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KEYWORDS Summary  Results of unique laboratory measurements of remote sensing reflectance (R.s) of
Phytoplankton several phytoplankton species typically occurring in high abundances in the Baltic Sea waters are
monoculture; presented. Reflectance spectra for diatoms: Cyclotella meneghiniana and Skeletonema marinoi
Laboratory and cyanobacteria: Dolichospermum sp., Nodularia spumigena and Synechococcus sp. were
measurements; analysed in terms of assessment of their characteristic features and the differences between
Remote sensing them. These species contain similar pigments, which results in general similarities of reflectance
reflectance spectra, i.e. decrease of reflectance magnitude in the blue and red spectrum regions. However,

hyper-spectral resolution of optical measurements let us find differences between optical
signatures of diatoms and cyanobacteria groups and between species belonging to one group
as well. These differences are reflected in location of local maxima and minima in the reflectance
spectrum and changes in relative height of characteristic peaks with changes of phytoplankton
concentration. Wide ranges of phytoplankton concentrations were analysed in order to show the
persistence of R,s characteristic features. The picoplankton species, Synechococcus sp. show the

* Corresponding author at: CSIRO Oceans & Atmosphere, Hobart, TAS 7000, Australia. Tel.: +61 362 32 5163.
E-mail addresses: monika@soja-wozniak.com (M. Soja-Wozniak), darecki@iopan.gda.pl (M. Darecki), bozena.wojtasiewicz@ug.edu.pl
(B. Wojtasiewicz), katarzyna.bradtke@ug.edu.pl (K. Bradtke).
Peer review under the responsibility of Institute of Oceanology of the Polish Academy of Sciences.

Esevier | Production and hosting by Elsevier

http://dx.doi.org/10.1016/j.0ceano.2017.08.001
0078-3234/© 2017 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by Elsevier Sp. z 0.0. 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.2017.08.001
mailto:monika@soja-wozniak.com
mailto:darecki@iopan.gda.pl
mailto:bozena.wojtasiewicz@ug.edu.pl
mailto:katarzyna.bradtke@ug.edu.pl
http://www.sciencedirect.com/science/journal/00783234
www.journals.elsevier.com/oceanologia/
http://dx.doi.org/10.1016/j.oceano.2017.08.001
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Soja-Wozniak et al./Oceanologia 60 (2018) 86—96 87

most distinct optical signature, which let to distinguish separate cluster in hierarchical cluster
analysis (HCA). The results can be used to calibrate input data into radiative transfer model, e.g.
phase function or to validate modelled R, spectra.

© 2017 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o0.0. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Harmful algal blooms that can vary in terms of their harmful-
ness, causal organisms, biomass distribution, and many other
factors affecting the marine environment occur frequently in
many marine and freshwater reservoirs. In the Baltic Sea
massive phytoplankton blooms affecting its entire ecosystem
are observed almost every year during spring, summer and
early autumn (Kahru, 1997; Klais et al., 2013; Kutser et al.,
2006; Plinski et al., 2007). From this point of view monitoring
of these blooms, especially with cost effective methods like
optical indirect measurements carried out in situ or remo-
tely, e.g. by satellites, is in the interest of many environ-
mental agencies and institutions. There is a strong demand
for remote sensing algorithms which enable distinguishing
between different phytoplankton species (IOCCG, 2014;
Sathyendranath et al., 2016). Some of published studies
use look up tables (LUT) (Xi et al., 2015) or optical indexes
(Kim et al., 2016) based on modelled R,s characteristics for
individual species, but output of these models has not been
validated against measured R,s. The results presented here
can be a significant contributions to that goal.

