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Abstract

Determinations of chlorophyll a and its derivatives (chlorins) as well as chlorophylls
b, c and f-carotene in recent sediments (0-10 cm) of the southern Baltic Sea carried
out in the years 1992-1996 are compiled. Correlations of the concentrations of
chlorins with parameters such as the origin of a sample, oxygen in near-bottom
waters (literature data) and organic carbon in sediments were analysed with
respect to the chlorins’ utility as environmental markers. Comparison of the
concentration levels of chlorins in sediments with the literature results proves that
these compounds are sensitive environmental markers of primary production in the
overlying waters (taking local water currents into account) and of environmental
conditions. Moreover, together with other sedimental pigments, they are markers
of prevailing plankton classes in the adjacent waters, and are valuable indicators
of the average plankton composition supplementary to biological determinations.

1. Introduction

Chlorophyll @ is the most abundant plant pigment in nature, also
in the sea. Processes such as phytoplankton growth, cell sinking, cellular

* This research was supported in part by grant No. 6 PO4E 051 10 from the Polish
State Committee for Scientific Research.
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senescence and zooplankton grazing affect the concentration of chlorophyll a
in seawater. Moreover, chlorophyll a and other chlorophylls and carotenoids
in seawater act as taxonomic markers, since different classes of algae contain

these pigments in various proportions (Jeffrey et al., 1996).

Phytoplankton pigments in seawater have been studied for many
years; in recent years these studies have gathered in intensity owing
to the development of high-performance liquid chromatography (HPLC)
(Mantoura et al., 1996). The investigation of chlorophyll a derivatives
(porphyrins) in sediments gave rise to organic geochemistry and the concept
of the ‘biological marker’ (Treibs, 1936; Eglinton and Calvin, 1967). Since
environmental factors exert such a strong influence on the structure of
chlorophyll a and its diagenetic routes, the type of porphyrin found in
a sediment is taken to be a paleoindicator, i.e. a compound indicative
of its sedimentological history. While that research was performed on
prehistoric sediments (Bidigare et al., 1990; Callot et al., 1990), studies
of recent marine sediments have focused more on the structural differences
between the immediate derivatives of chlorophyll a (chlorins) (Fig. 1). No
quantitative systematic analysis of chlorophyll a transformation in recent

marine sediments has so far been carried out.

Eutrophication is a fundamental problem in the southern Baltic, es-
pecially in its coastal zone (HELCOM, 1993, 1996). The high primary
production rate caused by elevated nutrient ion concentrations and the
irregular water exchange with the North Sea and Atlantic makes the Baltic
an excellent model basin for following the transformation of chlorophyll
in the marine environment. The primary aim of the present work was to
compile the results of studies of chlorophyll a and its derivatives carried
out in 1992-1996 on recent (0-10 cm layer) Baltic sediments (Kowalewska,
1994; Kowalewska et al., 1996, 1997; Kowalewska and Konat, 1997), and
then to correlate them with such parameters as the sediment layer depth,
sampling station position, near-bottom water oxygen and organic carbon in
sediments in order to examine environmental influence on the abundance
and transformation of chlorophyll a. An additional goal was to verify, on
the basis of the results and literature phytoplankton data, the relationship
between the pigments in sediments and the occurrence of plankton in the
adjacent waters.
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Fig. 1. Scheme of chlorophyll a diagenesis in sediments
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2. Experimental
2.1. Sample collection

Samples of recent marine sediments were collected with a Niemisto core
sampler in different seasons during cruises of r/v ‘Oceania’ in 1992-1996,
with the exception of samples collected with a box corer during a cruise of
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Fig. 2. Location of the sediment sampling stations on the Baltic Sea in 1992-1996
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r/v ‘Baltica’ in April 1994. Fig. 2 shows the location of the sampling stations.
The samples cover different sites and types of sediments. The marine stations
can be divided into three groups:

e coastal around the Gulf of Gdansk (92A — in Puck Bay, a shallow,
eutrophic bay, P110d — near the tip of the Hel Peninsula, where strong,
near-bottom currents occur, ZN2 — near the mouth of the Vistula, the
largest Polish river discharging into the Baltic, PGd — near the port
of Gdynia),

e the open sea (P39, P3, P8, PBW, BCX, AN1, P110) of different water
depths and sediment types,

e the Deeps (P5 in the Bornholm Deep and G2, P116 in the Gdansk
Deep) — the deepest, usually anoxic (Tabs. 1 and 2), regions of the
Polish economic zone. The Gdansk Deep is a sink for particulate mat-
ter transported by the Vistula (Majewski, 1990). On the other hand,
the particulates transported by the river Oder are first trapped in the
Oder Estuary (Szczecin Lagoon) and then washed out during seawater
inflows and settled again in the Bornholm Basin (Robakiewicz, 1993).

