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KEYWORDS Summary Mathematical formulas are given to describe the changes with depth of concentrations of
Phytoplankton chlorophylls b, ¢, and photosynthetic and photoprotecting carotenoids in Baltic phytoplankton resulting
pigments; from the adaptation of algal cells to ambient conditions. They take into account the spectral variability
Marine photosynthesis; and differences in intensity, characteristic of the Baltic, in the irradiance penetrating the water, and also
Baltic the spectral similarities among the spectra of different groups of phytoplankton pigments. The formulas

were derived and validated on the basis of an extensive set of empirical data acquired from different
parts of the Baltic Sea in 1999—2016. The standard error factor x of these formulas ranges from 1.32 to
1.73. These values are lower than those obtained for formulas derived for ocean waters, in which the
influence of allogenic constituents on optical properties is negligibly small: 1.44 and 1.52 respectively in
the case of chlorophyll ¢, and 1.32 and 1.47 respectively for photoprotecting carotenoids. With these
formulas, overall levels of the main groups of pigments can be calculated from known irradiance
conditions and chlorophyll a concentrations at any depth in a layer equal to one and a half thicknesses of
the euphotic layer (i.e. toan optical depth of T = 7) in the Baltic. The accuracy of these approximations is
close to that of estimates of other bio-optical characteristics in this sea. This was confirmed by a
validation based on an independent dataset (x from 1.27 to 1.84).
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1. Introduction

Solar radiation in the visible range (VIS) is a major factor
governing the photosynthetic production of organic matter in
the sea. The intensity and spectral composition of this
radiation in different depths in seawater depends on the
autogenic and allogenic substances dissolved or suspended in
it. Having diverse physicochemical properties, they absorb
and scatter solar radiation with varying intensity in different
parts of the spectrum, thereby giving rise to a set of optical
properties characteristic of a particular basin.

Phytoplankton are an important group of suspended par-
ticles absorbing light for primary production. In some types of
water, they are estimated to be responsible for more than
90% of the total absorption of visible light (Wozniak and Dera,
2007). Phytoplankton cells contain VIS-absorbing pigment-
proteinaceous complexes, i.e. photosynthetic pigments —
chlorophylls, carotenoids and phycobilins. Their roles and
functions in the mechanisms of marine biophysical processes
utilising solar radiation have been analysed in numerous
papers (see Babin et al., 1996; Scheer, 1991; Wozniak
et al., 1999; Wozniak and Dera, 2007; and the references
therein). The composition and mutual proportions of these
pigments are unique taxonomic features of the various
classes of algae (Jeffrey and Vesk, 1997; Roy et al., 2011;
Wright et al., 1991). Nevertheless, under given, often stress-
ful, growing conditions, the amounts and types of pigments in
cells can change. These variations make use of the absorption
properties of each compound in order to establish a composi-
tion and concentration of pigments optimal for a given set of
ambient irradiance conditions. Above all, such changes are
an adaptation to the intensity and spectral distribution of the
underwater irradiance, which varies in accordance with a
season and the area where the phytoplankton are growing.

The high intensity of irradiance in the short-wave part of
the visible light spectrum, which can cause the photodes-
truction of the photosynthetic centre, invokes photoprotect-
ing mechanisms in algae that involve the enhanced
production of photoprotecting pigments, chiefly carotenoids
like diadinoxanthin, lutein, B-carotene, alloxanthin and
zeaxanthin (Bricaud et al., 2004; Demmig-Adams, 1990;
Henriksen et al., 2002; Schluter et al., 2000; Staehr et al.,
2002; Stramski et al., 2002; Sukenik et al., 1990; Wozniak and
Dera, 2007). Having absorption maxima in this spectral
range, they enable the safe utilisation of absorbed energy
by algae. In contrast, the narrow spectral ranges of the
irradiances prevailing in deeper waters do not always coin-
cide with the absorption range of chlorophyll a, the basic
photosynthetic pigment. This energy is absorbed by pigments
additionally synthesised in algal cells (carotenoids: fucox-
anthin, echinenone, peridinin and phycobiliproteins) with
absorption maxima in the relevant spectral ranges and then
transferred to the chlorophyll a molecule for subsequent use
in the photosynthesis of organic matter.

The processes by which algal cells adapt to ambient irra-
diance conditions directly affect the vertical distributions of
pigment levels in the water column. The concentrations of
photoprotecting pigments relative to the chlorophyll a level
are higher at the sea surface and decrease with depth. Near
the sea surface, this is due to the intensity adaptation elicited
by high irradiances in the short-wave part of the spectrum.
Deeper in the water column, however, the relative concentra-

tions of photosynthetic pigments increase: this results from
the chromatic adaptation of algal cells, which, in turn, is due
to the variable spectral distributions of irradiance at different
depths (Majchrowski and Ostrowska, 2000, 2009; Wozniak
et al., 1997b; Uitz et al., 2006, 2015; Trees et al., 2000).

The variability of pigment concentrations with depth in the
context of the photo- and chromatic acclimation occurring in
phytoplankton cells has been studied for a long time (Babin et al.,
1996; Berner et al., 1989; Bricaud et al., 1983; Dera and Wozniak,
2010; Falkowski and LaRoche, 1991; Harrison and Platt, 1986;
Hoffmann and Senger, 1988; Mitchell and Kiefer, 1988; Morel
et al., 1987; Sathyendranath et al., 1987; Schliiter et al., 2000;
Sosik and Mitchell, 1991; Staehret al., 2002; Stramski et al., 2002;
Sukenik et al., 1990; Wozniak et al., 2003; Wozniak and Dera,
2007). This research has yielded relationships describing these
processes in the form of a function dependent on the trophic type
of waters, a corresponding function of spectral adaptation (in the
case of chromatic acclimation) and a function accounting for the
amount of photodestructive radiation propagating in the sea
(with respect to intensity photo-adaptation) with satisfactory
accuracy for ocean waters, in which optical properties are
determined solely by the phytoplankton organisms present in
them (Majchrowski and Ostrowska, 2000, 2009; Wozniak et al.,
2003; Wozniak and Dera, 2007).