The spectral characteristic of the water leaving radiance
(Lw) can be linked to the optically significant components of
seawater. Thus the spectra of remote sensing reflectance (R;s),
being the ratio between the upwelling radiance just above the
water and the downwelling irradiance at the sea surface, can
be a useful tool which relates optical measurements to desired
optically active seawater constituents (e.g. Darecki et al.,
2008; Kratzer et al., 2008; Soja-Wozniak et al., 2017; Wozniak
et al., 2008). For last two decades both in situ and remote
sensing radiometry has developed significantly. Improved in
situ techniques enabled measurement of L,, with hyperspec-
tral resolution while bio-optical studies gave increasingly
better understanding of the interaction between water com-
ponents and the light field (Evers-King et al., 2014). Nowadays,
retrieval of the phytoplankton pigments concentration based
on R,s can be obtained with reasonable accuracy (Darecki and
Stramski, 2004; Darecki at al., 2008; Simis et al., 2005; Soja-
Wozniak et al., 2017; Wozniak et al., 2016), but identification
of single phytoplankton species or even entire phytoplankton
functional groups by means of R still remains a challenge
(Craig et al., 2006; Hunter et al., 2008; Lubac et al., 2008;
Shang et al., 2014; Torrecilla et al., 2011; Xi et al., 2015).

Phytoplankton species are characterised by their unique
light absorption and backscattering properties resulting from
differences in cell sizes and shapes, inner structure and
composition of the pigments (e.g. Aguirre-Goémez et al.,
2001; Vaillancourt et al., 2004; Whitmire et al., 2010) that
all influence the shape of the R, spectra. The main pigments
occurring in cyanobacteria and diatoms together with their

absorptive properties are given in Table 1. Analysis of remote
sensing reflectance of the Baltic Sea phytoplankton was
carried out in the previous studies in order to detect and
characterise algal blooms and to differentiate phytoplankton
taxonomic groups (e.g. Kutser et al., 2006; Xi et al., 2015).
However, the R,s has been determined using either the R
dependence on the absorption and backscattering given by
Gordon et al. (1975) or radiative transfer simulations. This
approach can lead to some errors resulting from the applied
assumptions, e.g. the assumption of the shape of the scat-
tering function which for the phytoplankton cultures can be
much different from the average Petzold particle scattering
function as shown by Volten et al. (1998). There have been
several studies performed in which the R, spectra of various
phytoplankton taxonomic were measured under controlled
laboratory or semi-laboratory conditions (Table 2).

Table 1 Main pigments occurring in cyanobacteria and
diatoms with the location of main absorption peaks (based
on Roy et al., 1989). The “+” sign indicates the presence of
the chosen pigment.

Pigment Cyanobacteria Diatoms Location
of main
absorption
peaks [nm]

Chlorophylls

a + + 430—432,
662—666

c & 442457,
628—634

Carotenoids

B-Carotene + + 451—454,
475—480

Myxoxanthophyll  + 472—478,
502—-510

Zeoxanthin + 449—454,
475—481

Diadinoxanthin + 445—449,
475—479

Diatoxanthin + 451—453,
478—480

Fucoxanthin + 444—449,
467—475

Phycobilins

Phycocyanin + 620

Phycoerythrin + 550

Allophycocyanin ~ + 650
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Table 2 Overview of previous laboratory and semi-laboratory studies on the characteristics of remote sensing reflectance spectra

of selected phytoplankton species.

Group Species Tank volume Light Chl-a Reference
[m?] conditions [mg m—3]

Chlorophyte Chlorella sp. 80 Outdoor, clear sky 0.5—-60 2
Chlorophyte Chlorella sp. 9.5 Outdoor, clear sky 34-439 a

(with small amounts

of other species)
Cyanophyte Anabaena sp. 0.57 500 W halogen lamp 12.7-58.3 a
Bacillariophyte Novicula minima 30 1000 W halogen lamp 3-77 a
Dinophyte Prorocentrum minimum 0.05 Outdoor, clear sky 785 b
Cyanophyte Synechococcus sp. 0.05 Outdoor, clear sky 29.9 E
Cyanophyte Planktothrix agardhii 0.002 500 W halogen lamp 0—105 ¢
Cyanophyte Microcystis aeruginosa 0.002 500 W halogen lamp 0—95.6 ¢
Cyanophyte Anabaena flos-aquae 0.002 500 W halogen lamp 0—-136 <
Chlorophyte Scenedesmus sp. 0.002 500 W halogen lamp 0—122 ¢
Bacillariophyte Cyclotella meneghiniana 0.002 500 W halogen lamp 0—127 <

