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Abstract. Factors conditioning formation and properties of
suspended matter resting on the sea floor (Fluffy Layer Sus-
pended Matter – FLSM) in the Odra river mouth – Arkona
Deep system (southern Baltic Sea) were investigated.

Thirty FLSM samples were collected from four sam-
pling stations, during nine cruises, in the period 1996–1998.
Twenty six chemical properties of the fluffy material were
measured (organic matter-total, humic substances, a variety
of fatty acids fractions, P, N,δ13C,δ15N; Li; heavy metals-
Co, Cd, Pb, Ni, Zn, Fe, Al, Mn, Cu, Cr). The so obtained
data set was subjected to statistical evaluation.

Comparison of mean values of the measured properties led
to conclusion that both seasonal and spatial differences of
the fluffy material collected at the stations occured. Appli-
cation of Principal Component Analysis, and Cluster Anal-
ysis, to the data set amended with environmental charac-
teristics (depth, salinity, chlorophylla, distance from the
river mouth), led to quantification of factors conditioning the
FLSM formation. The five most important factors were: con-
tribution of the lithogenic component (responsible for 25%
of the data set variability), time dependent factors (including
primary productivity, mass exchange with fine sediment frac-
tion, atmospheric deposition, contribution of material origi-
nating from abrasion-altogether 21%), contribution of fresh
autochtonous organic matter (9%), influence of microbial ac-
tivity (8%), seasonality (8%).

Correspondence to:J. Pempkowiak
(pempa@iopan.gda.pl)

1 Introduction

Material transport in the marine environment is important as
regards a number of problems, ranging from elemental bio-
geochemical cycles to the exposure of biota to pollutants. An
important aspect in this respect is factors influencing proper-
ties of suspended matter in the coastal environment. The dis-
persal of chemical species in the water column is determined
by a variety of processes such as coastal circulation, particle
absorption and adsorption, vertical and horizontal scaveng-
ing (Duursma and Carroll, 1996). The contribution of the
processes to particulate matter formation varies seasonally,
since the climate modifies both hydrological factors and bio-
logical activity (Alldredge and Gotschalk, 1990; Mayer-Reil,
1994; Gustafsson et al., 1998; Lund-Hansen et al., 1999;
Mayer, 1999; Leipe et al., 2000; Löffler et al., 2000; Emeis
et al., 2002, Martino et al., 2002; Pempkowiak et al., 2002).

An important feature of the phenomenon is suspended
matter formation and transport in the near-bottom water
layer. As depicted in Fig. 1, particulate matter there is formed
from suspended matter entering the coastal environment with
river run-off, produced by abrasion of the shore and shal-
low sea bottom, primary production, atmospheric deposition,
autogenic mineral formation, and direct anthropogenic dis-
charges (Jago and Jones, 1998; Jones et al., 1998; Bianchi
et al., 2002; Pempkowiak et al., 2002). En route from the
high-energy, shallow, coastal environment to the low-energy,
deep, depositional basins the matter is a subject to later re-
suspension, migration driven by near-bottom currents, and
sedimentation (Emeis et al., 2002).Wind-induced currents
(Lund-Hansen et al., 1997) and aggregation of suspended
matter particles (Thomsen and Ritzrau, 1996) are thought to
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Fig. 1. A schematic indicating sources and fate of FLSM in the near
shore environment.

be major factors influencing near bottom transport. However,
in periods of calm weather, suspended-matter sedimentation
leads to the formation of a high-density fluffy suspended mat-
ter (FLSM) layer resting on the sea bottom. Once the FLSM
is at rest, both physical and biological processes contribute
to the incorporation of the suspended matter into the sedi-
ments (Gerino, 1990; Wheatcroft, 1992). The same factors
cause fine particles to be released from the sediment and,
at least temporarily, incorporated into the suspended matter
layer (Pempkowiak et al., 2002). As a consequence, compo-
nents of FLSM originate from a number of sources, while a
number of processes acts to integrate the components into a
homogenous material eventually deposited in the low energy
depositional areas.

Although individual processes contributing to the FLSM
formation and properties are obvious, little is known on their
relative importance in an actual coastal environment. This is,
at least partly, due to high variability of the coastal environ-
ment. Thus a prolonged study, in a course of which a tran-
sect from a shallow, highly dynamic near shore environment,
to a low energy, depositional basin, was probed repeatedly
for FLSM, was carried out, in order to overcome the envi-
ronmental variability (Emeis et al., 2002; Christiansen et al.,
2002).

In this paper we report results of this study carried out in
the Odra River – Pomeranian Bay – Arkona Deep System
(southern Baltic). Samples of FLSM were collected in the
course of a two years long program conducted in the frame
of the Baltic Sea System Study (Emeis et al., 2002; Chris-
tiansen et al., 2002). Composition and properties of the sam-
ples were then measured, and have been a subject of several
publications (Emeis et al., 2002; Pempkowiak et al., 2002;
Pazdro et al., 2001; Witt et al., 2001; Löffler et al., 2000;
Leipe et al., 2000). However, due to the diversified nature
of the collected material, no factors responsible for the mat-
ter properties were evident and have been named yet. There-
fore statistical evaluation, by means of multivariate statistical
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Fig. 2. Distribution of sampling stations in the study area (OT –
Odas Tonne, NR – Norperd Rinne, TW – Tromper Wiek, AB –
Arkona Becken).