The other group of stations includes three in the Szczecin Lagoon,
a basin where primary production is high and which is less anoxic than the
Deeps (Poleszczuk, 1995); samples were collected at each of these stations
in August and October 1996 during boat expeditions of the Biological
Oceanography Department of Szczecin University.

2.2. Analytical methods
Pigment extraction

The method of extraction was in part similar to that used routinely in
studies of chlorins (Eckardt et al., 1992; Kowalewska, 1994). A pre-weighed
frozen sediment sample (1-30 g) was allowed to thaw; it was then centrifuged
to remove water and flushed with 20 cm? of acetone, mixed, sonicated for
5 minutes and centrifuged again. The extraction procedure was usually
repeated no more than three times to the visual disappearance of colour. The
supernatant fractions were then combined and re-extracted with benzene in
a 30:3:27 (v/v/v) acetone:benzene:water system (Kowalewska, 1995). The
benzene extract was transferred to a glass vial and evaporated to dryness
in a stream of argon. The sample thus prepared was stored in a deep-freeze,
usually for no longer than two weeks.
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High-performance liquid chromatography (HPLC)

The detailed procedure has been described previously (Kowalewska,
1993, 1994, 1995; Kowalewska et al., 1996; Kowalewska and Konat, 1997).
The sediment extract prepared as above was dissolved in a small amount
of acetone (100-1500 ul) and injected (20 pl) into a chromatograph system
(Knauer, Germany) equipped with a diode-array detector (Chrom-a-Scope)
or a fluorimetric detector (Shimadzu, type RF-551). A Merck Lichrospher
100RP18e column (250 x 4 mm, 5 um) was used with the same precolumn
(4 x 4mm, 5 ym). Separations were carried out in an acetone-water gradient
system, usually as follows: 0 min 80:20, 10 min 85:15, 20 min 95:5, 40-55
min 100% acetone, 65 min 80:20, at an elution rate of 0.5 ml min—!
for chlorophylls ¢ or 1.0 ml min~! for the other pigments. Fluorescence
analyses were carried out at Ex/Em wavelengths 440/630 nm for detecting
chlorophylls ¢ and at Ex/Em 430/660 nm for detecting chlorins at very low
concentrations of these pigments; in other cases the diode-array detector was
used. The pigments in the diode-array HPLC measurements were quantified
on the basis of both the HPLC and UV—-VIS absorption spectrophotometric
measurements (Shimadzu, UV-VIS spectrophotometer, UV 1202), using the
following equation:

c=E\,.. %Ax.. vD1000/e ! w,

where

c — pigment concentration in the dried sediment (ug g=! or
nmol g~1),

E),.. — extinction measured at the maximum wavelength (for chlorins
the long maximum),

%A, — % of the peak area in the total area of all the integrated peaks
(XA) of the HPLC,_, chromatogram registered at the maximum
wavelength,

v — volume of the acetone solution prepared for HPLC measurements
(ml)a

D — dilution factor (dilution of the HPLC solution for the spectropho-
tometric measurement),

€ — literature extinction coefficient for the maximum wavelength
(ml/(mg c¢cm) or ml/(nmol cm)),

l — optical path length (cm),

w — weight of dried sediment (g).

The fluorescence HPLC measurements were quantified by means of the
Ag—qvs. Ap calibration curve (A — integrated area of the chlorophylls ¢
peak in the diode-array and fluorescence chromatograms respectively)
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determined for extracts of algal laboratory cultures of the diatom Cyclotella
meneghiniana (Kowalewska, 1995).

Organic carbon

Organic carbon was determined by the wet chromic acid titration
method (Goudette et al., 1974).

Oxygen in near-bottom waters

Data were taken from Cyberska, 1993; Lysiak-Pastuszak, 1995;
Trzosinska, 1996; Environmental..., (in preparation); Kowalewska et al.,
1997. In all these cases oxygen was determined 1-2 m above the bottom.