2 Gitelson et al. (1999).
b Warner and Fan (2013).
€ Oyama et al. (2010).

In this study we characterised the reflectance spectra for
five phytoplankton species commonly present in the Baltic
Sea, diatoms: Cyclotella meneghiniana and Skeletonema
marinoi and cyanobacteria: Dolichospermum sp., Nodularia
spumigena and Synechococcus sp. The aim of the study was
to find the characteristic features of R, spectra which can be
observed for selected species over a wide range of phyto-
plankton concentrations. The results can be used to cali-
brate input data into radiative transfer model, e.g. phase
function (Wozniak, 2014) or to validate modelled R, spectra.
Moreover, they can be used as reference data to compare
with in situ measured R, spectra in order to find a dominant
species in algal assemblages. Analysis of variability of R,
spectra as a response to changes in the phytoplankton
growth conditions (e.g. nutrient availability, light, tempera-
ture, etc.) affecting pigment composition as well as cell
sizes was out of scope of this study, therefore further inves-
tigation is necessary.

2. Material and methods

2.1. Selected phytoplankton species

Five phytoplankton species were chosen for this study.
C. meneghiniana is a cosmopolitan diatom species in the
euphotic surface waters of the whole Baltic Sea. It exists
seasonally in the Southern Baltic in algal communities in
autumn and winter, and is a quantitatively important com-
ponent of the blooming species (Lewandowska and Kosa-
kowska, 2004; Pankow et al., 1990). S. marinoi is a centric
diatom species with worldwide distribution, which blooms
mainly in the temperate sea waters. It is highly abundant
also in the Baltic Sea especially during the spring bloom.
S. marinoi has an important role as a primary producer in
the Baltic Sea and serves as a valuable source of energy
for higher trophic levels. Therefore, studying this organism
has a high ecological relevance (Godhe et al., 2006).
N. spumigena and Dolichospermum sp. are filamentous,

nitrogen-fixing cyanobacteria species that can float near
the water surface and form dense algal blooms which can be
seen from satellite level (Walsby et al., 1995). N. spumigena is
one of dominant species in summer algal blooms in the Baltic
Sea. Moreover, this species produces nodularin, a hepatotoxin
which has a negative impact on other organisms (Mazur and
Plinski, 2003; Mazur-Marzec et al., 2006). Dolichospermum sp.
(before known as Anabaena sp.) is a co-occurring species
during cyanobacteria blooms and can contribute significantly
to the total biomass, especially in the northern part of the
Baltic Sea. Dolichospermum sp. can produce microcystin and is
potentially toxic (Kanoshina et al., 2003; Karlsson et al., 2005;
Seppala et al., 2007; Suikkanen et al., 2007). Synechococcus
sp. is a non-motile and non-nitrogen fixing cosmopolitan
picocyanobacteria species which is a significant contributor
to phytoplankton biomass and primary productivity (Albertano
et al., 1997).

Synechococcus sp. (AA-0091), C. meneghiniana (BA-0010)
and S. marinoi (BA-0098) were taken from the Culture Col-
lection of Baltic Algae. They were grown in batch cultures in
F/2 medium in a culture chamber under controlled conditions
at the temperature of 18°C and 16/8 h light/dark cycle. N
spumigena  (CCNP1403), and Dolichospermum  sp.
(CCNP1405) strains were taken from the Culture Collection
of Northern Poland. The strains were cultured in BG11 med-
ium with salinity of 7 PSU in a phytotron chamber under the
irradiance of 14 nE m~2s~"in 12/12 h light/dark cycle with
constant temperature of 22°C. All analysed phytoplankton
species are characterised in Table 3.

2.2. Experimental setup and radiometric
measurements

A series of radiometric measurements of water containing
phytoplankton monocultures were undertaken in a large
circular tank (@=1.2m, h=1.4m, V=1.6m>) under con-
trolled darkroom conditions (Fig. 1). The size of the tank and
its inner mat black colour minimised the influence of light



M. Soja-Wozniak et al./Oceanologia 60 (2018) 86—96 89

Table 3
phytoplankton species.

Size, shape and main characteristic pigments (PC — phycocyanin, PE — phycoerythrin, Fuco — fucoxanthin) of studied

Species Diameter [pum] Height [um] Shape Marker pigment
Nodularia spumigena 6—12 <100 Cylinder PC
Dolichospermum sp. 4.5—11 <100 Chain of spheres PC
Synechococcus sp. 2 = Sphere PC, PE
Cyclotella meneghiniana 10-35 8.4-22.4 Cylinder Fuco
Skeletonema marinoi 2—-10 4-21 Cylinder Fuco

All size and shape data taken from Annex 1 in Olenina et al. (2006).

