type-I waters
showed the peak Rrs in the blue band (470 nm), whereas in the case of Type-II and III waters the
peak Rrs was at 560 and 570 nm respectively. The shifting of the peak Rrs at the longer wavelength
was due to an increase in concentration of OAS. Further, we evaluated six bio-optical algorithms
(OC3C, OC4O, OC4, OC4E, OC3M and OC4O2) used operationally to retrieve chl-a from Coastal
Zone Colour Scanner (CZCS), Ocean Colour Temperature Scanner (OCTS), Sea-viewing Wide Field-
of-view Sensor (SeaWiFS), MEdium Resolution Imaging Spectrometer (MERIS), Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) and Ocean Colour Monitor (OCM2). For chl-a concentra-
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547/550/555/560/565 nm have to be considered. The assessment of algorithms showed better
performance of OC3M and OC4. All the algorithms exhibited better performance in Type-I waters.
However, the performance was poor in Type-II and Type-III waters which could be attributed to the
significant co-variance of chl-a with CDOM.
# 2016 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o.o. This is an open access article under the CC BY-NC-ND license (http://creati-
vecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Ocean colour remote sensing has been widely used as a tool
to determine the surface chlorophyll-a (chl-a) concentra-
tion which acts as a proxy for phytoplankton biomass.
Several empirical and semi-analytical algorithms have been
proposed for the retrieval of chl-a from satellite ocean
colour data. These algorithms were based on the non-linear
relationship between oceanic reflectance and in situ mea-
sured chl-a, more precisely the ratios of reflectance in blue
and green bands or their combinations (Lee et al., 2002;
O'Reilly et al., 1998, 2000). These algorithms using the
spectral ratios of reflectance were mainly attributed to
Case 1 waters where the optical properties were deter-
mined mainly by phytoplankton and their accessory pig-
ments. For Case 2 waters, apart from phytoplankton, other
optically active substances (OAS) such as chromophoric
dissolved organic matter (CDOM) and total suspended mat-
ter (TSM) contribute significantly to the reflectance (Morel
and Prieur, 1977).

The development of ocean chlorophyll 2-band (OC2) and
ocean chlorophyll 4-band (OC4) algorithms was done using
SeaBAM data set. The OC2 algorithm was revised (OC2 v2)
based on an extensive data set of 1174 in situ observations
and thereafter with the SIMBIOS data set (McClain and Far-
gion, 1999). O'Reilly et al. (2000) updated OC2 and OC4 with
2853 in situ data sets (OC2v2 and OC4v4) and suggested the
need to determine accuracy of these revised algorithms in
lowest chl-a concentrations.

The characteristics of the reflectance spectrum, in terms
of shape and magnitude, are largely influenced by the pre-
sence of OAS within the water column (Minu et al., 2014;
Pierson and Strombeck, 2000). In other words, the apparent
optical properties (AOP) of aquatic media, such as remote
sensing reflectance (Rrs), largely affected by OAS and geo-
metry of ambient light field can be quantified using inherent
optical properties (IOPs) of the OAS (Mobley, 1994; Morel,
1991). The fundamental IOPs influencing the Rrs are absorp-
tion (a), scattering (b) and volume scattering function (b).
The phytoplankton pigment, chl-a, has a tendency to absorb
light in the blue and red bands of the visible electromagnetic
spectrum (V-EMS) with the former being the primary peak.
The CDOM also exhibits strong absorption in UV and the
shorter wavelength band of V-EMS whereas the suspended
matter usually scatters in the longer wavelength band. Apart
from this, the water molecules themselves absorb strongly in
the red part of V-EMS. Further, the volume scattering
describes the angular distribution of light scattered from
an incident beam. In the absence of inelastic scattering,
IOP of a medium is completely determined by the absorption
coefficient and b. These when combined with the angular and
spectral distribution of the incident radiance field, just
below the surface, the full radiative flux balance of the
ocean can be simulated (Lee and Lewis, 2003). Studies using
hyperspectral radiometers, on the relationship between IOP
and concentration of OAS, indicated the presence of identifi-
able sub-types of coastal water within the conventional Case
2 classification (Mckee and Cunningham, 2006).

The ratio based empirical algorithms for the retrieval of
chl-a from CZCS, MOS-B, IRS-P4-OCM and SeaWiFS have been
already carried out in the southeastern Arabian Sea. Sathe and
Jadhav (2001) studied retrieval of chl-a using sea-leaving
radiance from MOS-B and showed that the single ratio of CZCS
algorithm fails in the Arabian Sea. They also reported that the
two factor algorithm of SeaWIFS fails in 30% of the cases.
Further, Nagamani et al. (2008) reported that OC4v4 algo-
rithm overestimates chl-a in the northern Arabian Sea when
compared to MBR based OCM-2 algorithm. In addition to
these, Chauhan et al. (2002) evaluated the accuracy, precision
and suitability of different ocean colour algorithms for the
Arabian Sea. According to their study, OC2 and OC4 algorithms
performed well in Case 1 waters of the Arabian Sea. But both
algorithms failed to estimate chlorophyll in Trichodesmium
dominated waters. Tilstone et al. (2011) also assessed three
algorithms, OC4v6, Carder and OC5, for retrieving chl-a in
coastal areas of the Bay of Bengal and open ocean areas of the
Arabian Sea. Based on the accuracy assessment, they recom-
mended the use of the OC5 algorithm in the area of study. Most
of these studies were confined to oligotrophic to mesotrophic
waters. Assessment of MODIS-aqua chlorophyll-a algorithms in
coastal and shelf waters of the southeastern Arabian Sea
showed better performance of OC3M than GSM and GIOP
(Tilstone et al., 2013). However, our study deals with meso-
trophic to eutrophic waters. The problem with estimating chl-
a from an ocean colour satellite sensor involves two critical
steps. The first step is to eliminate the effect of the atmo-
spheric contribution and the second step is to select a suitable
bio-optical algorithm. In this study, we have focused on in situ
bio-optical data, measured using hyperspectral radiometer, in
the optically complex waters of the southeastern Arabian Sea,
with the following objectives:

1. Analyzing the spectral remote sensing reflectance in the
view of distribution of OAS.

2. Evaluation of operational empirical algorithm in different
water types.

2. Study area

A part of the southeastern Arabian Sea forms the study area
(Fig. 1). The area has a strong monsoonal influence resulting
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Figure 1 Map of study area showing the sampling stations.
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in seasonal changes in hydrographic conditions influenced by
river water discharge and surface circulation. During pre-
monsoon season (February—May) wind-induced upwelling
along with a northward undercurrent and a southward sur-
face flow associated with strong vertical mixing are observed
off Kochi waters (Kumar and Kumar, 1996). During the mon-
soon period, freshwater discharge from adjoining rivers
increases the nutrient concentrations of the coastal waters
along with the detrital load. These rapid changes often lead
to very high production at primary and secondary levels
(George et al., 2013). Upwelling process supported by the
southerly current is also observed along the coastal waters
during monsoon season (Joshi and Rao, 2012). The previous
studies reported that freshwater discharge from the estuary
and the high organic load of the bottom sediment are the
potential factors affecting the biogeochemistry of the study
area (Iyer et al., 2003; Srinivas and Dineshkumar, 2006).

3. Material and methods

3.1. In situ data

The data used for the present study was generated as a part
of SATellite Coastal and Oceanographic REsearch (SATCORE)
programme coordinated by Indian National Centre for Ocean
Information Services (INCOIS). The data was generated, with
monthly frequency, from eight stations, between April
2009 and 2011. The sampling was carried out using commer-
cial purse seiner. SatlanticTM hyperspectral radiometer
(HyperOCRII) was operated in all the stations. The instrument
contains optical sensors which measure downwelling surface
irradiance (Es) and profiles of upwelling radiance (Lu) and
downwelling irradiance (Ed). Apart from these the ancillary
sensors measures tilt, pressure, temperature and conductiv-
ity. The radiometer was also equipped with ECO triplet sensor
(WetlabsTM ECO series) which measures chlorophyll fluores-
cence, CDOM fluorescence and b at 650 nm (b650). The
excitation and emission wavelengths to measure CDOM fluor-
escence were 370 and 460 nm respectively with a sensitivity
of 0.28 ppb of quinine sulphate dihydrate equivalent (QSDE).
The volume scattering function, b, when integrated in back-
ward direction provides estimates of backscattering (Balch
et al., 2001). The backscattering at longer wavelengths,
especially in red, is more sensitive to the suspended matter.
Hence in the present study b is considered as a measure of
total suspended matter.

Utmost care was taken to avoid tilt, maintain profiling
velocity and avoid shadows from sources. The data from
hyperspectral radiometer was recorded using SatViewTM soft-
ware and multi-level processing was carried out using Pro-
softTM software.

The spectral Rrs was computed as

Rrsð0þ; lÞ ¼ Lwð0þ; lÞ
Edð0þ; lÞ ; (1)

where Lw(0
+, l) is water leaving radiance and Ed(0

+, l) is
downwelling irradiance above the sea surface. Further the
upwelling radiance and downwelling radiance were comput-
ed as follows:

Edð0þ; lÞ ¼ Edð0�; lÞ
1�a

; (2)

where a is the Fresnel reflection albedo for irradiance from
the sun and sky and

Lwð0þ; lÞ ¼ Luð0�; lÞ ½1�rðl; uÞ�
h2wðlÞ

; (3)

where r(l, u) is the Fresnel reflectance index of seawater and
hw(l) is the Fresnel refractive index of seawater.

The spectral Rrs, measured using radiometer, was then
used as an input to derive the chlorophyll concentration from
respective algorithms.

3.2. Empirical algorithms

Six operational empirical algorithms (OC3C, OC4O, OC4,
OC4E, OC3M, OC4O2) were selected for this study. These
algorithms have been operationally implemented as default
algorithms for Costal Zone Colour Scanner (CZCS), Ocean
Colour and Temperature Scanner (OCTS), Sea-viewing Wide
Field-of-view Sensor (SeaWiFS), Medium Resolution Imaging
Spectrometer (MERIS), Moderate Resolution Imaging Spectro-
radiometer (MODIS) and Ocean Colour Monitor (OCM2). The
functional forms of these algorithms are given in Table 1.

These algorithms have undergone several revisions based
on the in situ data generated from different water types. The
OC2 algorithm, originally designed for CZCS, has undergone
eight revisions (OC2a, OC2b, OC2c, OC2d, OC2e, OC2, OC2v2
and OC2v4). The latest of which is OC2v4 which has a
modified cubic polynomial form. The OC4O algorithm,
designed for OCTS, has undergone four revisions and emerged
as 4th order polynomial function relating the maximum of
three band ratios. The OC4 algorithm, designed for SeaWiFS,
has two versions (OC4 and OC4v4). Both versions use max-
imum ratio of four bands. The first version of OC4 was a
modified cubic polynomial and the current version uses a
fourth order polynomial with five coefficients (O'Reilly et al.,
1998, 2000). The OC4E algorithm, designed for MERIS, is the
tuned version of OC4v4 and has the functional form of 4th
order cubic polynomial. The OC3 algorithm, designed for
MODIS had undergone two versions (OC3d, and OC3e). It is
three banded maximum band ratio and uses fourth order
polynomial function. The default algorithm for OCM-2 is third
order modified cubic polynomial which used the maximum
ratio of four bands (Nagamani et al., 2008).



Table 1 The functional forms of the algorithms used to generate chl-a from Coastal Zone Colour Scanner (CZCS), Ocean Colour and
Temperature Scanner (OCTS), Sea-viewing Wide Field-of-view Sensor (SeaWiFS), Medium Resolution Imaging Spectrometer (MERIS),
Moderate Resolution Imaging Spectroradiometer (MODIS) and Ocean Colour Monitor 2 (OC4O2).