In contrast, the optical properties of Baltic Sea waters are
governed not only by phytoplankton, but also by other opti-
cally significant, allogenic particles and quite frequently by
large amounts of CDOM, which can have a major effect on the
transmission of irradiance down into the water (Harvey et al.,
2015; Kowalczuk et al., 2005; Levin et al., 2013; Meler et al.,
2016; Simis et al., 2017; Stedmon et al., 2000). Within such a
context, the adaptation and acclimation of phytoplankton
cells to the irradiance conditions prevailing in the Baltic are
affected by far more factors than in the case of phytoplank-
ton in ocean waters, in which the influence of allogenic
constituents on optical properties is negligibly small (Dera,
1995; Mobley, 1994; Prieur and Sathyendranath, 1981; Woz-
niak et al., 2013). Formulas describing photo- and chromatic
acclimation processes in ocean waters, if applied to waters
like those in the Baltic Sea, area consequently encumbered
with a substantial error (Majchrowski et al., 2007).

Our analyses aimed to find relationships for estimating
pigment concentrations at different depths in the Baltic Sea
analogous to those for ocean waters. They revealed patterns of
vertical distributions of different groups of pigments charac-
teristic of Baltic waters. Even so, we considered the accuracy
of those formulas to be less than satisfactory (Majchrowski
etal., 2007; Ston-Egiert et al., 2012). The levels of error of the
simplified model for the Baltic, enabling vertical profiles of
phytoplankton pigment concentrations to be determined,
were acceptable only for the formulas derived separately
for summer and winter. The approximations of that model
took into account the influence of irradiance conditions in the
water on pigment concentrations in phytoplankton via the
statistical link with this trophic type of basin, represented by
the surface level of chlorophyll a (according to Wozniak and
Pelevin, 1991) and the optical depth t (Majchrowski and
Ostrowska, 2009; Majchrowski et al., 2007).

There is no relationship describing how the pigment com-
position varies in response to the irradiance conditions pre-
vailing in the Baltic with an accuracy approaching that of
other estimated photosynthetic characteristics in these
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Figure 1

Distributions of stations, at which vertical distributions of pigment concentrations and the relevant characteristics of

physical fields were measured in 1999—2016. The red dots indicate the positions of the stations where water samples were taken in
1999—-2014 for determining levels of the pigments used for deriving the formulas; the blue dots show the positions of the stations where
empirical material was gathered in 2015—2016 and used to validate the formulas.

waters. It was this fact that lay behind the decision to study
this aspect of the functioning of Baltic plant communities in
greater detail.

The aims of the current analyses were:

1. to extend knowledge on how Baltic plant communities
function by analysing the qualitative and quantitative
changes in chlorophyll and carotenoid levels taking place
as a result of adaptation to the spectrally and intensity
variable irradiance conditions obtaining in the Baltic;

2. to derive new model formulas describing how the con-
centrations of these groups of pigments vary with depth
in the Baltic Sea with an accuracy approaching that of the
formulas derived for ocean waters.

The achievement of these aims will enable the relationships
obtained to be applied in algorithms for determining a range of
characteristics of the marine environment at the level of
remotely measurable parameters. In particular, they can be
used in existing satellite algorithms derived for the Baltic Sea,
such as the DESAMBEM' algorithm employed in the SatBattyk
System.? This allows a range of characteristics of the Baltic
ecosystem, including the magnitude of primary production in
the euphotic layer and at other depths, to be determined on
the basis of remote sensing data (Darecki et al., 2008;
Ostrowska et al., 2015a; Wozniak et al., 2004, 2008, 2011).

2. Material and methods

The formulas in this paper were derived on the basis of the
following empirical datasets gathered during measurement

campaigns in 1999—2016, mainly in the southern Baltic Sea
(Fig. 1):

- total concentrations of groups of phytoplankton pigments
[mg m~3] measured using RP-HPLC in seawater sampled
from the surface and at different depths: chlorophylls a
(allomer, epimer, chlorophyllide a, div chlorophyll a, pheo-
phytin a, pheophorbide a), chlorophylls b and their optical
isomers, chlorophylls ¢ (chlorophylls ¢1 + ¢2 and ¢3), pho-
tosynthetic carotenoids PSC (fucoxanthin, peridinin, pra-
sinoxanthin, 19’but-fucoxanthin, 19’hex-fucoxanthin,
echinenon and a-carotene) and photoprotecting carote-
noids PPC (antheraxanthin, alloxanthin, diadinoxanthin,
diatoxanthin, lutein, neoxanthin, violaxanthin, B-caro-
tene, myxoxanthophyll and zeaxanthin).

spectral distributions of underwater irradiance fields mea-
sured at specific depths in the sea (using MER2040 irradi-
ance meters [Biospherical Inc., Hyperspectral-Ramses,
Trios]), or indirectly using the bio-optical model in the
DESAMBEM algorithm (Wozniak et al., 2008).

Methodical details on both parameters are described in
the following subsections.

2.1. Sample collection

During the cruises, the water was sampled for pigment
content analysis. The samples (0.5—2 dm?) were taken with
an SBE 32 bathometer. The sampling depth was chosen with
respect to the shape phytoplankton biomass profiles deter-
mined based on fluorimetric indications, usually from three

' DESAMBEM — Development of a Satellite Method for Baltic Ecosystem Monitoring.

2 satBattyk — Satellite Environment Monitoring of the Baltic Sea.
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to ten depths taking into account the surface layer, the
maximum fluorescence depth, and below the euphotic zone
and indirect depths. The sea water samples were immedi-
ately filtered through Whatman GF/F glass-fibre filters
(¢ = 25 mm) under a gentle vacuum (<0.4 atm). The filtra-
tion time did not exceed one hour. The samples were stored
in liquid nitrogen (—196°C) until laboratory analysis to
improve extraction efficiency and minimise pigment altera-
tions (Mantoura et al., 1997).