3. Results and discussion
3.1. Content of chlorins a

The characteristics of the sampling stations and the results of pigment
analyses are given in Tabs. 1 and 2. The contents of chlorins were highest in
the Oder Estuary sediments (total chlorins a — >Chln aup to 380 nmol g~ 1),
lower in the Deeps, especially in the Gdansk Deep (XChln a up to 300
nmol g~!) and in the coastal (XChln @ up to 120 nmol g~!) and lowest in
the open sea sediments (XChln a up to 75 nmol g~! with the exception of
P110 (0-1 cm)). In general, there were large differences between the pigment
concentrations, especially in the 0-1 cm layer of sediments from the Gulf of
Gdansk, most probably caused by sudden changes in primary production
(Wrzotek, 1995, 1996).

The proportion of chlorophyll a in the total content of chlorins a was
highest in the Oder Estuary sediments (20%), lower near the coast (18%)
and in the Deeps (16%), and lowest in the open sea (12%) (Fig. 3). This
indicates that the primary production is higher in the coastal zone than in
the open sea. This inference is confirmed by the fact that the proportion
of phaeophytin a, the immediate transformation product of chlorophyll a,
is also highest in the coastal sediments (~34%) and the same level in
other sediments (~30%). The corresponding phaeophorbide content (the
general view is that these are chlorins originating mainly from zooplankton
grazing (Welschmeyer and Lorentzen, 1985)) was higher in the open sea
(19%) and in the Oder Estuary (18-20%) than near the coast and in
the Deeps (13%). The proportion of further chlorophyll a transformation
products, i.e. pyrophaeophytin a¢ and the steryl chlorin esters is about
the same (~25%) in the case of the former compound and lowest near
the coast (8%) and in the Oder Estuary (5-6%) and highest in the Deeps
(14%) and open sea (13%) in the case of the latter. Such a distribution
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Fig. 3. Proportions of particular chlorins in the total content of chlorins a in the
sediment samples (%); legend as in Tab. 1

of chlorins in the sediments is in agreement with the available chlorophyll a
data for the overlying waters. The highest chlorophyll a concentrations in
seawater were measured near the shore, particularly at the mouth of the
Oder and Vistula, and in the Gulf of Gdansk, from where the phytoplankton
detritus is transported to the Gdansk Deep (Renk, 1992; Kaczmarek
et al., 1997; DATA BASE; HELCOM, 1996). The highest percentage of
phaeophorbides in the total chlorins a in the open sea sediments and the
Oder Estuary is consistent with the literature results that zooplankton is
more abundant relative to chlorophyll ¢ in the open sea than near the coast
(HELCOM, 1996), and that the zooplankton grazing in the Szczecin Lagoon
corresponds to extremly high densities of phytoplankton in the Estuary, so
that the basin is still capable of self-purification (Chojnacki, 1991).

3.2. Correlation of chlorophyll ¢ with other pigments

The correlation coefficient of chlorophyll a with other pigments (Figs. 4a
and 4b) in the open sea sediments was the most even, except for that
with steryl chlorins. The highest correlation there was for the pigment
almost always accompanying chlorophyll a, i.e. [-carotene, and with
phaeophytin a, especially in the 0-1 cm layer (r = 0.94 and 0.99 respec-
tively). Similarly, in the coastal sediments the highest correlation was with
p-carotene and phaeophytin a (r = 0.95); the value was even higher in
the 0-1 cm layer where fresh algal material occurred (r = 0.96-0.98).
The correlation coefficient with chlorophylls ¢ and b, which do not occur
in all phytoplankton species, was highest in the Oder Estuary and in
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Fig. 4. Correlation coefficients (r) of chlorophyll a with other pigments in Baltic
Sea sediments: all samples (a), in the 01 cm layer (b)

the open sea (r = 0.86, ~ 0.8 respectively); near the coast it was similar
for chlorophyll b (r = 0.83, in the 0-1 cm layer a little higher, r~0.9)
and lower for chlorophylls ¢ (r = 0.51, in the 0-1 cm layer r = 0.53).
The correlation was much lower in the Deeps, both for chlorophylls c,
occurring mainly in diatoms and dinoflagellates (r = 0.36, in 0-1 cm
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layer r = 0.39) and for chlorophyll b, which occurs e.g. in green algae
(r = 0.35, in 0-1 cm layer r = 0.2). The correlation coefficients for py-
rophaeophytin a were higher under good oxygen conditions (open sea, coast,
r~0.87,in 0-1 cm layer r = 0.9-0.95) than in the Oder Estuary (r = 0.8, in
0-1 cm layer r = 0.7) and the Deeps (r = 0.72, in 0-1 cm layer r = 0.47). The
phaeophorbides correlate with chlorophyll a best in the open sea sediments
(r = 0.8, in 0-1 cm layer r = 0.84), which confirms the higher abundance
of zooplankton relative to phytoplankton in open sea waters than in coastal
waters. In the Oder Estuary this correlation is evidently lower (r = 0.39, in
0-1 cm layer 0.42), which means that the transformation of chlorophyll a
takes place there in another way than in the open sea. The steryl esters had
the highest positive correlation coefficient in the Oder Estuary sediments
(r = 0.93), the highest negative correlation being for the 01 cm layer of the
Deeps’ sediments (r = —0.95); for other sediments, the correlation was close
to zero.