Sensor Algorithm Functional form Model type

CZCS
OC3C
MBR

R ¼ log10 max
Rrs443
Rrs550

� �
;

Rrs520
Rrs550

� �� �� �

a ¼ 0:3330; �4:3770; 7:6267; �7:1457; 1:6673½ �
C ¼ 10ða0þa1Rþa2R

2þa3R
3þa4R

4Þ

Fourth order polynomial

OCTS
OC4O
MBR

R ¼ log10 max
Rrs443
Rrs565

� �
;

Rrs490
Rrs565

� �
;

Rrs520
Rrs565

� �� �� �

a ¼ 0:2399; �2:0825; 1:6126; �1:0848; �0:2083½ �
C ¼ 10ða0þa1Rþa2R

2þa3R
3þa4R

4Þ

Fourth order polynomial

SeaWiFS
OC4
MBR

R ¼ log10 max
Rrs443
Rrs555

� �
;

Rrs490
Rrs555

� �
;

Rrs510
Rrs555

� �� �� �

a ¼ 0:2515; �2:3798; 1:5823; �0:6372; �0:5692½ �
C ¼ 10ða0þa1Rþa2R

2þa3R
3þa4R

4Þ

Fourth order polynomial

MERIS
OC4E
MBR

R ¼ log10 max
Rrs443
Rrs560

� �
;

Rrs490
Rrs560

� �
;

Rrs510
Rrs560

� �� �� �

a ¼ 0:2521; �2:2146; 1:5193; �0:7702; �0:4291½ �
C ¼ 10ða0þa1Rþa2R

2þa3R
3þa4R

4Þ

Fourth order polynomial

MODIS
OC3M
MBR

R ¼ log10 max
Rrs443
Rrs547

� �
;

Rrs488
Rrs547

� �� �� �

a ¼ 0:2424; �2:7423; 1:8017; �0:0015; �1:2280½ �
C ¼ 10ða0þa1Rþa2R

2þa3R
3þa4R

4Þ

Fourth order polynomial

OCM2
OC4O2
MBR

R ¼ log10 max
Rrs443
Rrs555

� �
;

Rrs490
Rrs555

� �
;

Rrs510
Rrs555

� �� �� �

a ¼ 0:475; �3:029; 2:240; �1:253; �0:027½ �
C ¼ 10ða0þa1Rþa2R

2þa3R
3þa4R

4Þ

Third order modified
cubic polynomial
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4. Results

The results of the present study have been described in the
following three sections. The first section deals with the
optical classification of coastal waters based on AOP. The
second section deals with the association of OAS with spectral
Rrs and the third section with the assessment of ocean colour
algorithms in different water types.

4.1. Optical classification using remote sensing
reflectance

The entire data sets exhibited three different types of Rrs
spectra and their spectral variability is given in Fig. 2. Based
on the variability in Rrs spectra, the coastal waters off Kochi
are optically classified into three types. Type-I waters had
spectra (Fig. 2a) with flatter curve between 400 and 450 nm
which then increased to peak at 482 nm. After 482 nm, Rrs
decreased gradually till 608 nm and then the curve flattened
again till 700 nm indicating no reflectance in the region. The
spectral Rrs in Type-II waters (Fig. 2b) was found to be distinct
from that of Type-I. The average Rrs increased gradually from
shorter wavelength (400 nm) and showed almost a flat peak
between 532 and 566 nm with a marginally higher value at
560 nm. Beyond 560 nm, a steep valley was observed till
610 nm. After which the decrease was gradual till 670 nm.
A secondary maximum was also observed at 681 nm. The Rrs
spectra in Type-III waters (Fig. 2c) showed similarity to that of
the Type-II at the longer wavelength. In this type, a steep
increase in Rrs was observed from 400 to 570 nm. The peak Rrs
was more prominent. The spectral behaviour of Rrs from
570 to 700 nm in this water type was similar to that of
Type-II. However, the secondary maximum was more promi-
nent (684 nm) and higher in magnitude.

4.2. Association of optically active substances
with different water types

The analyses of spatio-temporal variability in OAS (chl-a and
CDOM) and their IOP (b650) have been carried out for the



Figure 3 Frequency distribution of chlorophyll-a (chl-a), volume scattering function at 650 nm (b650) and concentration of
chromophoric dissolved organic matter (CDOM) in quinine sulphate dihydrate equivalent (QSDE) unit in different water types. The
solid line indicates the normal distribution. The X-axis represents concentration of chl-a, b650 and CDOM. The Y-axis represents
frquency distribution.

Figure 2 Spectral variability of remote sensing reflectance (Rrs) in the study area. The similar spectra have been clubbed together as
(a) Type-I, (b) Type-II and (c) Type-III. The solid line represent mean and the dotted line represents the standard deviation. The X-axis
represents wavelength [nm] and Y-axis represents Rrs [sr

�1] coefficients.
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three water types based on the frequency distribution
(Fig. 3). The frequency distribution plots were also super-
imposed with the normal Gaussian function to understand the
trend. The frequency distribution showed large variability in
the OAS for the three water types. The chl-a, which varied
between the three water types, was 0.077 and 20.0 mg m�3

(Fig. 3a). The chl-a in Type-I and Type-II waters ranged from
0.77 to 1.0 mg m�3 and 1.0 and 2.0 mg m�3 respectively. The
Type-III waters, chl-a ranged from 1 to 20 mg m�3 while the
frequency was less at lower concentration.

The CDOM varied between 0.39 and 2.25 ppb QSDE
(Fig. 3b). Type-I waters showed lower concentration of
CDOM, between 0.3 and 0.75 ppb QSDE. The CDOM concen-
tration in Type-II and Type-III waters are varied, from 0.75 to
1.25 and Hp1.25 to 2.25 ppb QSDE respectively. The concen-
tration of CDOM was comparatively higher in Type-II waters.
b650, ranged between 0.16 � 10�3 and 9.5 � 10�3 m�1 sr�1

(Fig. 3c) with a higher frequency at the lower range between
0.16 � 10�3 and 0.19 � 10�3 m�1 sr�1. In Type-II and Type-III
waters, b650 was in the range from 1.3 � 10�3 to
6.1 � 10�3 m�1 sr�1 and 1.4 � 10�3 to 9.5 � 10�3 m�1 sr�1

respectively. The maximum value of b650 was encountered
in Type-III waters.
4.3. Assessment of ocean chlorophyll algorithms

The scatter plots showing relation between in situ measured
chl-a and that derived using OC4, OC3C, OC4O, OC4E, OC3M
and OC4O2 algorithms is given in Fig. 4. The validation
statistics have been computed using data from all water
types. The corresponding statistical indicators are given in
Table 2. The R2 was better in case of OC4 (0.70), which was
also comparable with that of OC3M (0.68). Further OC4 and
OC3M showed least Log10-RMSE (0.37). However, absolute
percentage difference (APD) (35.9%) was better in case of
OC4 whereas OC3M showed better slope (0.69), relative
percentage difference (RPD) (4.8%) and unbiased percentage
difference (UPD) (17.1%). The intercept (0.07) was least in
the case of OC4O and 'r' was closer to unity in case of OC4O2.
The inverse transform ratios also showed that OC3M performs
better at the median scale with Fmed close to unity. The
overall statistical analysis showed that OC3M and OC4 pro-
duced comparable results having least significant difference
between estimated and measured chl-a.

Although the validation has been carried out for the entire
data set, the accuracy of the algorithms was also evaluated in
the different water types. The assessment of measured and



Table 2 Performance indices for relative errors between in situ measured and estimated chl-a from in situ Rrs using OC3C, OC4O,
OC4, OC4E, OC3M and OC4O2 algorithms. These indices include correlation coefficient (R2), slope (S), intercept (I), sumation of ratio
of measured to estimated (r), root mean squared error (RMSE), absolute percentage difference (APD), relative percentage difference
(RPD) and unbiased percentage difference (UPD). The geometric mean and one-sigma range of the ratio (F = Valuealg/Valuemeas) are
given by Fmed, Fmin, and Fmax, respectively. The values closer to 1 are more accurate. Total 42 data points were used for the analysis.

Algorithm R 2 S I r RMSE APD RPD UPD Fmin Fmed Fmax

OC3C 0.66 0.65 0.11 1.74 0.39 41.0 17.2 29.8 0.50 1.21 2.94
OC4O 0.65 0.63 0.07 1.95 0.41 40.3 23.6 36.5 0.56 1.36 3.34
OC4 0.70 0.67 0.10 1.69 0.37 35.9 16.3 26.7 0.53 1.22 2.82
OC4E 0.67 0.67 0.10 1.70 0.38 37.2 16.6 27.7 0.50 1.20 2.88
OC3M 0.68 0.69 0.16 1.47 0.37 50.4 4.8 17.1 0.44 1.04 2.45
OC4O2 0.54 0.54 0.35 1.21 0.45 47.1 3.26 30.1 0.29 0.82 2.29

Figure 4 Correlation between in situ chlorophyll-a (chl-a) and that derived using OC4, OC3C, OC4O, OC4E, OC3M and OC4O2
algorithms in Type-I (plus), II (triangle) and III (circle) waters. The solid line indicate the trend and the dotted line corresponds to 1:1.
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estimated chl-a in Type-I waters showed a good agreement
with a correlation coefficient (R2) of 0.93 in the case of OC4O,
OC4, OC4E and OC3M and 0.89 in the case of OC3C. Chl-a
estimated using OC4O2 algorithm showed relatively lower
correlation (R2 = 0.74). However, the measured chl-a was
lower in magnitude than the estimated chl-a having a slope
of 1.06, 0.60, 0.68, 0.67, 0.71 and 0.68 for OC3C, OC4O, OC4,
OC4E, OC3M and OC4O2 respectively. The result based on the
statistical analysis indicated that OC3M performs better than
other algorithms in Type-I waters. In Type-II waters, it was
observed that a cluster of points having chl-a concentration
between 9.0 and 13 mg m�3 showed a poor relation between
estimated and measured chl-a. At these points, b650 was ten-
fold higher than that in Type-I waters. In addition, the CDOM
was higher than the average value (2.1—2.5 ppb QSDE). In the
absence of this cluster, it was observed that estimated and
measured chl-a had moderate agreement in case of OC3C
(R2 = 0.52), OC4 (R2 = 0.67), OC4E (R2 = 0.67), OC3M
(R2 = 0.67) and OC4O2 (R2 = 0.67). In this water type, esti-
mated chl-a was lower in magnitude than the measured with
a slope of 0.59, 0.50, 0.63, 0.63, 0.90 and 0.88 for OC3C,
OC4O, OC4, OC4E, OC3M and OC4O2 respectively. Based on
the statistical analysis, comparable result was seen between
OC3M and OC4O2. The performance of both these algorithms
was better than other algorithms in Type-II waters. In Type-III
waters, estimated chl-a was found to be higher in magnitude
as compared to measured chl-a. The slope of regression was
1.46, 1.45, 1.39, 1.65, 1.44 and 1.84 for OC3C, OC4O, OC4,
OC4E, OC3M and OC4O2 respectively. Although the estimated
and measured chl-a was found to be variable in magnitude,
the trend was in good agreement. The R2 was 0.68, 0.63,
0.69, 0.66, 0.70 and 0.70 for OC3C, OC4O, OC4, OC4E, OC3M
and OC4O2 respectively. The OC3M and OC4 algorithms
performed better in Type-III waters.

An attempt has been also made to understand existence of
any covariance between CDOM and errors associated with the
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algorithms in Type-II and III waters. Hence a ratio of esti-
mated chl-a, from various algorithms, to in situ chl-a was
regressed with CDOM. The results showed that in Type-II
waters, the covariance was 2.48, 1.42, 2.24, 2.48,
5.16 and 2.99% whereas in Type-III it was 39.64, 25.96,
27.09, 30.46, 25.41 and 35.86% respectively for OC3C,
OC4O, OC4, OC4E, OC3M and OC4O2 algorithms.

5. Discussion

The retrieval of geophysical products from an ocean colour
satellite sensor involves two critical steps. The first step is to
eliminate the effect of the atmospheric contribution from
the total radiance received by the satellite sensor (Hu et al.,
2004). The second step is to select a suitable bio-optical
algorithm which relates the signal leaving the water column
with the concentration of the OAS. The present study aims
towards the second step. In the present case, the empirical
algorithms, used operationally to retrieve chl-a from CZCS,
OCTS, SeaWiFS, MERIS, MODIS and OCM2, were applied to the
in situ Rrs measured using hyperspectral radiometer. Further,
an attempt has been also made to classify the waters based
on the reflectance characteristics and to evaluate impact of
OAS on these water types. Subsequently the performance of
these algorithms was tested in these water types.

The data generated for the present study exhibited three
distinct spectra for Rrs. The distribution of OAS within dif-
ferent water types also showed a remarkable difference. In
Type-I waters, Rrs spectra showed the maximum in the blue
(400—480 nm) region and was almost negligible in the red
region (beyond 600 nm). The variability in concentration of
chl-a and CDOM was very low in this water type with a
standard deviation of less than 50% of the average value.
The b650 also showed less variability in this water type. The
low concentration in distribution of OAS in Type-I waters was
responsible for least absorption in the shorter wavelength
resulting in high Rrs. However, the lower Rrs in the longer
wavelength may be attributed to the strong absorption due to
water molecules. This indicates that the water molecules
were the principal light absorbing component in this water
type along with chl-a. This is in agreement with the previous
studies carried out in oligotrophic waters of Lakshadweep
Islands, hyperoligotrophic waters in the South Pacific gyre
and in the Chesapeake Bay where the authors have shown
that the water molecules are the major components respon-
sible for the absorption in the longer wavelength resulting in
minimal variability of Rrs (Menon et al., 2005; Morel et al.,
2007; Tzortziou et al., 2007). The spectral signature of Rrs in
Type-II waters showed significant difference in shorter wave-
lengths. In Type-II waters, chl-a concentration and b650 was
ten-fold higher than in Type-I waters. Also, the CDOM con-
centration was almost twice in magnitude. The phytoplank-
ton pigment, chl-a, has the primary absorption peak in the
blue region (�440 nm). Apart from this, CDOM also has a
tendency for strong absorption in UV and the blue region
(Jorgenson, 1999; Menon et al., 2005; Siegal et al., 2002).
Therefore, the respective signature of Rrs in Type-II waters
was predominantly due to the combined effect of absorption
due to chl-a and CDOM. In Type-III waters, the peak in the Rrs
spectra shifted more towards the longer wavelength as
compared to that in Type-II waters. In addition, the peak
Rrs was more prominent as compared to Type-I and II waters.
In this water type, b650 was comparable with Type-II waters.
However, chl-a and CDOM concentration was found to be
increased by 64% and 76% respectively. This indicates that the
impact of chl-a and CDOM absorption has further increased
which resulted in much lower Rrs at the shorter wavelength.
Menon et al. (2006) showed that CDOM significantly influ-
ences the water leaving radiance at the shorter wavelengths
and its impact can be spread up to 650 nm. Kutser et al.
(2006) reported an 'abnormal' shape of the Rrs spectra when
the concentrations of optically active substances were high.
The study carried out by Cannizaro and Carder showed that,
in non-coastal oligotrophic waters, the peak Rrs was at
400 nm which was shifted to �490 nm in highly reflective,
optically shallow, mesotrophic waters and �560 nm in opti-
cally deep eutrophic waters. Ouillon and Petrenko (2005) also
reported peak Rrs at 443 and 490 nm in Case 1 waters and at
560 nm in Case 2 waters.