2.2. Extraction of pigments from phytoplankton
cells

Extraction of chlorophylls and carotenoids from phytoplank-
ton samples were conducted by use of water solution of 90%
acetone (Parsons et al., 1984). Technics of isolation of pig-
ments from algae cells were based on mechanical grinding
and sonication (2 min, 20 kHz, Cole Parmer, 4710 Series) in
the darkness conditions at 4°C during 2 h. Such prepared
extracts were centrifuged (20 min, 5°C, 3210 x g, Beckman,
GS-6R) to remove the filters and cellular debris and then
subjected to the chromatographic analysis.

2.3. Quantification and qualification of pigments
during chromatographic analysis

Two types of appropriately calibrated chromatographic sys-
tems were used for pigments separations by RP-HPLC in pre-
sented data sets: Agilent Technologies HP1050 (in 1999—2010)
and HP1200 (2010—2016), equipped with diode array detectors
(HP1100 and HP1200 respectively), fluorescence detectors
(HP1046 and HP1200 respectively) and type C18 chromato-
graphic columns (LichroCART™ Hypersil ODS — to separate the
samples collected in 1999—2001, LichroCART, Lichrospher
100 RP18e — to separate samples collected in 2002—2016)
with the same dimensions parameters: 250 x 4 mm, particle
size: 5 wm, pore size 100 A (Merck). Both systems were inter-
calibrated and comparable results were obtained. Method of
pigments isolation and separation was introduced by Mantoura
and co-workers (Mantoura and Llewellyn, 1983), adopted and
modified in later years by other researchers (Barlow et al.,
1993; Ston and Kosakowska, 2002; Ston-Egiert and Kosa-
kowska, 2005). The pigments were separated in a gradient
mixture of methanol, 1 M ammonium acetate and acetone.
Pigment detection was based on absorbance measurements at
A = 440 nm. The fluorescence measurements with extinction
at Aex = 431 nm and emission at Aem = 660 nm were taken
parallel during analysis in order to confirm the presence of
chloropigments in the sample.

Calibration of chromatographic systems was based on com-
mercially available chlorophylls and carotenoids (The Interna-
tional Agency for 14C Determination DHI Institute for Water and
Environment in Denmark). The pigment standards were sub-
jected to chromatographic analysis in order to obtain calibration
curves, detection limits and absorption spectra. Qualitative
analysis was based on a comparison of the retention times, the
absorbance spectra of eluting peaks with those of the standards
(Wright and Shearer, 1984) and on individual response factor
obtained during calibration procedure conducted for each pig-
ment and parameters obtained during chromatographic resolu-
tion of samples. Identification was confirmed by co-injection and

on-line diode array spectra. The quantitative characteristics of
the pigments occurring in natural samples were based on the
external standardisation equation (Mantoura and Repeta, 1997).

The measurement precision was 2.9 + 1.5% and a recur-
rence error was 9.7 + 6.4% (Ston-Egiert et al., 2010). The
chlorophyll a concentrations determined with this method
stand in agreement with the corresponding concentrations
obtained spectrophotometrically in ethanol extracts
(Ostrowska et al., 2015b).

The pooled concentrations of pigments included levels of
unidentified derivatives and their degradation products esti-
mated on the basis of their similar spectral properties. Their
presence in the samples is due mainly to the physiological
condition of the phytoplankton, the state of their growth and
the degree of development of the plant community, and only
minimally to the measurement procedures (Jeffrey, 1997;
Louda et al., 1998; Porra et al., 1997; Repeta and Bjgrnland,
1997). The highest estimated levels of derivatives and uni-
dentified pigments come from after-bloom periods when the
current phytoplankton population consists mainly of ageing
and dead cells. The unidentified pigments and derivatives in
our database comprise on average from 1 to 7% chlorophylls,
16%PSCs and 10% PPCs. Taking into account the derivatives and
degradation products of a specific group of compounds will
ensure that the mathematical formulas we shall be deriving
are universally applicable in time, regardless of the seasonal
cycle of phytoplankton growth and development in the Baltic.

2.4, Spectral distributions of underwater
irradiance fields

During the cruise on r/v 'Oceania’ the spectral distribution of
solar radiation in the water column were measured by spec-
trophotometer MER 2040 (Biospherical Inc.). The measure-
ments of spectral distribution of light were performed just
above, below surface layer and in water column in eight
spectral bands (412, 443, 490, 510, 550, 665, 683 and
710 nm). Also, the continous measurements of summarise
downward radiation reaching the surface were performed by
set of piranometers (Eppley Laboratory Inc.) equipped with
Schotta filters (395 and 695 nm). Based on these measure-
ments, using appropriate calculation methods (described in
the works of, for example, Wozniak and Montwitt, 1973,
Wozniak et al., 1983), the doses of photosynthetically avail-
able radiation PAR (400—700 nm) [Ein m~2] was obtained for
selected depth levels (1, 2, 3, 5, 7, 10, 15, 20, 25 and 30 m).
The empirical material acquired in 1999—2016 comprises
339 depth profiles of pigments and their corresponding irra-
diance distributions. The collected set of data was divided into
two sets: data collected in 1999—2014 (313 complete profiles
of vertical distributions of pigments and the corresponding
irradiances) and data collected in 2015—2016 (26 complete
profiles of pigments vertical distributions and the correspond-
ing irradiances). The first more extensive set of data was used
to obtain the mathematical relationships presented in this
work, while the second set of data was used as independent to
validate the relationships obtained. Table 1 lists the charac-
teristics of both sets of empirical pigment concentrations.
The range of variability of chlorophyll a, the most important
pigment in photosynthesis, recorded in 1999—2014, covered four
orders of magnitude (0.068—95.598 mg m~3). This therefore
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Table 1  Overall concentrations [mg m~—>] of the groups of pigments identified in the analysed database.
Group of pigments Number of Concentration [mg m ] Median [mg m~3] Standard deviation [mg m—3]
measurements Min Max Mean
Measuring years 1999—-2014
Chlorophyll a C, 1372 0.068 95.6 4.30 2.17 7.11
Chlorophyll b Cp 1187 0.004 7.63 0.304 0.182 0.481
Chlorophyll ¢ C. 1365 0.005 11.8 0.514 0.208 0.956
Photosynthetic carotenoids Cpsc 1368 0.005 28.4 1.02 0.364 2.21
Photoprotecting carotenoids Cppc 1372 0.005 19.5 0.949 0.567 1.441
Measuring years 2015—2016
Chlorophyll a C, 181 0.069 4.90 2.02 1.86 1.04
Chlorophyll b Cp, 181 0.008 0.523 0.163 0.140 0.127
Chlorophyll ¢ C. 181 0.005 1.78 0.261 0.184 0.248
Photosynthetic carotenoids Cpsc 181 0.015 2.04 0.434 0.385 0.348
Photoprotecting carotenoids Cppc 181 0.030 1.52 0.463 0.435 0.267