J=1.2m
Figure 1 The experimental setup.
30

N
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Figure 2 The irradiance spectrum of the lamp used during the
measurements.

reflection from tank’s sides and bottom on measurement
results.

The experimental setup was illuminated only by an incan-
descent 2000 W lamp with smooth spectrum as an irradiance
source (Fig. 2). It enabled to eliminate the influences of the
variable contribution of the natural light in the background,
moreover all measurements were taken under the same light
conditions making the results comparable. The light intensity
during the experiments was approximately 30 times lower
compared to the daylight. Nevertheless, it was similar to the
conditions in the culture chamber and therefore prevented
formation of additional photo-protective pigments during
the experiments.

During each series of measurements portions of phyto-
plankton monoculture were being added to brackish water

(7 PSU equal to average salinity of the Baltic Sea surface
waters; Feistel et al., 2010) in order to obtain increasing
concentration of phytoplankton. Radiometric measurements
were performed right after putting and carefully mixing the
monocultures into the experimental tank. Downwelling irra-
diance (E,) [W m~2 nm~"'] above (0*) and below (at 0, 15 and
50 cm) the water surface and upwelling radiance (L) [W m 2
nm~"'sr™"], just below water surface were measured with
sampling intervals of 3.3 nm and a spectral resolution of ~
10 nm by means of hand—held hyperspectral sensors RAMSES
ACC—VIS (Trios) and RAMSES MRC (Trios), respectively (Hom-
mersom et al., 2012). The radiometers have been mounted
on the small frame to provide repeatability of sampling
conditions. To minimise the self-shading effect, the MRC
radiometer was custom designed with effective sensor dia-
meter of 1 cm at the side of the optical window. The mea-
surements were repeated five times for each concentration.
The variability within these consecutive measurements var-
ied among the species with the coefficient of variation (CV)
(calculated separately for each wavelength as a ratio of
standard deviation to mean value) ranging from 0.1 to
0.2% for E4 and 0.1 to 20% for L,. The largest variability
for L, was observed between 450 nm and 470 nm and above
700 nm. In the range between 500 nm and 700 nm CV for L,
was lower than 10%. In further calculations mean values of E4
and L, were used. In order to calculate the remote sensing
reflectance, the upwelling radiance measured below the
water surface L,(07) was transferred into the L,(0%) by using
immersion factor (/s) determined for that radiometer in the
paper (Zibordi and Darecki, 2006). Then remote sensing
reflectance R, [sr™'] in spectral range between 450 nm
and 750 nm was derived as the ratio between L, and E, at
the water surface (0%). The diffuse attenuation coefficient of
the downward irradiance K4(x) [m~'] was calculated as:

1 ln (Ed()“'/zz))’ (1)

Kd(}”)(z1’22) = _22_21 Ed(A.Z1)

where E4(z;) is downwelling irradiance measured at z; depth.

The transparency of water was characterised by K,(PAR)
calculated within the photosynthetically active radiation
spectrum.

2.3. Pigment concentration

For each concentration of all analysed phytoplankton mono-
culture water samples were taken for further spectrophoto-
metric analysis of chlorophyll-a (chl-a) (Jeffrey and
Humphrey, 1975) and total carotenoids (TCar) concentrations
(Parsons et al., 1984). Spectrophotometer Shimadzu UV-1202
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UV—VIS was used. The pigment (chlorophyll-a and total
carotenoids) concentration was calculated as follows:

€= (X-E)-V ' (ngdm™), (2)

where C is the chlorophyll a (chl-a) or total carotenoids
(TCar) concentration, X is amount of pigment in ng per ml
extract, Eis the volume of acetone in ml (here 10 ml), and V'is
the volume of filtered water in litres. To calculate chlorophyll
a (chl-a) concentration X was derived from the following
equation:

X = (11.85-0Dgg4—1.54-0Dg47—0.08-ODjg30)-L ", (3)

where OD, stands for the optical density at particular wave-
length corrected by subtracting OD;so. While to calculate
total carotenoids (TCar) concentration X was derived from:

X = (7.6-(0OD4g0—1.49-ODs10))-L ", “4)

where OD.,gg is the optical density at 480 nm corrected by
subtracting 3-ODss9, ODsqq is the optical density at 510 nm
corrected by subtracting 2-0OD;s. L is the pathlength of the
cuvette in centimetres, here it was 1 cm.