The above discussion clearly indicates that distinct spec-
tral signatures of Rrs were more attributed towards varia-
bility in OAS. Further, the distribution of these OAS could be
controlled by hydrography of the study area. The study area
is subjected to coastal upwelling and heavy fresh water
discharge from the estuary of the Periyar River in the mon-
soon period which enhances nutrient upload resulting in
increased biological production (Jyothibabu et al., 2006;
Nair et al., 1992). Studies by Srinivas et al. (2003) also
reported that the coastal waters of the southeastern Arabian
Sea are the recipient of approximately 1.9 � 1010 m3 of fresh
water annually from the Cochin backwaters. We have also
analyzed the inter-relationship of chl-a with CDOM and b650 in
different water types (Fig. 5). The chl-a and CDOM did not
show any significant relation in Type-I waters. This indicates
that CDOM is independent of the variations in chl-a in these
waters. However a large association was seen in Type-II and
Type-III waters. Also in these waters, the concentration of
chl-a and CDOM was very high. The co-variance of chl-a with
CDOM indicates that the source of nutrients for phytoplank-
ton growth, and organic matter is the same. Since the
primary source of CDOM is from the river, it can be inferred
that river discharges are one of the primary mechanisms for
distribution of chl-a and CDOM in the study area. The b650 did
not show any significant relationship with chl-a in any of the
water types. This indicates that chl-a and suspended matter
do not co-vary in water types. Hence, it can be inferred that
river discharges are not the primary source of suspended
matter in the study area. Some of the previous studies by
Jyothibabu et al. (2006), Srinivas et al. (2003) and Thomas
et al. (2004) also reported that continuous dredging process
occurring throughout the year in the study area increases the
nutrients and sediment loads into the estuary which is
drained into the coastal waters.

The distribution of OAS thus significantly alters the spec-
tral Rrs which is the input for the empirical algorithm for the
retrieval of chl-a. In the present study, chl-a algorithms were
evaluated in different water types having similar variability
in spectral Rrs. Among all the algorithms, OC3M and OC4
performed better in the study area. In general, all algorithms
showed that, in Type-I waters, the measured chl-a was less
than that estimated using various algorithms. However mea-
sured and estimated chl-a showed the same trend with good
correlation. These waters were having typical Case 1 char-
acteristics. Also the Rrs signals dominated in 443 nm band. In



Figure 5 Scatter plot showing relation between (a) in situ chlorophyll-a (chl-a) and CDOM in QSDE unit and (b) in situ chl-a and b. The
plus (+) sign corresponds to Type-I, open triangle (~) corresponds to Type-II and open circles (*) corresponds to Type-III waters.

324 P. Minu et al./Oceanologia 58 (2016) 317—326
Type-II waters, the cluster of points was found to be weakly
correlated. Further in Type-II waters, the dominant signal in
Rrs was from the blue-green band. In the case of OC4, OC4E
and OC4O2 the dominant Rrs signal was from 510 nm, whereas
it was 520 nm in the case of OC3C and OC4O. For OC3M, Rrs
signal was dominated by the 488 nm band. Similar conditions
were observed in Type-III waters. The performance of all the
algorithms was poor in Type-II waters whereas it was com-
paratively better in Type-III waters. Although in Type-II and
Type-III waters concentration of chl-a and CDOM was ten-fold
higher than Type-I waters, the co-variance between chl-a and
CDOM was significantly higher in Type-III waters. Desa et al.
(2001) showed that the ratio of Rrs at 490—555 nm is a better
indicator of chl-a in the eastern Arabian Sea. They illustrated
significant improvement in R2 (0.93), slope (0.96) and inter-
cept (0.26) by modifying SeaWiFS OC4v4 coefficients. How-
ever Shanmugam (2011) suggested that although OC3 reliably
estimates chl-a in the open ocean waters, it tends to fail in
the coastal waters of the Arabian Sea. The chl-a and CDOM
compete for absorption of light at almost similar wavelengths
in the blue region. As a result, the signal emerging from the
water column carries signatures of both chl-a and CDOM. The
empirical algorithms take the ratio of the blue to the green
band with an assumption that the water leaving radiance
decreases in the blue band with an increase in chl-a con-
centration. However, if the water column is dominated by
chl-a and CDOM, both significantly contribute to the decrease
in the water leaving radiance in the blue band. In such a
scenario, the performance of a ratio based algorithms weak-
ens the retrieval of chl-a. In the earlier studies, Tzortziou
et al. (2007) also reported that the failure of MODIS algorithm
in inshore waters of the Chesapeake Bay was due to the large
contribution of non-co-varying CDOM and non-algal particles
to total light absorption in the blue region.

6. Conclusion

The present study primarily focused on the evaluation of six
empirical algorithms (OC3C, OC4O, OC4, OC4E, OC3M and
OC4O2), operationally used to retrieve chl-a from CZCS,
OCTS, SeaWiFS, MERIS, MODIS and OCM-2. The algorithms
were applied to the spectral Rrs measured in situ using
hyperspectral radiometer with an intention to assess the
functional form and the coefficients. The effect of atmo-
spheric correction has been ignored in the present study. The
Rrs showed three distinct water types based on the spectral
variability. These water types were attributed to the varia-
bility in the concentration of OAS. In Type-I waters chl-a,
CDOM and b650 were very low indicating that these were pure
Case-I waters and the peak Rrs was in the blue band. In Type-II
waters, the peak Rrs shifted to the green band which was
attributed to elevated concentration of chl-a, CDOM and
b650. In Type-III waters, the peak Rrs further shifted to longer
wavelengths due to an increase in chl-a and CDOM. Also chl-a
was found to be associated with CDOM indicating that rivers
are one of the primary sources for discharging essential
parameters for the growth of phytoplankton. The overall
statistical analysis showed that the performances of OC3M
and OC4 were better as compared to other algorithms.
Further in the case of chl-a, at more than 1.0 mg m�3 it
was found that the ratio of higher wavelengths (488, 510 and
520 nm) dominates. The assessment of algorithms in differ-
ent water types indicated better performance of all the
algorithms in Type-I waters. The performance was poor in
Type-II and Type-III waters. The errors associated with the
estimation of chl-a were significantly co-varied with CDOM in
Type-III waters. Therefore, in the regions where there is
dominance of OAS other than chl-a, it is required to develop
IOP-based algorithm that takes into account absorption and
scattering due to individual OAS.
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Summary UV filters are the main ingredients in many cosmetics and personal care products. A
significant amount of lipophilic UV filters annually enters the surface water due to large numbers
of swimmers and sunbathers. The nature of these compounds cause bioaccumulation in commer-
cial fish, particularly in estuarine areas. Consequently, biomagnification in the food chain will
occur. This study estimated the amount of four common UV filters (ethylhexyl methoxycinna-
mate, EHMC; octocrylene, OC; butyl methoxydibenzoylmethane, BM-DBM; and benzophenone-3,
BP3), which may enter surface water in the Gulf of Mexico. Our data analysis was based on the
available research data and EPA standards (age classification/human body parts). The results
indicated that among the 14 counties in Texas coastal zones, Nueces, with 43 beaches, has a high
potential of water contamination through UV filters; EHMC: 477 kg year�1; OC: 318 kg year�1; BM-
DBM: 258 kg year�1; and BP by 159 kg year�1. Refugio County, with a minimum number of
beaches, indicated the lowest potential of UV filter contamination. The sensitive estuarine
areas of Galveston receive a significant amount of UV filters. This article suggests action for
protecting Texas estuarine areas and controlling the number of tourists and ecotourism that
occurs in sensitive areas of the Gulf of Mexico.
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1. Introduction

Ultraviolet (UV) filters are common ingredients in many
cosmetics and personal care products such as sunscreens,
soap, shampoos, and hair sprays (Li et al., 2007; Sharifan
et al., 2016; Silvia Díaz-Cruz et al., 2008). UV filters and their
transformation products, which are washed off from the skin
and clothes during swimming and bathing, enter the surface
water (Giokas et al., 2007; Li et al., 2007; Nakajima et al.,
2009; Plagellat et al., 2006; Poiger et al., 2004; Ramos et al.,
2016) and are considered to be a source of surface water
contamination (Ekpeghere et al., 2016; Poiger et al., 2004;
Ramos et al., 2016). UV filters are added to consumer sunsc-
reen products at different concentrations due to sunscreen
formulations (Amine et al., 2012; Kupper et al., 2006;
Li et al., 2007; Plagellat et al., 2006; Silvia Díaz-Cruz
et al., 2008). The water contamination by UV filters is an
increasing public concern due to the secondary effects (i.e.
bioaccumulation) of pharmaceuticals and personal care
products (PPCPs) in receiving waters, which may reach
detectable and potentially toxic concentration levels
(Gago-Ferrero et al., 2013; Sharifan et al., 2016).

Furthermore, due to the lipophilic characteristics of UV
filters, they can bioaccumulate and biomagnify through the
food chain, and their presence is associated with estrogenic
effects (Broniowska et al., 2016; Mueller et al., 2003; Vila
et al., 2016). Ultimately, these filters can bioaccumulate in
humans (Broniowska et al., 2016; Valle-Sistac et al., 2016).
Due to a high log octanol—water partition coefficient (log -
Kow) of UV-filters (3.8—5.9), these compounds are associated
with a high accumulation rate in fish (Broniowska et al., 2016;
Ekpeghere et al., 2016; Kim and Choi, 2014).

Fish has a strong tendency to accumulate UV filters
(Giokas et al., 2007; Liu et al., 2015). Reported concentra-
tions of UV filters in fish ranged from 9 to 2400 ng g�1 lipid
weight (Gago-Ferrero et al., 2015). For example, two fish
species of perch and roach accumulated UV filters, respec-
tively, by 2000 ng g�1 and 500 ng g�1 lipids (Li et al., 2007).
Though the accumulation rate of UV-filters in fish has been
studied both in the field and in laboratories (Blüthgen et al.,
2014; Gago-Ferrero et al., 2013; Liu et al., 2015), the toxico-
kinetic mechanisms of these compounds in fish remain
unclear.

In addition to accumulating in the food chain, UV filters
have shown severe effects on coral reefs by bleaching corals
at very low concentrations (Danovaro et al., 2008). Recently,
the UV filters were detected at concentration levels greater
than 3700 ng L�1 along the coastal areas of South Carolina in
the USA (Bratkovics et al., 2015). This concentration may
actively link to the life of U.S. endangered coral species such
as Acropora palmata at the Flower Garden Banks National
Marine Sanctuary in the northwestern Gulf of Mexico (Zimmer
et al., 2006).

The long shoreline in South Texas (approximately
367 miles/590 km) is a center of recreational activities
throughout the year. All 14 counties of this shoreline have
169 beaches for water activities (EPA, 2013). Every year, due
to millions of beach visitors and swimmers, significant
amounts of UV filters directly or indirectly (i.e. through
mistreatment of wastewater, contamination of sand, etc.)
enter the surface water in the Gulf of Mexico. However, UV
filter concentration information is geographically restricted
to some European and Asian countries, as well as Australia,
whereas data from other regions, namely the Americas, is
missing (Ramos et al., 2016). The potential release of these
compounds has never been studied in the Gulf of Mexico. A
major challenge for the potential risk effects of UV filters on
aquatic life and the food chain is the availability of reliable
analytical procedures that determine these substances in
aquatic systems (Giokas et al., 2004, 2005; Rodil and Moeder,
2008). However, the empirical research (laboratory experi-
ments and field surveys) is strictly limited due to financial and
practical constraints (Arnot and Gobas, 2003; Korsman et al.,
2015).