embraces 9 trophic types of water (according to the classification
of Wozniak and Pelevin, 1991), from oligotrophic (type 02,
chlorophyll alevels from 0.05 to 0.10 mg m~) to eutrophic (type
E5, concentrations > 20 mg m~>. The 2015—2016 dataset was
also gathered from waters with a wide trophic range, i.e. from
oligotrophic to eutrophic, except when surface chlorophyll a was
very high during seasonal increases in phytoplankton biomass.

The content of pigments from different groups was gov-
erned by the current state of the growing Baltic phytoplank-
ton, the species composition of which varies seasonally;
consequently, the characteristic indicator pigments vary
likewise. Levels of accessory pigments were up to 14 times
lower than those of chlorophyll a, with absolute levels of
chlorophyll b being the lowest. The relatively high levels of
carotenoids were due to the spring blooms of diatoms and
dinoflagellates; this is confirmed by numerous studies on the
taxonomic composition of Baltic plant communities (Ston-
Egiert etal., 2010; Thamm et al., 2004; Wasmund et al, 1996;
Wasmund and Uhlig, 2003).

3. Results

As already mentioned, there are two main groups of pigments
(PSC and PPC) absorbing visible solar radiation in phytoplankton
cells. The intracellular content of photosynthetic and photo-
protecting pigments is governed by the irradiance conditions in
the immediate environment of the phytoplankton, as a result of
processes adapting them to the intensity and spectral composi-
tion of the irradiance. The adaptation to irradiance intensity is
controlled above all by the quantitative and qualitative com-
position of pigments protecting the photosynthetic apparatus
from destruction by excessive intensities of short-wave light. On
the other hand, chromatic adaptation in phytoplankton estab-
lishes the composition of pigments enabling the entire PAR to be
utilised in photosynthesis. We therefore performed our analyses
separately for pigments directly involved in photosynthesis and
for photoprotecting pigments.

3.1. Photosynthetic pigments

Relative levels of photosynthetic pigments increase with
depth because chromatic adaptation of phytoplankton
cellsintensifies the production of pigments with absorption
properties that effectively utilise the spectral distributions
of irradiances at the depths where the algae are at any
given instant. Hence, in the photosynthetic apparatus of
phytoplankton, there is an increase in the proportion of
those pigments, the light absorption ranges of which
include bands present in underwater irradiance fields in
which chlorophyll a does not absorb (Babin et al., 1996;
Wozniak et al., 2003).

How the absorption properties of the individual pigments
are matched to the ambient irradiance conditions can be
defined by the spectral fitting function F;(z), also known as
the chromatic adaptation factor (Majchrowski and
Ostrowska, 1999, 2000; Wozniak et al., 1997a, 1997b,
2003). The spectral fitting functions were determined for
three main groups of photosynthetic pigments: chlorophylls b
and ¢ and photosynthetic carotenoids on the basis of their
known spectral shape of absorbance coefficients (Ficek
et al., 2004) and irradiance at characteristic sampling
depths. They are defined by the following equation:

700 nm
Fiz) = A Ea(1.2) ,

oo PAREZ) I "

a*j‘max
where j — the type of pigment's group: PSC — photosynthetic
carotenoids, a — chlorophyll a, b — chlorophylls b and ¢ —
chlorophylls ¢, a*; () — specific coefficient of absorption for
the jth group of pigments [m? (mg pigment)~"] (Ficek et al.,
2004), a*j max — Maximum specific absorption coefficient for
the jth group of pigments [m? (mg pigment)~'], Eq4(r,z) —
spectral distribution of downward irradiance at depth z [Ein
m~2s~" nm™"], PAR (z) — photosynthetic available radiation
at depth z [Einm~2s7"].

3 In accordance with the convention used by our research team, the trophic index (trophicity) is defined as the surface concentration of
chlorophyll a Ca(0). Depending on the concentration Ca(0) [mg tot. chl m~3], the following trophic types of waters can be distinguished:
oligotrophic: 01 —Ca(0) = 0.02—0.05; 02 —Ca(0) = 0.05—0.10; 03 —Ca(0) = 0.10—0.20; mesotrophic: M —Ca(0) = 0.2—0.5; intermediate: | —Ca(0)

= 0.5—1.0; eutrophic: E1 —Ca(0) = 1—2; E2 —Ca(0) = 2-5.
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Figure 2 Relationships between the relative concentration of chlorophyll b (referred to the concentration of chlorophyll a) C,/C,
and the mean spectral fitting functions of chlorophyll b <F,>,, in the mixing layer (see Eq. (1a)) for empirical data obtained in 1999—
2014 (a); the relationship between relative chlorophyll b concentrations expressed by the formula C,/(C,<Fp>a,) and mean spectral
fitting functions of chlorophyll a <F,>,; (b) and their averaged values (c).