3.3. Correlation of pigments in the 0—1 cm sediment layer with
oxygen in the near-bottom waters

Only in the Oder Estuary sediments was the correlation negative for
all the pigments studied (Fig. 5), as might be expected in accordance
with the rule that the more anoxic the conditions at a high primary
production rate, the better preserved are the pigments in the sediments.
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Fig. 5. Correlation coefficients (r) of pigments in the 0—1 cm sediment layer with
oxygen in near-bottom water (1-2 m above bottom)
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In the open sea sediments and in the Deeps the correlation was positive.
Near the coast the highest positive correlation was with chlorophylls ¢
(r = 0.48) and with chlorophyll a (r = 0.18); the correlation with
(J-carotene, which is more sensitive to oxygen, was negative. The only
explanation for these relationships is that the occurrence of chlorins in the
bottom sediments is controlled by several different parameters, and that
an increase in the oxygen content in the near-bottom waters (2 m above
the bottom) directly or indirectly influences the primary production more
intensively than the deterioration of chlorophyll a. In the Oder Estuary
other parameters were more even than in the marine samples collected
at different times and sites, so the effect of oxygen on chlorophyll «
decomposition was all the more apparent. Here under oxic conditions phaeo-
phytin a and phaeophorbides a were the most abundant, 3-carotene less so.
As can be concluded from the correlation of the pigment concentrations in
sediments with oxygen, algae containing chlorophylls ¢ (e.g. diatoms) are
more abundant in oxygen-rich waters than chlorophyll b containing algae
(e.g. green algae).

3.4. Correlation of pigments with organic carbon

Chlorophyll a, B-carotene and phaeophytin a, the immediate transfor-
mation product of chlorophyll a, correlate best with Cg.s near the coast
(Fig. 6a), especially in the 0-1 cm sediment layer (Fig. 6b) (r = 0.96, 0.98,
respectively). This means that the main stock of organic matter in that
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Fig. 6. Correlation coefficients (r) of pigments with organic carbon (Cgrg) in
sediments: all samples (a), in the 0-1 cm layer (b)

area is composed of phytoplankton. In the Oder Estuary this correlation is
distinctly lower, as is the case with all the other compounds studied, with
the exception of pyrophaeophytin a and steryl chlorins, further products
of chlorophyll a transformation. This may be due to the fact that there
are sources of organic matter for these sediments other than phytoplankton
detritus and/or that chlorophyll a decomposition is very rapid there. In the
Deeps the correlation with most of the pigments is generally lower than near
the coast; that with phaeophytin a, transported from the near-shore waters
and with chlorophylls ¢ and (-carotene, is higher. Correlation coefficients
with pyrophaeophytin are more even, despite the location of the sampling
stations.

4. Conclusions

e Chlorin contents were highest in Oder Estuary sediments (>Chln a up
to 380 nmol g~1), lower in the Deeps, especially in the Gdansk Deep
(Chln a up to 300 nmol g~!) and in coastal sediments (XChln a up
to 120 nmol g~') and lowest in the open sea sediments (XChln a up
to 75 nmol g 1).
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e Chlorophyll a diagenesis in the southern Baltic Sea is very rapid. The
immediate transformation products of chlorophyll a in this environ-
ment are phaeophytin ¢ and phaeophorbides, then pyrophaeophytin a
and steryl chlorin esters.

e Primary production is highest near the seashore, especially at the
mouth of the Vistula, in the coastal zone of the Gulf of Gdansk
and in the Oder Estuary. Zooplankton is more abundant relative
to phytoplankton in open sea waters and in the Oder Estuary the
intensity of its grazing activity corresponds to the extremely high
phytoplankton biomass.

e Chlorophyll c-containing algae (diatoms and dinoflagellates) are de-
ficient in relation to the chlorophyll b-containing algae (green algae)
and blue-green algae in the coastal area of the Gulf of Gdansk.

e Chlorins in sediments are sensitive environmental markers of both the
average primary production in the overlying waters (taking local water
currents into account) and the environmental conditions. Together
with other pigments in the sediments, they are valuable taxonomic
indicators supplementary to biological determinations.
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