In order to fill the knowledge gap on the ecotoxicity of UV
filters in the Gulf of Mexico region, this study aims to identify
potentially hazardous substances in an effective and con-
servative manner. The objective of this study is to estimate
the amount of UV filters: ethylhexyl methoxycinnamate
(EHMC), octocrylene (OC), butyl methoxydibenzoylmethane
(BM-DBM), and benzophenone-3 (BP3) entering the Gulf
waters from Texas beaches.

2. Material and methods

2.1. Study area of Gulf of Mexico (Texas)

Based on an EPA report, the total number of beaches in the
Texas shoreline, all 14 counties, contain 169 beaches
(EPA, 2013), which are aquatic centers for swimmers and
beachgoers. The counties of Nueces and Galveston have the
highest number of beaches, 43 and 36, respectively. Since
1970, the population of this region increased more than 50%
by 2003 based on available statistical data (Lynch et al.,
2003). Texas coastal zones have the second largest number of
beach visitors (3.8 million) and swimmers (3.07 million) in the
entire USA (Lynch et al., 2003). Fig. 1 shows the geographical
distribution of Texas counties along the Gulf of Mexico.

2.2. Chemicals

Currently, 14 organic UV filters are authorized in the USA
(Ao et al., 2015; Rodil et al., 2009). Four commonly-used UV
filters, which are authorized in the USA were studied herein
(Santos et al., 2012; Scalia and Mezzena, 2009). The chemical
structures of these four compounds, BP3, EHMC, OC and BM-
DBM, are described in Table 1, which are presenting the
typical structure of chemical UV filters with an aromatic
moiety and a side-chain indicating different degrees of unsa-
turation (Silvia Díaz-Cruz et al., 2008).

2.3. Concentration of UV filters

The average content of each UV filter in cosmetic products
(Table 1) was calculated as a weighted average from the
composition of individual products via Eq. (1), which was
developed by Poiger et al. (2004). The data of UV filter
content in sunscreen products used in this study were
extracted from a study by Poiger et al. (2004).

cj;av ¼
P

njcj;iP
nj

: (1)



Figure 1 The map of the beaches in 14 counties along the Gulf coast of Texas.
Source: EPA (EPA, 2013), Google.
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In this equation cj,av is the average content of UV filter j in the
products used during the survey, ni is the number of people
using product i, and cj,i is the concentration of UV filter j in
product i.

2.4. Surface area of the body

In this study, the surface area of the body parts for different
standard age groupings as recommended by the EPA (Table 2)
was applied to estimate how much each individual body part
Table 1 Chemical characteristics, structures and corresponding 

INCI namea Abbreviation Solubility
([mg L�1]
at 258C)b

Average U
content i
products 

Ethylhexyl
methoxycinnamate

EHMC 0.15 2.4 

Octocrylene OC 0.02 1.6 

Benzophenone-3 BP3 68.56 0.8 

Butyl
methoxydibenzoylmethane

BM-DBM 2.2 1.3 

a International Nomenclature of Cosmetic Ingredients.
b Source: https://pubchem.ncbi.nlm.nih.gov.
could contribute to the release of UV filters into the surface
water. The age classes between 1 and 21 are combined by
gender. Both genders of male and female are classified from
age 21 to 80 (EPA, 2011).

2.5. Release estimation

The direct input of UV filters to the surface water is a function
of the fraction of UV filters released from the skin (wash-off
rate) during swimming and sunbathing at the beach. The
abbreviations of the surveyed UV filters.

V filter
n sunscreen
[mg g�1]

Log Kow Structure

5.8

6.88

3.79

4.51

https://pubchem.ncbi.nlm.nih.gov/


Table 2 Surface area of each individual body part [m2] for different age classifications.

Age class Face Trunk Arms Hands Legs Feet

1—<2 0.029 0.188 0.069 0.03 0.122 0.033
2—<3 0.017 0.25 0.088 0.028 0.154 0.038
3—<6 0.02 0.313 0.106 0.037 0.195 0.049
6—<11 0.022 0.428 0.151 0.051 0.311 0.073
11—<16 0.024 0.63 0.227 0.072 0.483 0.105
16—<21 0.025 0.759 0.269 0.083 0.543 0.112
>21 male 0.045 0.827 0.314 0.107 0.682 0.137
>21 female 0.038 0.654 0.237 0.089 0.598 0.122
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lipophilic and hydrophilic UV filters account for 50 and 100%
fraction rate (wash-off rate from the skin), respectively. Such
a high fraction rate was studied on swimmers on beaches in
Galveston County, Texas (Wright et al., 2001). In order to
estimate the amount of release in each beach — because of a
lack of demographical data on age classification of visitors to
beaches — the average surface body of each adult swimmer,
1.94 m2 recommended by the EPA (>21 years), was applied in
this study to account for the worst case of water contamina-
tion with all adult swimmers (EPA, 2011). The empirical
formula used for this estimation is shown in Eq. (2), which
was developed in the previous study by author (Sharifan
et al., 2016).

cj;rel ¼ cj;av�a�b�S�A: (2)

The index cj,rel indicates an estimation of the UV filters
released from skin surface area for an adult swimmer (aver-
age of male and female), a is the amount of sunscreen cm�2

of skin, b is the application rate (dimensionless), S represents
the surface area of the body and A represents the percentage
of body which was covered by sunscreen products. Table 3
presents the experimental values of these parameters used
by researchers in recent studies. In this study, A = 87%,
a = 2 and b = 1.5 have been assumed (Poiger et al., 2004;
Sharifan et al., 2016; Wright et al., 2001).

The number of swimmers on each beach was estimated
by evenly distributing the total number of swimmers in
Texas. The potential release rate of UV filters to the surface
water in the Gulf of Mexico (index cj,rel,p) was calculated
based on experimental Eq. (3), which was developed in this
study.

cj;rel;p ¼ cj;rel�;�P: (3)

In this equation, ; indicates the fraction of UV filter (50%) and
index P shows the number of swimmers or bathers who are
visiting the beach during the swimming season (Sharifan
Table 3 Experimental parameters for the application of sunscre

References Experimental parameters

a (amount of sunscreen [mg] cm�2 of s

Giokas et al. (2007);
Poiger et al. (2004)

2, 3, 8 

Poiger et al. (2004) 1 

Neale et al. (2002) 1.5 

Wright et al. (2001) 0.5, 1.5, 2 
et al., 2016). The annual number of swimmers in Texas
was estimated to be approximately 3.07 million (Lynch
et al., 2003).

3. Results and discussion

3.1. Release of UV filters from the body parts

The body surface area data (Table 2) and Eq. (2) that was used
to calculate the potential release of UV filters from the
surface area of swimmers is presented in Fig. 2, highlighting
the impact of the different body parts on UV filter release.
Evaluation of the data achieved from Eq. (3) showed that the
release of UV filters significantly increased proportionately
with the age of the groups. An adult male has the greatest
majority of UV filter release from their skin due to higher
surface area. Adult females show a significant rate of release
except for the amount of EHMC, which is greater for the age
group of 16—21. This difference can be explained by a larger
surface area for teenagers. EHMC has the highest potential of
release among the three other UV filters, which can be
explained by a higher content in sunscreen products com-
pared to other UV filter ingredients. OC showed greater value
than BM-DBM, and BP3 indicated a lower value than BM-DBM
in all average surface body parts in all ages. OC has higher Kow
(6.8) and has the highest content amount after EHMC com-
pound. The trunk of the body has the largest surface area and
shows the maximum potential for release. The hands and
feet, respectively, have the lowest potential for release in
the water. Trunk surface of the body for an adult can release a
considerable concentration of UV filters that for EHMC could
be the maximum level of approximately 200 mg per square
meter of skin. Both hands and feet for a child (between 1 and
11 years) may release the minimum amount of UV filters due
to smaller surface areas of the body.
ens, which may vary in different studies.

kin) b (application rate) A (percentage of body [%])

— —

1.5 87
1.03 80
— —



Figure 2 Results for UV filter release per body parts for different age classifications.
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With respect to solubility, BP3 has the highest solubility in
water (68.5 mg L�1) among the other UV filters studied;
therefore, it may have more potential for release in the
surface water. However, BP3 may indicate a lower lipophi-
licity and bioaccumulation rate.

Fig. 3 shows that all UV filters have a higher potential
release from the body surface of an adult male, and the age
grouping of 16—21 has the second largest potential to release
UV filters in surface water. This potential is due to the greater
size of the body compared to other age classifications.
Though there was no statistical data on the number of male
and female visitors to the Gulf of Mexico in Texas, if women
have a more than 50% higher tendency than men to apply
sunscreens (Wright et al., 2001) on their body, the rate of
release may significantly increase. However, regardless of a
tendency to apply sunscreens, this analysis indicated that an
average surface body of an adult female, after a male body,
has a relatively high potential to release UV filters.

Due to the higher solubility of BP3 in the water, it may
wash off faster than any other UV agents and may require
reapplying the sunscreens. BP3 is approximately 4500 times
more soluble in water than EHMC; and, at the same concen-
tration levels, BP3 may enter the water at significantly larger
amounts compared to EHMC. A study on beachgoers in Texas
shows that half of beach visitors are more likely to stay in the
sun longer when applying sunscreen, and approximately 70%
of them believe the sunscreen will last at least 3 h without
reapplying (Wright et al., 2001). Therefore, preference to
stay longer periods of time on the beach may strengthen the
hypothesis of higher wash-off rate from skin, as long as
exposure times to the sunlight increase.

3.2. Release of UV filters to the surface water

The amount of UV filters that directly enters the Gulf further
depends on the amount of UV filters released from the skin
during swimming/bathing. The results of this analysis were
used to estimate the average input of UV filters discharged to
surface water in Texas coastal zones including 14 counties.
Estuarine areas of the Texas coastline are productive aquatic
systems for providing recreational and commercial marine
species such as crabs, shrimp, and fish (Cai et al., 2007; Sager,
2002). For example, the Galveston Bay area has the second
greatest number of beaches after Nueces, which is in the
vicinity of the second largest populated region in Texas. This
area has been contaminated by organic and inorganic aro-
matic compounds through anthropogenic sources (Glenn and
James Lester, 2010; Liu et al., 2016). Therefore, an evalua-
tion of the number of swimmers and potential release of
organic UV filters from their body to the surface water is
critical for the protection of the marine ecosystem of the
Gulf and estuarine areas of the Texas region.

The results of this study (Table 4) estimated the Nueces
with 43 beaches has the highest amount of sunscreen release
to the water by 477 kg of EHMC, 318 kg of OC, 258 kg of BM-
DBM and 159 kg of BP3. The county of Refugio with minimum



Figure 3 Results of releasing UV filters from the whole surface of a human body at different ages to the receiving water.
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beach areas indicated the lowest potential of contamination
with sunscreen products at the rate of approximately
EHMC = 11 kg, OC = 7.5 kg, BM-DBM = 6 kg and BP3 = 4 kg.
The quantity of sunscreen released during the swimming
season could be far higher than what was estimated in this
study because the number of beachgoers in Texas was greater
Table 4 Estimated input of UV filters to surface water from swi

County No. of
beachesa

Beach
percentageb

Swimmers
(million) c

Estimated inp

EHMC 

Aransas 9 0.05 0.16 99.8 

Brazoria 10 0.06 0.18 110.9 

Calhoun 18 0.11 0.33 199.6 

Cameron 12 0.07 0.22 133.1 

Chambers 2 0.01 0.04 22.2 

Galveston 36 0.21 0.66 399.2 

Harris 8 0.05 0.15 88.7 

Jefferson 2 0.01 0.04 22.2 

Kleberg 7 0.04 0.13 77.6 

Matagorda 12 0.07 0.22 133.1 

Nueces 43 0.25 0.78 476.8 

Refugio 1 0.01 0.02 11.1 

San Patricio 6 0.04 0.11 66.5 

Willacy 3 0.02 0.05 33.3 

Total 169 1.00 3.08 1873.8 

a Data from EPA report on Texas Beaches (EPA, 2013).
b Percentage of the beaches based on the EPA report on Texas Beach
c Calculated based on total population of swimmers in Texas reported 

beaches.
d Extrapolated from calculated data of potential release of UV filter

(EPA, 2015) and estimation of swimmers in a year.
than three million per year, which was not considered in this
analysis. In addition, due to water activities (e.g. swimming,
surfing, etc.) in the upstream of discharging rivers to the
Gulf, a significant amount of UV filters may enter the water
through a variety of streams, which increases the concentra-
tions of UV filters in the Gulf.
mmers in each county on the Texas coastline.

ut of UV filters to surface water from swimmers [kg]d

OC BM-DBM BP3

66.5 54.1 33.3
73.9 60.1 37.0

133.1 108.1 66.5
88.7 72.1 44.4
14.8 12.0 7.4

266.1 216.2 133.1
59.1 48.0 29.6
14.8 12.0 7.4
51.7 42.0 25.9
88.7 72.1 44.4

317.8 258.3 158.9
7.4 6.0 3.7

44.4 36.0 22.2
22.2 18.0 11.1

1249.2 1015.0 624.6

es.
by Lynch et al. (2003) and assumption of even distributions between

s from an adult (average of male and female) from the EPA report
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However, the concentration of a variety of pyrogenic
polyaromatic compounds (PAH) in the Gulf of Mexico has been
increasing during the last decades (Ruiz-Fernández et al.,
2016). The high concentration of UV filters released from the
human body along with significant amounts of other PAH may
have accumulative effects in estuarine areas of the Gulf coast
of Texas. Due to chemical/microbiological stability, low water
solubility, lipophilic properties, and vapor pressure, these
aromatic-based compounds may accumulate highly in both
aquatic and terrestrial estuary areas (Adhikari et al., 2016;
Park et al., 2001). As an interpretation, the combination of
both UV filter compounds and residues of petroleum pollution
to the marine ecosystem may transform the oil into com-
pounds with less volatility and longer residence time in the
sediment. The carcinogenic, toxic, mutagenic and persistent
nature of PAHs (Adhikari et al., 2016; Singleton et al., 2016)
and the high tendency of UV filters to bioaccumulate
(Giokas et al., 2007; Liu et al., 2015) may adversly affect
the large fishing industry (e.g. mutagenic and estrogenic) in
the Gulf of Mexico (Klimová et al., 2015; Ozáez et al., 2016),
and make them a critical group of organic pollutants that need
to be monitored thoroughly.