2.4, Statistical approach

R,s spectra measured for the highest phytoplankton biomass
for each species were used as reference spectra to analyse
how characteristic features change with decrease of phyto-
plankton concentration. The degree of similarity between
the reference spectrum, and R, spectrum for each concen-
tration of the same phytoplankton species was quantified

with similarity index (SI) (e.g. Millie et al., 1997, 2002),

which is given by:

Sl 172arccos(A)’ (5)
b

where A is a cosine of the angle between two vectors that
comprise the fourth derivative of the two R, spectra (450—
750 nm) smoothed with Savitsky—Golay filter. The Sl calcula-
tion yields a number from zero to one, where zero indicates
no similarity between reference and derived spectra, and
one indicates absolute similarity between them. Sl reflects
mainly the differences in the spectral shape of optical data
rather than magnitude.

The agglomerative hierarchical cluster analysis (HCA) was
used in order to test which of the examined phytoplankton
species gives an optical signal which is unique enough to
differentiate this species from another one at different con-
centrations. This statistical method links entities (here, spec-
tra derived from each species at different concentrations)
characterised by similar properties into groups (clusters)

(Jain et al., 1999; Townend, 2002). We tested R,s and the
4™ derivative of R, spectra as an input data in cluster analysis
separately. The cluster tree was generated using Ward's
method which ensures homogeneity (variance minimum)
within a single group together with heterogeneity (variance
maximum) among clusters (Nowacki and Jarosz, 1998). The
similarity between groups is calculated from relative distance
of linkage (Euclidean distance). The highest distance means 0%
of similarity.

3. Results and discussion

Eq measured at three depths (0~ cm, 15 cm, 50 cm) were
used to calculate K,. For clear water three spectra of
attenuation coefficient at different depth overlapped in
the range between 415 nm and 740 nm. For shorter and
longer wavelengths it showed minimal variation with a coef-
ficient of variation (CV) not higher than 4% for all wave-
lengths. This allows us to assume that the results in studied
range were not influenced by limited diameter of the tank.
Together with increasing concentration of chlorophyll a the
values of attenuation coefficient were increasing as well.
However, the spectra of K, for the layer between 0~ and
15 cm gave slightly lower values than for the layer between
0~ and 50 cm, or between 15 cm and 50 cm, what can be
assigned to phytoplankton cells settling down during the
radiometric measurements though carefully mixing. For all
analysed phytoplankton species the highest coefficient of
variation of K, values measured in three layers was found
for wavelengths around 550 nm and it was about 15%. Except
Cyclotella marinoi which showed slightly higher values of CV,
close to 20%, probably due to larger cell size comparing to
other studied species. In further analysis K, between 0~ and
50 cm was showed.

All analysed species contained chl-a and carotenoids but
in different proportions (Table 4). The highest content of
TCar was observed in Synechococcus sp. and C. meneghini-
ana, the lowest for N. spumigena. Attenuation coefficient at
490 nm (K,4(490)) showed good agreement (R? = 0.82) with
chl-a concentration regardless phytoplankton species
(Fig. 3). Therefore K4(490) or K,4(1) at any other wavelength
could not be a good candidate here for distinction between
phytoplankton species. The transparency of water charac-
terised by K4(PAR) ranged from 1.1 to 7 m~" (Table 4). Inverse
of K4(PAR) suggests that even for our lowest chl-a concentra-
tion the bottom effect can be omitted.

R,s spectra measured for all species showed characteristic
shape with decrease of reflectance in the blue and red
regions. Different pigment composition for diatoms and cya-
nobacteria (Table 1) results in different location of local

Table 4 The range of measured parameters: concentration of chlorophyll a (chl-a) and carotenoids (TCar), ratio between
concentration of carotenoids and chlorophyll a (chl-a:TCar), and attenuation coefficient within PAR (K4(PAR)).