This function depends mainly on the relative spectral
distribution of irradiance in the sea f(r,z)=
Eq4(X,2)/PAR(z) but only minimally on its absolute values.
It can take values from 0 to 1. If the spectral distribution of
the absorption coefficient of a given pigment or groups of
pigments does not coincide anywhere with the underwater
irradiance spectrum, the spectral matching function is 0. If,
on the other hand, the spectral distribution of underwater
irradiance coincides exactly with the absorption spectrum of
a given group of pigments, then the spectral matching func-
tion takes the value of 1.

In order to take account of mixing in the water column,
the consequent vertical movements of phytoplankton cells,
and how the “history” of these movements affect pigment
levels, the spectral matching function in a water layer was
averaged for the purposes of the statistical analyses. The
best results were obtained for water layer thicknesses of
Az = z,—z;, where:

This means that the concentration of each pigment at
depth z has been determined using F; averaged for a layer of
30 m (z + 15 m), or less, for depths of 0—15 m.

0ifz<15m
z—15mifz> 15m’

Z; =z +15m and z, (1a)

It is well known that the overall absorption of light by
phytoplankton is the superposition of the absorption of all
groups of pigments present in phytoplankton cells capable of
absorbing light in a given region of the spectrum (Wozniak
and Dera, 2007). So, bearing in mind the similarities of the
light absorption spectra of the different varieties of chlor-
ophyll with maxima in roughly the same spectral areas, we
analysed the statistical dependence of the relative concen-
trations of chlorophylls b and ¢ not only on their individual
spectral matching functions but also on the spectral matching
function of chlorophyll a (see Figs. 2 and 3). In this figures are
presented the relationships, obtained for empirical data
collected in 1999—2014, between the relative concentration
of chlorophylls b and c (referred to the concentration of
chlorophyll a) and the mean spectral fitting functions of
particular photosynthetic chlorophylls group: chlorophyll b
<Fp>az and ¢ <F >4, in the 30 m mixing layer (Figs. 2a and
3a). The dependences of these relationships on additional
parameters such as the spectral matching function of chlor-
ophyll a <F;>,, are clearly visible in Figs. 2b, c and 3b,c. In
the case of PSCs, the analyses covered entire groups of
pigments and exhibited a dependence of their relative con-
centration only on the average matching functions deter-
mined for that group, <Fpsc>a, (Fig. 4).

1 L 1 1 L 1 L 10 4~ | . | | | | | 10 4— | | | | | | I L
1a ¢ 1° i
2 K :
b
S gﬂ’ 1 éﬂ 1 e
- ° 2
® € I
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Figure 3  Relationships between the relative concentration of chlorophyll ¢ (referred to the chlorophyll a concentration) C./C, and

the mean spectral fitting functions of chlorophyll ¢, <F.>,, in the mixing layer (see Eq. 1a) for empirical data (a); the relationship
between relative chlorophyll ¢ concentrations expressed by the formula C./(C,<F.>,;) and mean spectral fitting functions of

chlorophyll a <F,>,, (b) and their averaged values (c).
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averaged values (b).

Hence, using the least squares method, statistical depen-
dences were derived enabling depth changes in photosyn-
thetic pigments levels, presented in Fig. 2b, c, 3b, cand 4a as
a solid line, in phytoplankton cells to be determined with
respect to the ambient irradiance conditions in the form:

Cb/Ca = 0.115(Fa) 10°7 % (Fp) 1y 2)
Cc/Ca= 0.198(Fg) 2% x (F() 1y 3)
Cpsc/Cq = 0.576 — 1.30(Fpsc) 4y, (4)
where (Fj) =~ — mean chromatic adaptation factor in the
30m layer for particular groups of pigments,

(Fj>AZ =1/z; — z4 fzzf Fj(z)dz, j — the type of pigment's
group: PSC — photosynthetic carotenoids, a — chlorophyll
a, b — chlorophylls b and ¢ — chlorophylls ¢, C,, Cp, C¢, Cpsc —
concentrations of groups of pigments: chlorophylls a, chlor-
ophylls b, chlorophylls ¢, photosynthetic carotenoids PSC
[mg m].

Table 2 and Fig. 5 list the errors of these approximations.
These errors show the accuracy with the developed formulas
describing the analyzed set of empirical data. As one can see, the
proposed formulas describe vertical variations in concentrations

of photosynthetic pigments in 1999—2014 with satisfactory accu-
racy. The PCS concentration is encumbered with the highest
systematic error with PSC while the best approximation of
measured concentrations was obtained for chlorophyll c.

3.2. Photoprotecting pigments

The part played by photoprotecting carotenoids PPCs in the
surface water layer is crucial: chlorophyll a, the fundamental
pigment in photosynthesis, is vulnerable to photo-oxidation
because of the direct action of excessive quantities of radia-
tion in the 400—480 nm range — this is known as Potentially
Destructive Radiation (PDR). This is reflected in the depth
profile of averaged relative PPC concentrations. These levels
are the highest at the surface, where, as a result of intensity
adaptation processes, phytoplankton cells contain pigments
in abundance to protect chlorophyll a molecules from the
excessive absorption of PDR (Majchrowski and Ostrowska,
1999, 2000; Wozniak et al., 1999, 2003).

The presence of PPCs in phytoplankton at a given depth is
thus due directly to the intensity of radiation from the short-
wave part of the PAR spectrum reaching that depth:

480 nm

POR'(2) = [ " a(3)(E0(3,2)) gy - (5)

Table 2 Errors of concentrations of pigment groups estimated using formulas 2—4 based on an analysis of data collected from

1999 to 2014.

Arithmetic statistics

Group of pigments

Logarithmic statistics

Systematic error  Statistical error  Systematic error

Standard error factor

Statistical error

Co
Cc
CPSC

<e> [%] o [%] <e>g [%] X o %] o.[%]
12.0 +76.7 —4.45 1.73 423 73;2
7.29 +41.9 0.340 1.44 ~30.4 438
18.1 + 47.44 —9.60 1.50 —33.5  50.4

Where € = (Cj,c — Ci,m)/Ci,m — arithmetic error; <e> — mean arithmetic error, (¢;) — mean logarithmic error, (€), = 10Ltos(€; 1€,

N_q X

<log(Cj,c/Ci,m)> — mean of log(Cj,c/Ci,u), o — standard deviation (statistical error), o,g — standard deviation of log(Cj,c/Cj,m), X = 107
— standard terror factor, o, =x—1io_ =1 —1.