4. Conclusion

This study was a scientific approach based on the analysis of
the available research data and EPA standards (age classifi-
cation/body parts of human). Through this method, the
release of UV filters from the surface body was estimated
and the release of UV filters in susceptible coastal areas
in Texas was predicted to provide bioaccumulation data.
This information can be used to determine the hazard
risks to aquatic wildlife of the region, which is linked to
the food web.

Texas coastal zones consist of several sensitive estuarine
that may be significantly affected by cumulative effects of
UV filter release and contamination by PAHs. Rather than
direct release through wash off from the skin, a considerable
amount of UV filters may be released through showering or
rubbing off with towels or clothes. This number may increase
more during laundering or showering by using other personal
care products containing UV filters (i.e. shampoos, cos-
metics, etc.) and indirectly be discharged to the surface
bodies through wastewater. Further studies are needed to
investigate the ecotoxicological effects of the UV filters in
aquatic organisms, particularly the cumulative effects of PAH
compounds in estuarine areas of Texas coastal zones. There-
fore, several bay areas in Texas can be considered as a
sensitive ecosystem which are exposed to a significant
amount of UV filters. Research on this issue may affect the
environmental policies for the protection of the reservoirs
such as zoning of marine areas as well as make markets
reconsider the sunscreen formulation for a safe combination
of ingredients.
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Summary For the first time at Svalbard, a colonial form of the tube-dwelling diatom Gyrosigma
eximium was found in summer 2010 in the tidal flats on Spitsbergen at 788N. The colonies take the
form of conical, green structures that are 1—2 cm high and are associated with other diatom taxa
and cyanobacteria (Oscillatoriaceae). The diatom colonies were associated with rich meiofauna
and apparently act as cohesive factors for the fine sediment. In the Arctic tidal flats, this
represents the first observation of long-term sediment stabilization and biological enrichment.
Since this first observation, this species has apparently colonized broader areas in Advenentelva's
tidal flat.
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1. Introduction

Arctic tidal flats are unique habitats in which the winter
freezes down to the upper 10—20 cm of sediment and forms a
solid ice (80—110 cm) cover on the surface that breaks and
moves apart in spring with the tides, removing the frozen
sediment layer (Węsławski et al., 1999). The removal of this
upper layer of sediment causes seasonal defaunation of the
seabed and random recolonization of this very unstable fine
sediment. The Adventfjorden tidal flat, which is located near
Longyearbyen (Spitsbergen) at 788N, 158E (Fig. 1), is one of
the most intensively studied Arctic coastal habitats (Dobrzyn
et al., 2005; Węsławski and Szymelfenig, 1999; Węsławski
et al., 1999; Węsławski et al., 1993; Zajączkowski et al.,
ences. Production and hosting by Elsevier Sp. z o.o. This is an open
.org/licenses/by-nc-nd/4.0/).

http://dx.doi.org/10.1016/j.oceano.2016.04.007
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wiktor@iopan.gda.pl
http://www.sciencedirect.com/science/journal/00000000
www.journals.elsevier.com/oceanologia/
http://dx.doi.org/10.1016/j.oceano.2016.04.007
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Area of interest and sampling points.
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2008). This area is strongly influenced by Adventelva, a river
with a flow rate as high as 3.6 m3 s�1 that is loaded with 132—
486 g dm�3 of mineral suspended matter (Zajączkowski
et al., 2004). During low tide, at least the highest parts of
the bottom are exposed for approximately 4 h per cycle of
regular M2 semidiurnal tide. In this frequently visited (every
summer) area, we noted a new and distinctive feature in late
summer 2010. This phenomenon seems to be recurrent, and
we observed it in consecutive years. During the observation
period, the area populated by colonies increased, and green,
conical structures cover large parts of this area during
low tide (Fig. 2). Since then, the structures have been
observed in the same area every summer (July to September).
This paper presents the details of our examination of this new
phenomenon.

2. Material and methods

Surface sediment samples from areas with green structures
were collected from 7 locations in the Adventfjorden tidal
flat in the summers of 2010—2013. In 2010, sampling was
performed using corers (3.6 cm in diameter). The upper 5 cm
were collected and immediately fixed in 4% formaldehyde.
In 2011—2013, samples were collected only qualitatively
using tweezers and were also fixed in 4% formaldehyde.



Figure 2 General view of the area covered by Gyrosigma eximium colonies (a) and a close-up view of the colonies (b).
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For algological analysis, a microscope equipped with differ-
ential interference contrast (DIC) and phase contrast and
with 10, 40 and 60� (water-immersion) objectives was initi-
ally used. To perform a detailed taxonomical determination,
diatom frustules that had been cleaned in 30% hydrogen
peroxide (H2O2) were analysed under a light microscope
(magnification 600�) and a scanning electron microscope
(SEM). For SEM analyses, few drops of cleaned diatom mate-
rial were put on aluminum stubs, air-dried, coated with gold
and examined under a Philips environmental SEM operating
at 10 kV.

Prior to meiofauna analyses, the LUDOX HS silica density
gradient centrifugation technique (density of 1.18 g cm�3)
was used to extract meiofaunal organisms from the sediment
(Heip et al., 1985). After centrifugation, the supernatant was
sieved through 500 mm and 38 mm sieves. The samples
retained on the 38 mm sieve were stained with Rose Bengal.
Subsequently, meiofaunal organisms were identified to the
higher taxa level (phylum, class or order), and the abun-
dances of particular taxa were expressed per 10 cm2.

3. Results and discussion

The structures, which were of a 1—2 cm height and basal
width, grew on the higher parts of the tidal flats that
Figure 3 Magnified view of th
emerged during low-tide above the sediment (Fig. 2). They
remained exposed for 2—3 h during each tidal cycle. The
structure density was approximately 100—160 per m2, and
the estimated biomass (wet weight) was 50 g m�2.

Analyses conducted using high-power light microscopy
revealed that these structures consisted of branched
tubes that were densely packed with Gyrosigma eximium
(Thwaites) Boyer arranged in single or multiple rows of cells
(Fig. 3).

3.1. Description of the Gyrosigma eximium

The valves are linear with obliquely rounded ends. Their
length ranges from 53.4 mm to 75.9 mm and the width from
8.8 mm to 12.8 mm. The valves are straight, nearly central,
and slightly sigmoid at the ends. The central area is rather
large and rounded. Transverse striae (23—25 in 10 mm) and
longitudinal striae (27—28 in 10 mm) were observed. The
frustules in the gelatinous tubes differed from those of G.
scalproides (Rabenhorst) Cleve and G. obtusatum (Sullivant
& Wormley) Boyer in their linear outline and from those of G.
obliquum (Grunow) Boyer in their rounded ends (Fig. 4).

Type locality: England. Distribution: fresh and brackish
water. Rare and local. Reported from the Demerara River,
Guiana, and occurs at Rio de Janeiro. It may occur northward.
e Gyrosigma eximium tubes.



Figure 4 SEM picture of Gyrosigma eximium from Adventfjorden tidal flat.
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Its ornamentation is characteristic for the section Strigiles
(Peragallo, 1890—1981). The longitudinal striae (32—35 in
10 mm) are less spaced and less visible than the transapical
ones (22—24 in 10 mm). Although the linear valve outline
resembles that of G. balticum (Ehrenberg) Rabenhorst or G.
pensacolae Sterrenburg, the latter two species are longer
and broader (200 mm; 25 mm). All three taxa, however, have
equal numbers of longitudinal and transapical striae (11—14
in 10 mm). Unlike G. limosum Sterrenburg & Underwood, as
discussed here, Gyrosigma presents linear valves with par-
allel margins (in contrast to the nearly linear to slightly
lanceolate ones of G. limosum). Additionally, it has a some-
what median raphe with a tendency to be off centred when
approaching the apices; in G. limosum, the raphe is practi-
cally median throughout the entire valve. Finally, as pre-
sented here, Gyrosigma has a small terminal hyaline area,
triangular in shape and displaced towards the terminal,
strongly deflected raphe fissure, whereas that of G. limosum
is only slightly deflected (Sterrenburg and Underwood, 1997).

3.2. Distribution

Gyrosigma is also known to be a component of ice-associated
communities (Poulin, 1991). In tidal flats, this genus was
reported by Asmus and Bauerfeind (1994) in the Wadden
Sea, whereas Jesus et al. (2009) identified G. fasciola (Ehren-
berg) Griffith & Henfrey as a microbenthic diatom with
'muddy' preferences. To date, only G. obliquum has been
noted at sites located outside of the Arctic, as far as the Gulf
of Mexico (Krayesky et al., 2009), Samoa (Sterrenburg, 1989)
and South China (UNEP, 2008). Some Gyrosigma taxa are
known for their ability to form tube structures and were
Table 1 Abundance [ind. cm�2] of intertidal meiofauna in Isfjor

Site Isfjorden mean of 30 sampling points 

Taxon b 

Nematoda 113 

Harpacticoida 43 

Copepoda nauplii 22 

Tardigrada 1 

Polychaeta 1 

Others 61 

Total 241 

a Włodarska-Kowalczuk et al. (2007).
b Szymelfenig et al. (1995).
c Węsławski and Szymelfenig (1999).
previously found further south (458N), in the Canadian salt
marshes of the Bay of Fundy (G. orbitum Thaler & Kacz-
marska) by Thaler and Kaczmarska (2009), and in western
European mudflats (G. limosum) by Underwood et al.
(1998). According to Sterrenburg (1989), only G. eximium
exists as tube-dwelling forms. For example, G. orbitum,
which was described by Thaler and Kaczmarska (2009), forms
uniseriate tubes, whereas in Adventfjorden, G. eximium
forms multiseriate branched tubes.

3.3. Ecological impact

Diatom colonies and their associated cyanobacterial mats
constitute a potential factor increasing the transfer of
organic carbon to heterotrophic parts of tidal flats. The
relatively very high density of meiofauna, exceeding in
average 3000 ind. 10 cm�2 in comparison with typical for
Adventfjorden tidal flat densities of 100 ind. 10 cm�2, in
extreme case 1941 ind. 10 cm�2 (Table 1) seems to be a
confirmation of this statement.

The taxonomic structure of the meiofauna associated with
G. eximium structures shows a predominance of harpacticoid
copepods over nematodes and relatively high density of
tardigrades, whereas in previous studies in this region, a
clear predominance of nematodes was observed. The most
numerous harpacticoid species was the newly described
Nannopus didelphis Fiers and Kotwicki (2013), which confirms
that Nannopus palustris auct. is a complex of pseudo-cryptic
species (Fiers and Kotwicki, 2013). In general, the Svalbard
intertidal meiofauna displayed low density and diversity,
with nematodes dominating in total abundance. However,
specific microhabitats can create favourable conditions for
den, Adventfjorden and this study.