Species Chl-a [mg m~3] TCar [mg m~3] Chl-a:TCar K4(PAR) [m~"]
Nodularia spumigena 3-23 0.2-2 ~10 1.6—2.7
Dolichospermum sp. 20—80 3—12 ~7 1.7-5
Synechococcus sp. 25—60 10—26 ~2.5 1.1-7
Cyclotella meneghiniana 9-23 4—10 ~2.5 1.6—2.9
Skeletonema sp. 15—-50 ~4 ~4.5—12 1.8-3.2
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Figure 3 Relationship between chlorophyll a concentration
and attenuation coefficient at 490 nm based on laboratory mea-
surements.

maxima and minima in the reflectance spectrum (Fig. 4).
Maximum of R, measured for cyanobacteria was located
around 530—550 nm, whereas for diatoms could be seen
around 570 nm what has been observed in previous studies
(Metsamaa et al., 2006). K4(A) spectra showed wider mini-
mum for diatoms than for cyanobacteria (Fig. 4). Both groups
contain pigments strongly absorbing in the range of 400—
520 nm, as chl-a and carotenoids, which explains decrease
of R,s in this region. Additionally diatoms contain fucox-
anthin with very wide absorption band from 450 to 540 nm
(Wright and Jeffrey, 1987) and the maximum absorption
between 450 and 470 nm. It resulted in a wider pigment
absorption band for diatoms and R, maximum shifted
towards longer wavelengths in comparison to cyanobacteria
species. Among cyanobacteria, only R,s spectrum of Syne-
chococcus had a narrower peak around 530—550 nm. It also
needs to be noted that it is a common feature that the
position of phytoplankton pigment absorption minima and
maxima in vivo are slightly shifted towards longer wave-
lengths relative to their position in solvents (Rabinowitch
and Govindjee, 1969). This shift is not the same for different
species. Therefore the location of R,s minima and maxima
for the analysed species was not the same, although most
often being caused by the presence of the same pigments.

~

25 . . .
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L N\.  —-- Nodularia spumigena
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15¢
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Figure 4 R, (a) and K4()) (b) spectra for studied phytoplankton species, chl-a for each was ~20 mg m™".
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Similarly to Gitelson et al. (1999) we observed a slight shift
in the position of peaks with increasing phytoplankton con-
centration (Figs. 5 and 6).

In all analysed cyanobacteria a local minimum of R, at
about 620 nm caused by absorption maximum of phycocyanin
(PC) could be observed (Fig. 5). It was the most distinct for
Synechococcus sp. Most probably Synechococcus sp. had very
high PC to chl-a ratio among the analysed cyanobacteria
species (Wojtasiewicz and Ston-Egiert, 2016). This local mini-
mum of R,s was followed by local maximum, near 650 nm, very
clearly seen by the peak in the 4" derivative spectrum (Fig. 5).
It appeared mainly because it is located between two strong
absorption bands (PC at 620 nm and chl-a at 670 nm). How-
ever, it could also be affected by PC fluorescence at 650 nm
(e.g. Sobiechowska-Sasim et al., 2014). Such distinct peak was
not observed in the diatom species we analysed. However, a
small increase in this region could be seen, especially for the
highest concentration of S. marinoi (Fig. 6). Most likely the
occurrence of this peak was caused by the presence of chlor-
ophyll ¢; + ¢, characterised by similar location of the second
absorption peak to that of phycocyanin (Table 1). Similar
differences in the spectral shape of R, were observed in
the modelled results obtained by Metsamaa et al. (2006). In
all analysed species a clear local minimum of R, accompanied
by an increase in K,(1) could be seen at 670 nm, which results
from the presence of chl-a (Fig. 4). This minimum was followed
by a maximum at about 700 nm which has been observed for
both phytoplankton monocultures (e.g. Gitelson et al., 1999;
Warner and Fan, 2013) and natural samples (e.g. Shang et al.,
2014; Warner and Fan, 2013). This feature resulted from an
interaction between light scattering by suspended particles
and light absorption by water and chlorophyll a and its position
was strongly correlated with chlorophyll a concentration mov-
ing towards longer wavelengths with increasing chl-a (e.g.
Gitelson, 1992; Gitelson et al., 1999). Then the magnitude of
R,s decreased rapidly accompanied by an increase in Ky()
which was caused by strong increase in pure water absorption
in this part of the spectrum (Smith and Baker, 1981). In all our
experiments we also observed a peak around 810 nm (data not
shown). This feature was previously used to retrieve water
constituents from remotely sensed data in turbid waters
(Kutser et al., 2016), but in this study we mainly focused on
the visible spectral range.