X
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and using formulas 2—4 (subscript C) for a dataset on the basis of which the relationships were derived; histograms of the relative errors

in these formulas bec/cb,M (b), CC,C/CC,M (d), CPSC,C/CPSC,M (f)

where PDR™ — potentially destructive radiation per unit mass
of chlorophyll a [wEin (mg chla)~" s~"] (also known as the
acclimation factor), <Ep(A,z)>q4q, — mean daily scalar irra-
diance in the sea at a given depth z [Einm~2s~' nm™],
a*,(\) — specific coefficient of light absorption by chlorophyll

a [m? (mg pigment)'].

Using collected database a statistical analysis of the
changes in relative PPC concentrations with respect to the
irradiance conditions prevailing at different depths in the sea
was performed for averaged values of potentially destructive
radiation in short part of light spectrum (400—480 nm) per
unit mass of chlorophyll a PDR* in layers Az:
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function of Potentially Destructive Radiation PDR* averaged in the 30 m layer <PDR*> A, for empirical data (a) and their averaged values (b).

1
Z; — Z4

(PDR*) ,, = (6)

2
/ PDR*(z)dz,
Z4
where z; and z, are defined in Eq. (1).

As in the case of PSCs, the best results were obtained for a
water thickness of 30 m.

Fig. 6 illustrates the dependence of PPC concentration
referred to chlorophyll a on averaged PDR* functions. The
evident increase in the relative level of PPCs for values of
<PDR*>A, greater than 0.1 [pEin (mg tot chla)™'s™")]
indicates that their presence in the pigment composition
depends strongly on the irradiance conditions in which phy-
toplankton live.

Table 3

Eq. (7), derived from statistical analyses, describes the
dependence of the relative PPC concentration in a given set
of irradiance conditions at any depth in the sea:

Cppc/Ca = 0.328(PDR") ., + 0.196, 7)

where (PDR*) ,, — mean PDR* function in the 30 m layer; Cppc
— PPC concentration [mg m~3].

The errors encumbering this formula are listed in Table 3
and Fig. 7 compares PPC levels determined (using Eq. 7
presented in Fig. 7 as a solid line) with empirical values.
Values of errors indicate that the developed formula corre-
sponds well to the data set on the basis of which it was

Errors of concentrations of photoprotecting carotenoids PPC estimated using Eq. (7) based on an analysis of data

collected from 1999 to 2014. The errors were determined using the formulas given in Table 2.

Group of pigments  Arithmetic statistics

Logarithmic statistics

Systematic error  Statistical error

Systematic error

Standard error factor Statistical error

<e> [%] o. [%] <e>q [%] X o [%] o. [%]
Crpc 6.58 +22.9 2.68 1.32 —24.1 31.7
100 : 04 ———
ja E b B
— 10 - £ e 031 i
© 3 4 —
E . | -
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Figure7 Comparison of concentrations of photoprotecting pigments determined empirically (Cppc,m) and based on formula 7 (Cppc, c)

(a); histograms of the relative errors in this formula (b).
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determined. Approximation errors show similar values as in
the case of approximations developed for photosynthetic
pigments.

4. Discussion

Composition and concentration of phytoplankton pigments,
particular in the surface layer of different sea regions have
been the subject of investigations by many authors (e.g. Ho
et al., 2015; Araujo et al., 2017; Wulff and Wangberg, 2004).
This is the base for further analyzing differences in the spatial
and seasonal distribution of pigments in different seas (Smith
etal., 2010; Wanstrand and Snoeijs, 2006; Zhang et al., 2017)
or determining the phytoplankton composition using CHEM-
TAX (Mendes et al., 2011; Swan et al., 2016).The composition
of the pigments can be recognized on the basis of the
radiation signal of the sea surface recorded by the satellite
radiometer. Global and local satellite algorithms to deter-
mine the concentration of chlorophyll in the surface layer of
the sea are now widely used (Zheng and DiGiacomo, 2017;
Kim et al., 2017) methods for determining other phytoplank-
ton pigments are intensively developed (Pan et al., 2010;
Soja-Wozniak et al., 2018). However, the satellite observes
only the surface layer, while the pigments compositions and
concentrations change with depth. Complete information
can only be obtained by knowing the depth profiles of pig-
ments in combination with satellite observations. For this
purpose, an accurate mathematical description of the dis-
tribution of pigment depth profiles is necessary. The devel-
opment of mathematical formulas describing such
distributions with satisfactory accuracy is complex and
requires a comprehensive representative data bank from
various regions and seasons in the water body under inves-
tigation. In many research teams are developed mathema-
tical descriptions the dependences of bio-optical processes in
the sea on environmental conditions in different regions
(Cherukuru et al., 2016; Dickey et al., 1993; Strutton
et al., 2011). The vertical variation of phytoplankton pig-
ments has been described so far in the clean waters of open
oceans (Majchrowski and Ostrowska, 2000), but there are no
reports of similar formulas that have been worked and
calibrated for shelf seas and coastal areas. Only in the case
of the Baltic Sea, the authors attempted to develop such a
dependence taking into account the specific optical proper-
ties of this basin (Majchrowski et al., 2007; Ston-Egiert et al.,
2012).

This work was inspired by the lack of statistical analyses
and physically justified formulas for estimating pigment
compositions in phytoplankton cells in the Baltic Sea with
an accuracy comparable to that of formulas applicable to
ocean waters.