Adventfjorden only This study

a b c

116 23 1640 1428
0 3 30 1575
0 0 267 26
0 0 1 38
0 0 0 19
0 0 3 0

133 26 1941 3086
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abundant meiofaunal communities dominated by other taxa.
Besides their nutritional influence, the observed high density
of tube-dwelling diatoms may act as an important stabilizer
of the surface sediment of tidal flats because excreted
extracellular polymeric substances may glue the sediment
particles together (Decho, 2000).
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Summary The aim of this work was to find out whether the difference between the central
Vistula Lagoon (the southern Baltic Sea) and the western lagoon was reflected in the relationships
between nutrients and phytoplankton during one-day hot summer conditions when the water
temperature exceeded 208C. Significant differences in Soluble Reactive Phosphorus (SRP) and
Dissolved Inorganic Nitrogen (DIN) concentrations, and also in the biomass of the dominant
phytoplankton assemblage of Cyanoprokaryota, were noted in the studied parts of the lagoon. No
such differences were found for the nitrogen to phosphorus ratio (N:P) or for the biomasses of
Bacillariophyta and Chlorophyta. The very low values of N:P (on average 2.8 and 3.4) indicated
strong nitrogen limitation. The Correspondence Canonical Analysis (CCA) showed that the central
part of the lagoon could be defined as positively related to DIN and to N:P, and western part could
be characterized by correlation with temperature, dissolved oxygen and SRP concentrations.
Competition for the limited resources of Dissolved Inorganic Nitrogen in the western, shallower
part of the lagoon was in favour of Cyanoprokaryota, to the detriment of other phytoplankton
assemblages. In contrast, the Cyanoprokaryota biomass in the central part of the lagoon, where
DIN concentrations were increased, was lower, and Bacillariophyta in particular prospered at
their expense. Here, the competition for Soluble Reactive Phosphorus was not so clear-cut.
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1. Introduction

The eutrophication of shallow coastal lagoons and bays has
recently become a leading topic in the ecology and biogeo-
chemistry of temperate shelf seas (Lloret et al., 2008; Nixon,
1995; Su et al., 2015; Vidal et al., 1999). A number of
research projects focus on the relations between nutrients
like phosphorus (P) and nitrogen (N), and the consequent
rapid increase in the primary production of phytoplankton,
which manifests itself in blooms of Cyanoprokaryota, unde-
sirable from the sanitary and economic state of seas world-
wide (Nixon et al., 2001), including shallow coastal waters of
the Baltic Sea (Pliński, 2005). The present work addresses this
global phenomenon and attempts to demonstrate the spatial
differentiation in the nutrient supply and its consequences
for the relations between the main phytoplankton assem-
blages in the summer phase of their reproductive cycles in
shallow coastal waters, which are characteristic for such
shelf, semi-closed and catchment-dependent seas as the
Baltic Sea. This study also refers to a number of publications
on the effects of eutrophication in Baltic Sea coastal waters
(Pilkaitytė and Razinkovas, 2006; Seppälä and Balode, 1999;
Włodarska-Kowalczuk et al., 2014), and points out the spatial
hydrological aspect of relationships between the distribution
of nutrients and phytoplankton production and structure.

The horizontal distribution of algae in open oceanic
waters is regulated by hydrodynamic processes like Kelvin
waves and advection, chemical ones such as the differences
in nutrient concentrations, and biological ones associated
with the dynamics of grazing (Bidigare and Ondrusek, 1996;
Lucas et al., 1999). The differences in the phytoplankton
assemblage biomasses can also be found as an effect of
competition among them for resources (Carey et al., 2014;
Chakraborty and Feudel, 2014). The spatial distribution of
phytoplankton structure and biomass in shallower coastal sea
waters, like the Gulf of Riga (Baltic Sea), depends above all
on the levels of nutrients supplied by river waters and sub-
sequently disseminated by sea currents (Seppälä and Balode,
1999).

The general aim of the present work was to show the
effect of the uneven distribution of assimilable P and N forms
on the relations between the biomasses of the main phyto-
plankton taxonomic groups. It was achieved by comparing the
various levels of N and P species in the two parts of the lagoon
with the differences in the phytoplankton assemblage. The
particular objectives of this work were to verify a hypothesis
on whether the differentiation in water exchange between
two parts of the shallow Baltic lagoon was reflected: (1) in
the distribution patterns of biomass and dominant species,
Cyanoprokaryota, Bacillariophyta and Chlorophyta corre-
lated with N and P compounds and other basic environmental
parameters, (2) in the relations between Dissolved Inorganic
Nitrogen (DIN) and Soluble Reactive Phosphorus (SRP) and the
biomass of the main phytoplankton assemblages during a hot
summer day, when the water temperature in the lagoon
exceeds 208C.

The areas of the Vistula Lagoon to be compared in this
respect were its shallower western part, influenced by
inflows of inland waters but relatively isolated from the
effects of the open sea, and its central part, which is deeper
and whose waters are exchanged rather more quickly with
the open Baltic. We expected to find different nutritional
factors responsible for phytoplankton structure, including
Cyanoprokaryota domination, in relation to varied exchange
of waters in shallow lagoons in the Baltic Sea. This can serve
to expand our knowledge of the spatial hydrological causes of
harmful algal blooms in shallow coastal water bodies and to
find pointers for eliminating these undesirable phenomena.

2. Material and methods

2.1. Study area

The Vistula Lagoon is a shallow coastal water body with
specific hydrodynamic and trophic properties. A character-
istic feature of the water exchange between the lagoon and
the Baltic Sea is the presence of the only connection, the
Baltiysk Strait, which cuts through the northern end of the
Vistula Spit. The velocity of water movement in and out of
the lagoon differs strongly: it is relatively fast mainly in the
Russian part of the lagoon, but slow in the more enclosed
Polish part. According to Bielecka and Kaźmierski (2003), the
speed of inflowing or outflowing lagoon waters off Mamonovo
(Kaliningrad Oblast) is 0.04—0.05 m s�1, off Frombork ca.
0.02 m s�1 and near the Żuławy Wiślane (Vistula Delta low-
lands) less than 0.01 m s�1. One consequence of this slowing
down of current flows coming in from the sea and the flows of
freshwater from the land is the salinity gradient in the Polish
part of the lagoon (Bielecka and Kaźmierski, 2003). The
depth of the lagoon and the nature of the bottom sediments
are different too: in the deeper (3—4 m) eastern and central
parts the sediments consist mainly of mineral matter such as
sands and clays, whereas in the shallower (ca. 2 m) western
part the emphasis shifts to organic alluvial deposits (Uścino-
wicz and Zachowicz, 1996).

2.2. Field and laboratory methods

The fieldwork in the Vistula Lagoon was carried out in August
2011, a year with a typical hot summer when water tem-
perature exceeded 208C from July to the beginning of Sep-
tember: mean water temperature in August amounted 21.58C
near Nowa Pasłęka according to an ecohydrodynamical model
simulation (Institute of Oceanography, University of Gdańsk)
and phytoplankton growth was intensive. Samples were
taken on one day (15 August) in the same meteorological
condition and hydrodynamic relations, which guaranteed the
high comparability of samples. Twenty-one sampling stations
were designated in the two areas of the Polish part of the
lagoon. Eleven sampling stations were located in the eastern
area, between Frombork and Tolkmicko on the southern
shore and Piaski and Krynica Morska on the northern one,
and ten such stations were situated in the shallower western
area bordering on the Vistula Delta lowlands (Fig. 1). Depth,
Secchi Disc visibility, water temperature and dissolved oxy-
gen content (by Hach LDO oxygen probe) were measured at
each sampling station in situ.

The volume of 1 dm3 of surface water (0—0.5 m depth)
was taken using a vertical point water sampler at each point
for chemical analysis in the laboratory. Samples were col-
lected into dark bottles and cooled. Then, no more than a
dozen or so hours later, the water samples were passed
through a GF/C (1.2 mm) Whatman glass fibre filter. The



Figure 1 Vistula Lagoon bathymetry and location of sampling
sites in the Vistula Lagoon in August 2011 with delimitation of
western and central parts; points with numbers indicate sam-
pling sites.
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sediment deposited on the filter was analyzed for its content,
and the chlorophyll a level was estimated spectrophotome-
trically using the acetone method (Lorenzen, 1967). Soluble
Reactive Phosphorus (SRP) was determined with the molyb-
date blue method, and total phosphorus (TP) by combustion
in perchloric acid. Dissolved Inorganic Nitrogen (DIN) was
defined as the sum of nitrate and ammonium nitrogen.
Nitrate nitrogen (NO3-N) was determined by reduction to
nitrite and ammonium nitrogen (NH4-N) using Kudeyarov's
modification of Solerzano's method. Total nitrogen (TN) was
obtained as the sum of Kjeldhal nitrogen as determined by
combustion in sulphuric acid and of the nitrate content
(APHA, 1996; Golterman et al., 1969).

For the phytoplankton analysis another 1 dm3 of water
was taken from the same depth as that for chemical analysis;
in addition, the phytoplankton were sampled for qualitative
analysis by hauling a 30 mm plankton net through the water.
Lugol's solution was used for sample preservation (Wetzel
and Likens, 2000). The quantitative analysis was done on
research material which was obtained from the 1 dm3 sam-
ples of water and densified by the sedimentation method
(Hötzel and Croome, 1999). The counting units were cells,
cenobia or trichomes 100 mm in length. The quantitative
analysis was done in accordance to APHA (1996) methodol-
ogy using 1 cm3 Sedgwick-Rafter cells. Magnifications of
1 � 10 � 40 and 1 � 10 � 63 (Carl Zeiss Axio Imager A1) were
used for the microscopic analysis. The phytoplankton bio-
mass was estimated by measuring cell volumes according to
the recommendations of the Baltic Monitoring Programme
(HELCOM). Dominant taxa in biomass on a specific site were
those with shares in the total biomass of phytoplankton
greater than 5%.
2.3. Statistical methods

Canonical Correspondence Analysis (CCA) was used to show
the distribution pattern of the phytoplankton groups (Cya-
noprokaryota, Bacillariophyta and Chlorophyta) biomass,
dominant species of these assemblages in relation to basic
physical (temperature, Secchi Disc visibility, dissolved oxy-
gen concentration) and nutrient (SRP, DIN, N:P) parameters,
as well as in relation to sampling stations and two parts of the
Vistula Lagoon. Prior to CCA, Detrended Correspondence
Analysis (DCA) was performed to determine the gradient
length of phytoplankton composition. Results of DCA allow
subsequent CCA performance due to the results of gradient
length for the axes: 3.875 standard deviation. It is recom-
mended to use unimodal methods as CCA when the gradient
length is >3 standard deviation (ter Braak and Šmilauer,
2002). Environmental variables were transformed logarith-
mically (ter Braak and Šmilauer, 2002) and analyzed with
forward selection of the Monte Carlo permutation test
(499 unrestricted permutations). CANOCO 4.5 software
was used for the above ordination analyses. Two-factor
correlation and regression analysis was used to demonstrate
relationships among nutrients (SRP and DIN) and biomass of
three dominant groups of phytoplankton in the western and
central parts of the Vistula Lagoon. Test t for equality of
means was used to compare environmental parameters of
two parts of the Vistula Lagoon.

3. Results

3.1. Differences in physicochemical
characteristics

The two areas of the Vistula Lagoon selected for this study
(Fig. 1) differed above all in their bathymetry. They shared
some physicochemical characteristics but differed in others.
Table 1 shows that the differences in location, depth and
hydrodynamics between the two areas were the most likely
reason for the statistically significant ( p < 0.05) differences
in salinity and dissolved oxygen (DO) concentration. The O2

concentration in the central area of the lagoon
(7.35 mg dm�3) was significantly lower than in the western
area (9.12 mg dm�3) (Table 1).

Despite a number of significant differences in several
physicochemical parameters, the two parts of the lagoon
did not differ significantly with respect to levels of chlor-
ophyll a (40—42 mg dm�3); moreover, the Secchi Disc visibi-
lity was no greater than 50 cm in both parts.

The concentrations of N and P forms in the lagoon waters
in summer 2011 differed widely. Mean TP and SRP levels in the
shallower, western part of the lagoon were very high at
233 and 34 mg dm�3 respectively. These values were signifi-
cantly higher than the equally fairly high mean levels noted in
the central area of the lagoon: 179 mg dm�3 TP and
23 mg dm�3 SRP (Table 2). Total nitrogen (TN) levels were
the same at ca. 0.6 mg dm�3 in both areas of the lagoon. But
the mean level of Dissolved Inorganic Nitrogen (DIN) was
significantly higher in the centre of the lagoon (44 mg dm�3

DIN) than in its western part (29 mg dm�3 DIN) (Table 2). The
stoichiometric relationships between N and P did not differ
significantly in the two parts of the lagoon and were very low



Table 2 Nutrient concentrations in the two studied parts of the Vistula Lagoon in August 2011: m — mean, SD — standard
deviation, p — significance level of test t of equality of means. Significance level p < 0.05 in bold font.

Parameter SRP TP DIN TN TN:TP
Unit [mg dm�3] [mg dm�3] [mg dm�3] [mg dm�3]

Central part m 23 179 44 0.60 3.4
(n = 11) SD 9 15 14 0.12 0.6

Western part m 34 233 29 0.64 2.8
(n = 10) SD 13 31 9 0.20 0.9

p 0.03711 0.00024 0.01115 0.59622 0.11558

Table 1 General characteristics of the two studied parts of the Vistula Lagoon in August 2011: m — mean, SD — standard deviation,
p — significance level of test t for equality of means. Significance level p < 0.05 in bold font.

Parameter Depth Salinitya Temperature Visibility of Secchi Disc O2 dissolved Chlorophyll a
Unit [m] [PSU] [8C] [m] [mg dm�3] [mg dm�3]

Central part m 3.3 2.5—4.0 20.2 0.44 7.35 42.0
(n = 11) SD 0.8 0.4 0.08 0.48 24.4

Western part m 2.2 1.5—2.5 21.0 0.47 9.12 40.1
(n = 10) SD 0.4 0.5 0.03 0.95 24.8

p 0.0024 0.0004 0.1999 0.0001 0.8587

a Multiyear ranges of mean salinity (Institute of Meteorology and Water Management data, 2011).
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in both. The N:P ratio in the water column was ca. 3 in both
areas (Table 2).