In the blue—green part of spectra the magnitude of R
decreased with increasing concentration of pigments (chl-a
and TCar) in the case of the diatom S. marinoi (Fig. 6) and
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Figure 5 R, spectra and its 4™ derivative for Dolichospermum sp. (a, b), Nodularia spumigena (c, d), and Synechococcus sp. (e, f),

respectively.

cyanobacteria Dolichospermum sp. (Fig. 5), which suggests
that absorption by pigments is a dominant process influencing
shape of R,s spectra. On the other hand, for the remaining
species the scattering by particles played the dominant role
in shaping the R,s spectra causing the increase of the R
within this region with increasing chl-a concentration (Figs.
5 and 6). It needs to be noted that the increase in the
phytoplankton concentration leads to increase of the impact
of nonlinear effects on R,s. Contribution of multiple scatter-
ing to radiance reflectance can be as high as 94% in turbid
waters (Chami et al., 2006) what explains the changes in the
spectral shape of R,s observed with the increasing chl-a
concentration (Figs. 5 and 6).

Besides the differences between the two phytoplankton
groups, the R,s spectra showed some differences between
species belonging to the same group (Figs. 5 and 6). Among
the diatoms the 700 nm peak in the R,s is much more pro-
nounced for S. marinoi compared to C. meneghiniana (Fig. 6).
This was caused by differences in the scattering of light by
these organisms resulting mainly from differences in their size
and structure (Table 3). In the case of S. marinoi the shape of
the R,s spectrum changed distinctly with increasing chl-a
concentration. It is probable that the number of cells was
too small to have a sufficient impact on the R, spectrum. The

differences observed among cyanobacteria strains (Fig. 5)
resulted from the differences in their light scattering proper-
ties. For example, N. spumigena is characterised by almost
wavelength independent scattering spectrum with low values
of the chlorophyll-specific scattering coefficient (Metsamaa
etal., 2006; Wojtasiewicz and Ston-Egiert, 2016; Wojtasiewicz
and Stramski, 2010). On the other hand, Synechococcus sp.
cells are small therefore the scattering spectrum for this
species is very steep and the scattering coefficient values
are high (Wojtasiewicz and Ston-Egiert, 2016). This can be
the reason for a different shape of R.s spectrum of Synecho-
coccus sp. compared to the remaining ones.

Characteristic features of R, spectra for each species were
the most evident for samples with the highest biomass of
phytoplankton (chl-a as an indicator), what can clearly be seen
by its 4™ derivative changes (Figs. 5 and 6). These features
were kept very well, with the SI > 0.95, over concentrations of
chl-a higher than 50% of maximum (Fig. 7). Higher dilution
resulted in less distinct peaks, however Sl for all analysed
concentrations was higher than 0.6. The spectra which main-
tain their major features within wide range of chl-a concen-
tration are suitable for developing model spectra for
particular species. It is worth to note that characteristic shape
of R,s spectra for N. spumigena could be seen even if the
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Figure 7 Similarity index between the R, spectra of phyto-
plankton species with increasing chl-a concentration.

concentration of chlorophyll a was relatively low, here it was
only 13% of the reference concentration. It is due to the fact,
that dilution of phytoplankton cells for this species results in
changes of R,s spectra magnitude rather than its shape (Fig. 5),
despite slight shifts in the main peak positions. Similarly high
dilution of cyanobacteria Dolichospermum or diatoms S. mar-
inoi showed lower similarity to their references, with SI of
about 0.65 (Fig. 7). This is a consequence of changes in relative
height of peaks in blue-green and red portions of the R
spectra characteristic for these species (Figs. 5 and 6).
Characteristic features of R, spectra for different phyto-
plankton species described above are located at different
bands over the whole analysed spectral range. Therefore to
evaluate which phytoplankton species have the most unique
optical signature, HCA between 450 nm and 750 nm was
used. Fig. 8 illustrates the results from cluster analysis
(HCA) applied to R,s spectra presented in the left panels
of Figs. 5 and 6. The spectra of picoplankton species,