The dependencies used hitherto (see Table 4) enabled
pigment concentrations in Baltic waters to be estimated from
their statistical dependences on optical depth and surface
concentration of chlorophyll a, determined separately for
summer and winter (Majchrowski et al., 2007), or else did not
take into account the mutual influence of pigments with
similar absorption properties on their total concentration
and relative proportions in the photosynthetic apparatus
(Ston-Egiert et al., 2012). Table 4 also sets out the error
factors x of all the formulas derived to date: one can thus

assess which of the approximations best reflects the mod-
elled dataset.

The formulas derived for ocean waters (Majchrowski and
Ostrowska, 2000) yield modelled values closer to measured
values than is the case with the formulas so far derived for
Baltic waters. As already mentioned, however, absorption
properties in open ocean waters are governed mainly by
phytoplankton. Therefore, ocean formulas, if applied to
the determination of relative pigment concentrations in
the optically far more complex waters of the Baltic, are
encumbered with major errors (Majchrowski et al., 2007).

By introducing the spectral matching function to the
mathematical description of changes in phytoplankton pig-
ment levels with depth (Ston-Egiert et al., 2012), we were
able to derive formulas that retain temporal continuity and
are of a form that is independent of the season when analyses
are carried out. These formulas thus fulfil the requirements
for continuous, long-term observations of changes in plant
communities. However, there is no statistically significant
improvement in the accuracy of estimates, and in the case of
chlorophyll b, the error factor x actually increased from
1.77 to 2.34 with respect to the statistical relationships.

Our analyses show that a mathematical description of the
adaptation of photosynthetic pigments: chlorophyll c and b
to ambient conditions must take into account the presence of
other groups of pigments with similar spectral features. The
formulas derived in accordance with this assumption give far
better estimates of a dataset than the statistical relation-
ships derived earlier. The error factors x are then approxi-
mately the same as those obtained for ocean waters. The
results of our analyses can thus be deemed satisfactory,
particularly in the case of chlorophyll ¢ (where error factors
x are 1.44 for the Baltic and 1.52 for ocean waters) and PPCs
(1.32 and 1.47 respectively).

The estimation accuracy of depth profiles of pigments in
the Baltic Sea using new formulas was analysed on the basis of
independent dataset collected in the years 2015—2016 not
used for deriving any of these new relationships (see Table 1).
The errors are presented in Table 5 section 1. A compelling
argument justifying the use of formulas based on physical
premises instead of purely statistical relationships is pro-
vided by the comparison (see Table 5 section 2) of errors in
determining pigment concentrations using statistical formu-
las (Majchrowski et al., 2007), so far encumbered with the
smallest error, and the new formulas derived in this paper.
Those errors were determined for the same independent set
of data gathered in 2015—2016. Table 5 shows that the
inclusion in the mathematical description of the concentra-
tions of chlorophylls b and ¢ <F,> improved the accuracy of
determining these pigments: this is confirmed by the magni-
tudes of both the systematic errors <e>, and the standard
error factor x. In the case of both PSCs and PPCs, the accuracy
is similar to or only slightly less than in the case of the
statistical formulas. Since, however, the relationships used
to date required an arbitrary separation into two seasons, the
result can be regarded as satisfactory. It is worth noting that
the accuracy of these formulas approaches that of similar
statistical relationships for estimating other characteristics
describing the state and functioning of Baltic plant commu-
nities (Stramska and Zuzewicz, 2013; Meler et al., 2017).

These dependencies make it possible at the euphotic zone
to track changes with depth of the relative concentrations of
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Table 4 Comparison of statistical formulas describing the vertical distributions of relative pigment concentrations in samples of

the Baltic Sea and ocean waters.

No Authors Group of  Equations Standard
pigments error factor
X
1 obtained in this work — for the chl b Cp/Cq = 0.1 146<F0>22'5673 X (Fb) xg 1.73
Baltic Sea chl ¢ Ce/Ca = 0.1976(Fa) %7 x (Fo) ., 1.44
PSC Cpsc/Cqa = 0.5760 — 1.2961(Fpsc) 4, 1.50
PPC Cppc/Cq = 0.3279(PDR") ,, + 0.1962 1.32
2  Majchrowski et al. (2007) — for chl b winter x = log(Ca(0)) 1.77

the Baltic Sea

summer

_ — 2 - — 2
Cb/ca —10 1.0703-0.15997+0.043127~ —0.30871x—0.040076x7—0.074687x

_ —0.8808+0.0750787—0.0237287% —0.54886x--0.046307x7+0.20785x%
Cp/Ca =10

chl ¢ winter x = log(Ca(0)) 1.64
Ce/Ca— 4(—12314+0.148367—0.03121972+0.051019x—0.0093837x7+0.053311x?
C a —

summer

_ - 2 _ 2
Cc/ca —10 1.1330+-0.11467—-0.0206007“ —0.011478x+-0.0037213x7—0.0082814x

PSC winter x = log(Ca(0)) 1.82
C C, — 10—1.1436+0.0640271—0.005434érz+O,29550x—0.0065549xr+0.015895x2
psc/Ca =

summer

GG = 10~0-82451+0.0726857-0.01487172 +0.016015x~0.010256x7-+0.029283x*
PPC Cppc/Ca = 0.164(PDR") ,, + 0.164 1.73
3 Ston-Egiert et al. (2012) — for  chl b Cb/Ca = 90.01(F,) 4282 1.0.0751 2.34
the Baltic Sea chl ¢ Cc/Ca = —0.2024(F) ,, + 0.1110 1.53
PSC Cpsc/Ca = —0.4810(Fpsc) ,, + 0.3175 1.83
PPC Cppc/Ca = 0.0623(PDR") ,, + 0.2251 1.62
4 Majchrowski and Ostrowska chl b Cp/Ca = 54.068(F})31%74+0.091 1.68
(2000) — for ocean waters chl ¢ Ce/Ca = 0.0424(Fc) ., (Fa) " 1.52
PSC Cpsc/Ca = 1.348(Fpsc) ,, — 0,093 1.32
PPC Cppc/Ca = 0.1758(PDR*) ,, +0.176 1.47

the main pigment groups in Baltic waters over the whole
range of irradiances and trophic conditions prevailing in this
sea. Columns 1 and 2 in Fig. 8 exemplify model profiles of
relative pigment concentrations (to the concentration of

Table 5 Systematic errors <e>, [%] and error factors x,
determined for an independent dataset from 2015 to 2016,
defining the accuracy of pigment concentrations calculated
using the formulas obtained in this work and also those
applied hitherto in models describing the optical properties
of the Baltic Sea.