3.2. Differences in phytoplankton

The dominant taxa in biomass were Cyanoprokaryota, Bacil-
lariophyta and Chlorophyta. Among Cyanoprokaryota, the
dominant genera were Aphanocapsa, Aphanothece, Chroo-
coccus, Gloeocapsa, Gomphosphaeria, Microcystis, Dolichos-
permum, Woronichinia, Snowella and Merismopedia.
Identified species were dominant on individual sites of each
part of the lagoon. Microcystis viridis was the dominant
species on sites 1—11 in the central part, but in the western
part it dominated on sites 12—16 and 21. Other dominant
species on different sites were Microcystis flos-aquae, Micro-
cystis botrys, and Microcystis aeruginosa. The most signifi-
cant differences in dominant Microcystis spp. were found on
site 3. Aphanocapsa holastica dominated on sites 6—7 and
10—11 of the central lagoon, and on sites 13—21 in the
western lagoon. The greatest taxonomic diversity of domi-
nant Aphanocapsa species was found on site 6 in the central
part of the lagoon and on sites 17 and 19 in the western part.
These were the only sites where biomass was formed by
dominant Aphanocapsa species such as A. holastica, A. deli-
catissima and A. incerta. Dolichospermum spiroides and
Dolichospermum flos-aqae were dominant in biomass only
on sites 8, 9 and 10, in the central lagoon. Worionichinia
compacta, Woronichinia elorante and Snowella lacustris
dominated in biomass only on sites 2, 5 and 7 in the central
lagoon. Gomphosphaeria salina was also dominant on sites
4 and 9 of this part of the lagoon. Merismopedia species were
dominant on sites 12—18 and 19—21 in the western lagoon.
The greatest diversity of dominant Merismopedia species (M.
glauca, M. punctata, M. tenuissima) was found on site
14. Bacillariophyta dominant in biomass were represented
by Actinocyclus spp. and Camphylodiscus spp. They were
dominant on sites 1 and 2. Camphylodiscus spp. was also
dominant in biomass on sites 3 and 4, and Actinocyclus spp.
on sites 8—10 in the central lagoon. In the western part the
only dominant was Camphylodiscus spp. on sites 17—21.
Dominant Chlorophyta were represented by Pediastrum
and Scenedesmus species. Pediastrum boryanum was domi-
nant on sites 1, 2 and 6. In the central part Scennedesmus
spp. was dominant in biomass on site 20 in the western part
(Table 3).

The distribution of dominant species varied in different
parts of the lagoon. Species from genera Dolichospermum,
Woronichinia, Snowella, Pediastrum and Actinocyclus were
dominant in phytoplankton biomass only in the central area.
Species representing Merismopedia and Senedesmus were
dominant only in the western area. Species representing
Aphanocapsa, Aphanothece, Chroococcus, Gloeocapsa, Gom-
phosphaeria, Microcystis and Campylodiscus were dominant
in both lagoon areas, but their distribution on individual sites
varied in different parts of the lagoon (Table 3).

The dominant group of algae in the Vistula Lagoon in
August 2011 was Cyanoprokaryota, with a mean biomass of
12.9 mg dm�3 in the central area and 15.1 mg dm�3 in the
west. The respective mean biomasses of Bacillariophyta were
distinctly lower at 2.4 and 2.9 mg dm�3, but more than those
of Chlorophyta (1.3 and 1.6 mg dm�3). Only very low bio-
masses of species from the other groups were present
(Table 4). The differences in the biomasses of the identified



Table 3 List of taxa dominating in the phytoplankton biomass on sites in the central and western parts of the Vistula Lagoon in
August 2011. Codes of taxa are used in the CCA plot (Fig. 2).

Taxa Code Sites

Central part Western part

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Cyanoprokaryota
Aphanocapsa
delicatissima W.
et G.S. West

A del + + + + + + + + + +

Aphanocapsa holastica
(Lemm.) Cromb. et Kom.

A hol + + + + + + + + + + + + +

Aphanocapsa incerta
(Lemm.) Cromb. et Kom.

A inc + + + + +

Aphanothece spp. Apha + + +
Chroococcus spp. Chro + + +
Dolichospermum
flos-aquae (Lyngb.)
Breb. ex Born. et Flah.

D flaq + + +

Dolichospermum
spiroides Kleb.

D sp + + +

Gloeocapsa spp. Gloe + + + +
Gomphosphaeria salina
Kom. et Hind.

G sal + + + + + +

Merismopedia glauca
(Ehr.) Kutz.

M gla + + + +

Merismopedia punctata
Meyen

M pun + + + +

Merismopedia tenuissima
Lemm.

M ten + + + + + +

Microcystis aeruginosa
(Kütz.) Kütz.

Mic aer + + + + +

Microcystis botrys Teil. Mic bot + + + + + +
Microcystis flos-aquae
(Witt.) Kirch.

Mic fla + + + + + + + + +

Microcystis viridis
(A. Br.in Raben.)
Lemm.

Mic vir + + + + + + + + + + + + + + + + +

Snowella lacustris
(Chodat)
Kom. et Hind.

S lac + + +

Woronichinia compacta
(Lemm.) Strom.

W com +

Woronichinia
elorantae Kom.
et Kom.-Leg.

W elo + +

Bacillariophyta
Actinocyclus spp. Acti + + + + +
Camphylodiscu spp. Cam + + + + + + + + +

Chlorophyta
Pediastrum boryanum
(Turp.) Meneg.

P bor + + +

Scenedesmus spp. Scen +
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Table 4 Biomass [mg dm�3] of main phytoplankton taxonomic groups in the two parts of the Vistula Lagoon in August 2011. m —

mean, SD — standard deviation, p — significance level of test t of equality of means. Significance level p < 0.05 in bold font.

Parameter Share of phytoplankton taxonomic groups

Phytoplankton
Group

Cyanoprokaryota Euglenophyta Pyrrophyta Bacillariophyta Chlorophyta

Central part m 12.9 0.03 0.17 2.4 1.3
(n = 11) SD 2.0 0.05 0.07 0.9 0.4

Western part m 15.1 0.03 0.16 2.9 1.6
(n = 10) SD 0.9 0.05 0.07 1.0 0.4

p 0.0132 1.00000 1.00000 0.17199 0.11690
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groups of algae in the two areas of the lagoon were statis-
tically significant only in the case of Cyanoprokaryota at the
p < 0.05 level (Table 4).

3.3. Relationships between phytoplankton and
environmental parameters

The CCA ordination method was used to analyze distribution
features of the phytoplankton groups' (Cyanoprokaryota,
Bacillariophyta and Chlorophyta) biomass, their taxonomic
composition and set of environmental parameters, including
0.8-0.8 Axis 1
-1.0

1.0

Axis 2

1

2

3
4

5

6

7

8

9

10

11

12
13

14

15

16 17

18
19

20

21

Temp

SD

O2

SRP

DIN

N/P

Cyanoprokaryota

Bacillariophyta
Chlorophyta

A del

A hol

A inc

Apha
Chro

D fl aq
D sp

Gloe

G sal

M gla
M pun

M ten
Mic aer

Mic bot

Mic fl a

Mic vir

S lac

W com

W elo

Acti

Cam

P bor

Scen

Figure 2 Ordination diagram of Canonical Correspondence
Analysis (CCA) including phytoplankton groups Cyanoprokaryota,
Bacillariophyta and Chlorophyta biomass (arrows), dominant
taxa (triangles — codes are given in Table 3), environmental
variables (arrows, bold font — codes are given in Table 5) and
sampling sites (circles). The position of sampling sites is divided
into the western part (limited by a cluster) and the central part
of the Vistula Lagoon.
N and P compounds. The eigenvalues of first two axes were
0.120 and 0.104, and these axes explained 19.5 and 16.8% of
the variation, respectively. The Monte Carlo test confirmed
that the CCA model was significant with F ratio = 4.35
( p = 0.002).

The CCA 1 axis was interpreted as a gradient of tempera-
ture (Temp), Dissolved Oxygen concentration (DO) and Dis-
solved Inorganic Nitrogen concentration (DIN) (Fig. 2,
Table 5). The second axis was much more weakly defined
by correlation with environmental variables. Only Secchi Disc
visibility (SD) and biological variable Cyanoprokaryota bio-
mass (Cyano) showed significant relations with this axis
(Table 5).

The ordination analysis clearly showed an environmen-
tal separation between the main phytoplankton groups
occurring in the Vistula Lagoon. Bacillariophyta and Chlor-
ophyta biomass had significant positive relationships with
SRP concentration and significant negative relationships
with the nitrogen to phosphorus ratio (N:P). By contrast,
Cyanoprokaryota biomass correlated significantly with the
majority of physical-chemical parameters: Secchi Disc vis-
ibility (SD), water temperature (Temp), Dissolved Oxygen
concentration (DO) (positively) and DIN (negatively), but
did not correlate significantly with SRP and N:P (Fig. 2,
Table 5).

The present CCA ordination analysis also allowed the
identification and delimiting of a cluster of sampling sta-
tions belonging to the shallower western part of the Vistula
Lagoon (Fig. 2). Assemblages in a limited and coherent
area of cluster sampling stations from this part of the
lagoon showed that the environmental, taxonomic and
biomass relationships of phytoplankton were similar in this
region. This contrasted, however, with a wider dispersion
on the scatterplot distribution of sampling stations belong-
ing to the deeper central part of the Vistula Lagoon
(Fig. 2). Generally, the central part of the lagoon could
be defined as positively related to DIN and N:P, and the
western part could be characterized by a SRP, as well as by
DO and Temp (Fig. 2).

Inside the delimited cluster area on the scatter plot of CCA
analysis, referred to as the western part of the Vistula
Lagoon, we can find a number of phytoplankton species
occurring only in this region (Table 3) as belonging to Cya-
noprokaryota M. punctata (M pun), M. glauca (M gla), M.
tenuissima (M ten) or Chlorophyta genus Scenedesmus spp.
(Scen) (Fig. 2).



Table 5 Correlations between environmental and biological (phytoplankton groups biomass) variables and CCA axes (Fig. 2) in the
Vistula Lagoon: p < 0.5, p < 0.01 (with asterisk), n = 21.

Variables Axis 1 Axis 2 SD Temp DO SRP DIN N/P Cyano Bac Chlo

Secchi Disc visibility
(SD)

0.45 �0.57 * 0.62 *

Temperature (Temp) �0.56 * 0.54 * 0.93 * �0.66 * 0.77 *
Dissolved Oxygen (DO) �0.61 * �0.58 * 0.69 *
Soluble Reactive
Phosphorus (SRP)

�0.41 �0.60 * 0.61 * 0.59 *

Dissolved Inorganic
Nitrogen (DIN)

0.44 �0.74 *

Nitrogen to phosphorus
ratio (N/P)

�0.43 �0.42

Cyanoprokaryota
(Cyano)

0.47 �0.46

Bacillariophyta (Bac) 0.90 *
Chlorophyta (Chlo)
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3.4. The influence of nutrient spatial
differentiations on phytoplankton biomass

It is evident from Table 2 that the statistically significant
differences in nutrient levels in the two parts of the lagoon
with respect to algal biomass were accompanied by a similar
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Figure 3 The relationship between concentrations of Soluble Reac
iophyta and Chlorophyta biomass [mg dm�3] in the central and wes
difference only in the case of Cyanoprokaryota (Table 4). The
CCA results also confirmed differences in SRP and DIN directly
assimilated by phytoplankton, with biological parameters
between the central and western parts of the lagoon. Given
the dominance in the biomass of Cyanoprokaryota and also of
Bacillariophyta and Chlorophyta, the two groups with the
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next-highest biomasses, we analyzed how the variability in
the different SRP and DIN contents in the two lagoon areas
affected the biomass of these groups of algae. It turned out
that there were distinct differences in the reactions of
Cyanoprokaryota on the one hand, and those of Bacillario-
phyta and Chlorophyta on the other, to changing nutrient
levels in the two areas of the Vistula Lagoon.