Synechococcus sp., for all concentration belonged to one
cluster (Fig. 8), suggesting that those species have a distinct
optical signature. The shape of R, spectra differed signifi-
cantly from the other species. Two main peaks (close to
540 nm and 660 nm) were stable and similarly high for all
studied concentrations. The second peak was shifted towards
longer wavelengths compared to the other species, which
had it around 650 nm. The second cluster (Fig. 8) included all
N. spumigena spectra. However, it also contained one Doli-
chospermum sp. spectrum (lowest measured concentration)
and one C. meneghiniana spectrum (highest measured con-
centration). Those spectra were characterised by three main
peaks, where the second and the third peaks were signifi-
cantly lower than the first one. Spectra of higher concentra-
tion of Dolichospermum sp. were characterised by higher
second peak than the first one, and spectra of lower con-
centration of C. meneghiniana were flatter without distinct
peaks. For those reasons they were not included in that
group. The third cluster (Fig. 8) contained spectra of two
diatom species, C. meneghiniana and S. marinoi and one
cyanobacteria species, Dolichospermum sp. It is difficult to
find any common features in the shape of their spectra
except they are generally characterised by the lowest values
of reflectance. However, if we considered clusters with
similarity above 85% (the linkage distance decrease) the
third cluster would be splitted into three separate groups,
one for each species.

Summarising above, results of the HCA analysis based on
R,s showed that spectral signatures of Synechococcus sp., N.
spumigena and S. marinoi were unique enough to separate
each of them into different clusters regardless concentra-
tion. Dolichospermum sp. and C. meneghiniana showed simi-
larity to N. spumigena or S. marinoi, depending on
concentration (Fig. 8). Results of similar HCA analysis based
on the 4% derivative of R,s spectra gave worst results of
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species separation. Although clusters in this case were char-
acterised by higher inner similarity (three main clusters at
level of 70% of similarity), spectra derived for the same
species but with different chl-a concentration were placed
in different clusters (Synechococcus, Dolichospermum sp.
and N. spumigena) or if not, they belonged to one big cluster
consisting spectra of different species (all S. marinoi and all C.
meneghiniana together with some spectra of N. spumigena
and Dolichospermum sp.). This fact showed that not only
shape of R, spectrum (emphasised by the 4" derivative)
but also its magnitude is an important feature. The clusters
did not change if blue part of the spectrum (up to 525 nm) was
excluded from the HCA analysis (525—750 nm analysed). In the
blue part of a spectrum, R, is expected to be strongly modified
in Baltic Sea waters, rich in dissolved organic matter.

4. Conclusions

The results from the unique experiments designed to study
specific apparent optical properties of selected phytoplank-
ton species of the Baltic Sea are shown in our paper. Pre-
sented reflectance spectra can be used in calibration and
validation of radiative transfer models for water dominated
by specific phytoplankton species. They can be successfully
applied to modelling of the volume scattering function for
phytoplankton assemblages (Wozniak, 2014). Moreover, the
spectral shape characteristic for each species can be used as
a reference spectrum for comparison with in situ measured
reflectance spectra by means of similarity index (cosine
similarity) or root-mean-square deviation. This can help to
assess the water quality and distinguish the dominant phy-
toplankton type. There is a need for those data in develop-
ment, calibration and validation of Earth Observation

algorithms (Sathyendranath et al., 2016). We analysed the
R,s spectra of 5 phytoplankton species commonly occurring in
the Baltic Sea. As expected, the pigment composition as well
as size structure were responsible for differences in spectral
shape of R,s spectra. Beside the differences between the two
phytoplankton groups, the R,s spectra showed some differ-
ences between species belonging to one group. Their char-
acteristic features, e.g. location of peaks and their relative
heights, for each species were kept over wide range of
phytoplankton concentrations with the similarity index (SI)
higher than 0.6. The picoplankton species Synechococcus sp.
showed the most distinct optical signature, which allowed to
distinguish a separate cluster in HCA analysis. Presented
study enlarges the database of existing specific optical prop-
erties of phytoplankton species in the Baltic Sea and shows
the first step towards knowing the variability of R,s within
phytoplankton species. In further studies different phyto-
plankton growth phases and different conditions (light, tem-
perature, nutrients, etc.) need to be accounted for.
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