No Authors Group of Systematic Standard error
pigments error <e>, [%] factor x
1 obtained in this chl b 2.19 1.84
work — for the chl ¢ —3.82 1.46
Baltic Sea PSC 1.87 1.54
PPC 13.3 1.26
2 Majchrowski chl b 49.6 2.12
et al., 2007 — chlc —30.4 1.60
for the Baltic PSC —27.1 1.59
Sea PPC —9.4 1.24

chlorophyll a at given depth) determined using these rela-
tionships for an irradiance of 500 pEin m~2 s~'. They cover a
layer of about 1.5 euphotic zones for trophic types from
meso- to eutrophic (for surface chlorophyll a levels from
0.2 to >50 mg m~3). The modelled vertical changes in rela-
tive concentrations of the various groups of pigments are
shown for both the real depth z (column 1) and the optical
depth 7 (column 2) characterising the changes in irradiance
conditions with depth in the water. Column 3 in this figure
shows some empirical profiles for trophic type E1, with sur-
face chlorophyll levels from 1 to 2 mg m~3.

With respect to each group of pigments, these formulas
take into account the spectral and intensity differentiation in
irradiance in waters of different trophic types; they also
characterise well the course of chromatic and intensity
adaptation in phytoplankton In the case of all trophic types,
the changes in the relative levels all pigment groups with
depth in the Baltic differ in comparison with such changes in
open ocean waters (Majchrowski and Ostrowska, 2000). As
already mentioned, this is due to the presence in these
waters of allogenic suspended particulate matter and dis-
solved substances, which give rise to spectral and intensity
distributions of irradiance in ocean waters different from
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Figure 8 Vertical profiles of relative accessory pigment concentrations to a depth of 1.5 euphotic zone (i.e. optical depth = 7) in different
trophic type of waters: modelled according to formulas 2, 3, 4, 7 with respect to the real depth z (column 1) and the optical depth 7 (column 2);
comparison of profiles — empirical (grey) and modelled (black) — in waters with a surface chlorophyll concentration from 1to 2 mg m > (column
and characteristic trophic types of Baltic waters defined on the basis of the
surface concentration of chlorophyll a. The symbols denote the trophic type according to the classification of Wozniak and Pelevin (1991).

3). The modelled profiles are for an irradiance 500 pEin m

-2 1

those in shelf waters and enclosed seas (Dera, 1995; Wozniak

and Dera, 2007).

Column 3 in Fig. 8 exemplifies profiles of the relative
contents of the pigment groups within a particular range of

chlorophyll a concentrations together with the modelled
profile corresponding to these conditions. Clearly, the for-
mulas described in this work quantitatively and qualitatively
fit into the range of variability of the relative pigment levels
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recorded in the Baltic Sea. Any discrepancies are the greatest
in the case of the relationship describing changes in chlor-
ophyll b, the concentrations of which are lower than those of
the other accessory pigments. In addition, this pigment is
present mainly in cells of algae from the classes chloro-
phytes, prasinophytes and euglenophytes, which make up
just a small percentage (from 0.01 to 3.40%) of the phyto-
plankton biomass and no more than 30% during blooms (Ston-
Egiert et al., 2010).

5. Summary

The formulas presented in this work enable changes with
depth in concentrations of chlorophylls b and ¢, PSCs and
PPCs to be determined in the Baltic Sea on the basis of known
irradiance characteristics and the concentration of chloro-
phyll a, the principal photosynthetic pigment, with an accu-
racy no worse than that of formulas derived for ocean waters.
The errors ensuing from applying these formulas for calculat-
ing chlorophyll, PSC and PPC levels are in all cases smaller
than with the formulas used to date.

The achieved accuracy of estimation is sufficient for
assessing the spatial variability of pigment concentrations
on the basis of remote measurements made during research
cruises or by satellite. This will considerably speed up the
accumulation of information on the environment; it will also
enable water sampling sites and areas to be selected on a
continuous basis and detailed laboratory analyses to be
carried out in line with research objectives.

An important aspect of these relationships is that they are
independent of season. This will ensure continuity in the
estimates of depth profiles of pigment concentrations for
analyses and monitoring of their annual and seasonal vari-
abilities. Reliable information on the quantitative and qua-
litative composition of pigments in phytoplankton cells at any
depth obtained on the basis of known levels of chlorophyll a
and the spectral distribution of irradiance in the water may
underpin a range of analyses for assessing the state and
functioning of Baltic plant communities. Of no mean signifi-
cance, moreover, is the fact that the data essential for
calculating these concentrations can be measured remotely
without time-consuming and often costly laboratory studies
having to be performed; this will substantially accelerate the
acquisition of the relevant data.

With remote sensing techniques for measuring surface
chlorophyll a and the irradiance conditions, one can also quite
quickly determine phytoplankton pigments levels in a whole
basin, and even, if the necessary satellite data are available,
for the whole Baltic Sea. The formulas presented in this paper
describe vertical distributions of pigments in the water col-
umn, so analyses can cover the entire euphotic zone.

These mathematical physically justified formulas have
been incorporated into the DESAMBEM multi-component
light-marine photosynthesis model used in the SatBattyk
system. They further improve the accuracy of the SatBattyk
spatial and depth profiles of various characteristics describ-
ing the Baltic ecosystem and the photosynthesis of organic
matter in its waters, such as the absorption of solar radiation
by phytoplankton, quantum yields of photosynthesis and
chlorophyll a fluorescence, either global or estimated at
various levels of primary productivity, to name but a few.
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