SRP levels in the western lagoon were relatively high
(mean = 34 mg dm�3, Table 2). The relationships between
the biomass of Cyanoprokaryota and this nutrient were such
that for lower SRP levels the biomass of Cyanoprokaryota was
at its highest, whereas that of Bacillariophyta and Chloro-
phyta was low. Conversely, when SRP levels were higher, the
biomass of Cyanoprokaryota was lower, and that of Bacillar-
iophyta and Chlorophyta higher. The relationships between
these taxa and SRP levels are described by high correlation
coefficients: R = �0.94 for Cyanoprokaryota, R = 0.98 for
Bacillariophyta and R = 0.81 for Chlorophyta at a significance
level of p < 0.01 (Fig. 3). In contrast, in the central part of
the lagoon, where SRP levels were lower (mean = 23 -
mg dm�3, Table 2), the relationships between the variability
in SRP concentrations and the biomass of these three groups
of algae were not linear; they can be described by a poly-
nomial function. As in the western part of the lagoon, a
higher biomass of Cyanoprokaryota coincided with a minimal
R =  -0.93
p < 0.01
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Figure 4 The relationship between concentrations of Dissolved Ino
iophyta and Chlorophyta biomass [mg dm�3] in the central and wes
biomass of Bacillariophyta and Chlorophyta, whereby the
most Cyanoprokaryota were present at SRP levels between
20 and 30 mg dm�3 and relatively fewer at higher and lower
concentrations. These non-linear relationships between the
biomass of phytoplankton groups and SRP levels are described
by correlation coefficients of R = 0.69 for Cyanoprokaryota,
R = 0.79 for Bacillariophyta and R = 0.69 for Chlorophyta at a
significance level of p < 0.01 (Fig. 3).

The relationships between DIN and the biomass of the
dominant groups of algae in the Vistula Lagoon were different.
In the western part the DIN content was distinctly lower than
in the central part (mean = 29 mg dm�3) (Table 2). Under such
conditions the algal assemblages occurred mainly (in 8 cases
out of 10) where DIN levels were higher (30—40 mg dm�3).
Here, at higher DIN levels the biomass of Cyanoprokaryota
rose but that of Bacillariophyta and Chlorophyta fell. These
relationships are described by correlation coefficients of
R = 0.68 for Cyanoprokaryota, R = —0.67 for Bacillariophyta
and R = —0.65 for Chlorophyta at a significance level of
p < 0.05 (Fig. 4). However, if DIN levels were higher
(mean = 44 mg dm�3) (Table 2), as it was in the central part
of the lagoon, lower DIN levels (up to ca. 20 mg dm�3) corre-
spond to maximum biomass of Cyanoprokaryota (ca.
16 mg dm�3) and to minimum that of Bacillariophyta and
Chlorophyta. And vice versa: when DIN concentrations were
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higher (over 50 mg dm�3), the biomass of Cyanoprokaryota fell
to ca. 10 mg dm�3 but that of Bacillariophyta rose to ca.
4 mg dm�3 and that of Chlorophyta to ca. 2 mg dm�3. These
relationships are strongly correlated with one another:
R = 0.93 for Cyanoprokaryota, R = 0.97 for Bacillariophyta
and R = —0.93 for Chlorophyta at a significance level of
p < 0.01) (Fig. 4).

4. Discussion and conclusions

The waters of the Vistula Lagoon are enriched principally by N
and P compounds entering from point sources (sewage out-
falls) and rivers, and released from bottom sediments that
have been accumulating pollutants for many decades at least
(Kruk, 2012; Pliński, 2005). One result of the presence of N
and P loads in the Lagoon's waters is the regular occurrence of
Cyanoprokaryota blooms, especially on summer days
(Rybicka, 2005). The Lagoon has long been classified as a
hypertrophic water body (Nawrocka and Kobos, 2011; Pliński,
2005). However, hydrodynamic differences between the
more shallow western part and the deeper part, with faster
water exchange, cause various nutrient distributions and may
imply differences in eutrophication effects.

In what way do the differences in the spatial distribution
of nutrient concentrations affect the biomass of the phyto-
plankton assemblage under the special conditions of a hot
summer day in the shallow Vistula Lagoon? To answer this
question, it is important first of all to note that in the areas of
the Lagoon we studied, there were significant differences
both in SRP and DIN levels, and in the biomass of the dominant
phytoplankton assemblage of Cyanoprokaryota. In contrast,
no such differences were recorded for the N:P ratio or the
biomasses of Bacillariophyta and Chlorophyta. The very low
N:P ratios, ranging from barely 2.8 to 3.4, indicated unequi-
vocally that nitrogen was very strongly limited in both areas
of the lagoon. At the same time, the western area of the
lagoon exhibited distinctly higher SRP and lower DIN levels in
relation to the central area. The question therefore arises as
to why, despite the similar stoichiometric relations, the
spatial distribution of nutrients gave rise to a significantly
higher biomass of Cyanoprokaryota in the shallower, less
saline and more stagnant waters of the western Vistula
Lagoon (Bielecka and Kaźmierski, 2003) than in the central
area, which receives more inflows of water from the open
Baltic Sea. As shown in the Canonical Correspondence Ana-
lysis (CCA), environmental differences between both parts of
the Vistula Lagoon, described above, influenced the biomass
of dominant phytoplankton assemblages and the taxonomic
composition of these groups.

The phytoplankton community acquires nutrients from
the water in accordance with Monod's (1942) model, and
their assimilation into algal cells under good thermal and
light conditions — and such were the conditions prevailing
during our study — can take from a matter of minutes to one
day (Olsen et al., 2013). The stimulator of algal cell growth,
inter alia of ribosomal RNA, is above all assimilable phos-
phorus (Arrigo, 2005), which is not limited in the Vistula
Lagoon. Under such benign conditions, the only possible
limitation to the growth of the assemblage of algae living
in the lagoon's waters appears to be competition between the
various taxonomic groups of algae (and also bacteria) for the
available nitrogen.
For simplification, the present study took no account of
the range of nutrient assimilability, different in various taxa
(Tilman, 1982), the possibility that phytoplankton can assim-
ilate tiny fractions of organic nutrient elements (Davidson
et al., 2012; Glibert et al., 1991), or the additional effects of
competitive displacement by Cyanoprokaryota such as alle-
lopathy (Suikkanen et al., 2005) or shading (Zevenboom
et al., 1982). It was not ruled out, however, that the con-
spicuously different levels of salinity in the two areas of the
lagoon could affect the biomass of algae, including that of
Cyanoprokaryota (Rakko and Seppälä, 2014). Moreover, the
consumption of phytoplankton by zooplankton seems to be an
insignificant factor in the Vistula Lagoon, which is indicated
by the lack of proportional relation between the phytoplank-
ton biomass recorded in our study and zooplankton biomass
(Cladocera species feeding on algae) in the central and
western parts of the Vistula Lagoon (Paturej and Kruk, 2011).

Some species of Cyanoprokaryota are said to be capable of
enzymatically fixing atmospheric nitrogen, which in this way
makes up for the deficit of nitrogen in algal cells due to the
lower N:P ratio (Knuuttila et al., 1994; Smith, 1982). Even
though exceptionally low N:P ratios were recorded in our
study, the participation of Cyanoprokaryota species poten-
tially capable of binding atmospheric nitrogen appears to be
marginal. Here, we have only D. flos-aquae, D. spiroides (at
3 sampling stations in the central basin). Even under condi-
tions of nitrogen limitation in eutrophic water bodies, the
share of Cyanoprokaryota assimilating atmospheric N is no
more than a few per cent: this was estimated on the basis of
incubational and isotopic studies by Ferber et al.
(2004). Therefore, the binding of atmospheric nitrogen by
Cyanoprokaryota in the waters we studied was probably of
marginal significance in the assimilation of this element and
did not affect the relations between these algae and the
forms of Dissolved Inorganic Nitrogen in the water.

In the light of our results and the above considerations
regarding the part played by different environmental factors
capable of modifying the relations between nutrient supply
and phytoplankton biomass in a shallow, oligohaline lagoon
(Paturej, 2005), we can now put forward the following
scheme for the different reactions of the phytoplankton
assemblage to the varying supply of assimilable N and P in
the central and western areas of the Vistula Lagoon. In the
western part, where SRP levels are quite considerable, there
is competition for P between Cyanoprokaryota and Bacillar-
iophyta and Chlorophyta, especially when those levels are
low. The biomass of Cyanoprokaryota peaks at SRP levels
from 15 to 30 mg dm�3; when SRP is higher. However, com-
petition on the part of Cyanoprokaryota weakens, and the
biomasses of Bacillariophyta and Chlorophyta then increase.

Bacillariophyta and Chlorophyta require higher SRP con-
centrations for growth than Cyanoprokaryota (Watson et al.,
1997; Zhu et al., 2010). The latter begin to age and die off
only when the P supply is completely exhausted (Lafforgue
et al., 1995). Moreover, the P resources in the water can
maintain Cyanoprokaryota at a relatively constant level,
enabling them to grow even when SRP is low. This is because
they can accumulate P in larger amounts than other algae
(Jensen and Andersen, 1992). As their phosphatase activity is
greater, they can assimilate organic P more efficiently (Gir-
audet et al., 1997; Hadas et al., 1999; Shapiro, 1990), this
being a product of their own metabolism, as well as of
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competing algae and the excreta of zooplankton (Elser et al.,
1987; Keating, 1977).

In the western lagoon there was also a relatively lower
supply of DIN; this probably elicits stiff competition for this
nutrient. An increase in its concentration led to an almost
equivalent increase in the biomass of Cyanoprokaryota at the
expense of the biomass of the subdominant algae.

In the conditions of shallow, stagnant waters of the
western lagoon, favouring the growth of Cyanoprokaryota,
these algae could win the competition for N resources
against other phytoplankton groups by bringing into play
their specific physiological adaptation mechanisms. In con-
sequence, by producing gas vacuoles and controlling their
turgor Cyanoprokaryota are capable of vertical migrations
in the water; this enables them to choose habitats that are
optimal not only with regard to temperature and illumina-
tion, but also to food resources (Dokulil and Teubner, 2000;
Humphries and Lyne, 1988). The ability of vertical migra-
tion in the stagnating waters of the western lagoon, where
the penetration of light to the deeper layers of water was
limited by the intense growth of phytoplankton, frequently
dominated by the Cyanoprokaryota themselves, also gave
them an advantage in their development over other algae
(Dokulil and Teubner, 2000; Ganf et al., 1989). A strong
correlation between the Cyanoprokaryota biomass and Sec-
chi Disc visibility demonstrated in the study suggests a
decisive effect of these algae on water transparency in
the Vistula Lagoon.

The competition between the algal groups in the central
area of the lagoon, where relatively less SRP and more DIN
were recorded, takes on a different aspect. Here, the com-
petition for phosphorus (SRP) was non-linear: in the SRP range
from ca. 15 to 25 mg dm�3, Cyanoprokaryota appeared to be
the winners, but above and below this range Bacillariophyta
and Chlorophyta came into their own. In contrast, increasing
levels of DIN in this part of the lagoon favoured the growth of
Bacillariophyta in particular (a fourfold increase) but Chlor-
ophyta to a lesser extent; the biomass of Cyanoprokaryota
decreased in these conditions. This means that Bacillario-
phyta found better conditions for growth in the water flowing
in from the open sea, probably because the silica content in
this water was higher; in addition, its higher salinity might
retard the growth of some species of Cyanoprokaryota.

The basic factor limiting the growth of Cyanoprokaryota is
the movement of water masses: these algae grow best when
the mixing of waters is weak (Berman and Shteinman, 1998;
Lafforgue et al., 1995; Lindenschmidt and Chorus, 1998). A
change in weather conditions, strong winds, intense rainfall,
stronger wave action and other water movements often
cause the growth of Cyanoprokaryota to break down. The
aquatic environment of the central part of the Vistula
Lagoon, periodically affected by the inflow of brackish
waters through the Baltiysk Strait and more exposure to
air movements, was far less static than the stagnant western
part. Under such conditions, the chances of algae other than
Cyanoprokaryota ones growing here were much greater. The
pressure on the part of Cyanoprokaryota, thus attenuated,
could benefit diatoms arriving with the inflows of water from
the sea. The most common diatoms are typically brackish-
water species, which do not occur in fresh waters. These
propitious environmental conditions could have given Bacil-
lariophyta a competitive advantage in the acquisition of food
resources and in utilizing the high DIN levels in this part of the
lagoon for their growth.

The CCA ordination analysis showed differences between
the two parts of the Vistula Lagoon by delimitation a cluster
of sampling sites belonging to the shallower western part.
Environmental, taxonomic and biomass relationships in sam-
pling stations were similar in this region in comparison with
the deeper central part. Generally, the central part of the
lagoon could be defined as positively related to nitrogen
compounds and to the N to P ratio, and the western part
could be characterized by a correlation with a wider range of
environmental variables, in which SRP play a significant role.

The differences in the levels of assimilable N and P avail-
able to algae between the more 'closed' western area of the
Vistula Lagoon and the more 'open' central area, may be
shaping the competition for resources between Cyanoprokar-
yota on the one hand and Bacillariophyta and Chlorophyta on
the other; they may explain the differences between these
two areas as regards the intensity of Cyanoprokaryota blooms
during a hot summer. The biomass of Cyanoprokaryota was
greater than that of the other groups of algae when they were
competing for the meagre resources of Dissolved Inorganic
Nitrogen in the western area of the Lagoon. By contrast, the
biomass of Cyanoprokaryota was smaller in the more open
central area of the Lagoon, with its higher DIN levels, where
the growth of Bacillariophyta superseded that of Cyanopro-
karyota. Competition for SRP was not so clear-cut; this was
due to the very low N:P ratio characteristic of the trophic
status of the entire Vistula Lagoon.
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