Table 1. Geographical positions, water depths, and average near-
bottom water properties at the sampling stations.

Station
Latitude Longitude Water depth Oxygen Salinity

(N) (E) (m) (ml×l−1) (PSU)

OT 54◦05′ 14◦10′ 16 5.8 7.5
NR 54◦22′ 13◦52′ 20 6.9 7.7
TW 54◦36′ 13◦46′ 26 5.9 9.1
AB 54◦56′ 13◦50′ 47 2.6 16.4

methods, has been carried out in order to find and quantify
the most important factors conditioning the FLSM forma-
tion. Both cluster and principal components analyses were
used. The results, presented in this publication, point out
at, and quantify the contribution of lithogenic material, fine
sediment fraction, and freshly produced organic matter; all
modified by bacterial activity, as factors actually responsible
for FLSM properties.

2 The study area

The Pomeranian Bay – Arkona Deep system extends from
the Odra River estuary to the Arkona Basin (Fig. 2). Four
sampling stations – Odas Tonne (OT), Nordperd Rinne (NR),
Tromper Wiek (TW), and Arkona Becken (AB) were es-
tablished there, along a transect with the water depth in-
creasing from 16 m at OT to 47 m at AB. The geographical
co-ordinates and characteristics of the sampling stations are
given in Table 1.
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Table 2. Expeditions, station coverage, and the collected samples numbers.

Expedition Period
Odas Tonne Norperd Rinne Tromper Wiek Arkona Becken

(OT) (NR) (TW) (AB)

1 1–11 October 1996 P21,P22 P14,P15 P6,P7 P1
2 14–19 March 1997 P23 P6 P8 P2
3 10–15 June 1997 P24 P9 P3
4 18–22 August 1997 P25 P4
5 12–17 October 1997 P26 P17 P10
6 1–9 December 1997 P27 P18 P11
7 16–22 March 1998 P28
8 22–27 June 1998 P29 P19 P12
9 8–13 December 1998 P30 P20 P13 P5

The hydrography of this area is influenced by the Odra
with its annual water run-off of about 17 km3, and by the
weather conditions, which influence the water circulation.
Sediments in the Pomeranian Bay are temporarily covered by
a thin fluffy layer of suspended matter (FLSM). On a weight
basis the quantity of FLSM is estimated to range from 2 to
4 mg/cm3. The layer is 1 to 3 cm thick. The sediments are
composed of a well sorted fine sand (0.1 to 0.25 mm) grad-
ing to muddy sand below 20 m water depth and to mud in the
depositional basin of the Arkona Deep.

The winds are the main factor governing the currents in
the Pomeranian Bay (L̈offler et al., 2000). Density-driven
currents and tides are of minor importance. Easterly winds
dominate between February and May. At this time surface
water moves to the north while the near-bottom water layer
is transported to the east. Westerly winds are dominant be-
tween June and September, while westerly to south-westerly
winds generally occur between October and January. During
these periods the surface water is transported eastwards along
the coast. This surface current is compensated by a near-
bottom current, that flows towards the Arkona Deep along
the Island of Rugen (Siegel et al., 1999). The sampling sta-
tions are situated along a transect following the main trans-
port route of the near-bottom water layer and the suspended
matter it carries (Leipe et al., 2000).Although the grain size
at the sediment surface was different at the sampling stations
(Lund-Hansen et al., 1999), the critical shear stress at all sta-
tions was surprisingly uniform, corresponding to flow veloc-
ities of about 4 cm s−1. This low value is due to the presence
of an organic-rich layer resting on top of the actual sediment
surface – FLSM. A flow velocity of 4.5 cm s−1 is required to
transport the FLSM (Leipe et al., 2000; Christiansen et al.,
2002). The Arkona Deep acts as a final deposition area for
the material, with an average mass accumulation rate from
1.0 to 1.8 kg (dry mass) m−2 year−1 (Widrowski and Pemp-
kowiak, 1986; Pempkowiak, 1991; Emeis et al., 2002).

In the period from October 1996 to December 1998 nine
expeditions were carried out to the study area. Station cover-
age is given in Table 2.

3 Sources and composition of FLSM in the study area

Altogether, the Odra discharges about 425 000 t (dry mat-
ter)/year of suspended solids. The material is rich in organic
matter (15.3% particulate organic carbon) and heavy metals
(Pb – 200µg g−1, Zn – 1700µg g−1, Cu – 120µg g−1, Cd
– 9µg g−1, Hg – 2.5µg g−1) (Emeis et al., 2002). In com-
parison to pelagic suspended matter (PSM), FLSM is rich in
hydrated three-layer and mixed-layer silicates such as illite
and smectite (Leipe et al., 2000). This is due to their ability
to enhance aggregation and sedimentation of suspended mat-
ter particles (Leipe et al., 2000). The organic matter content
in FLSM is much smaller than in the nepheloid layer sus-
pended matter (NLSM), indicating that organic matter may
be undergoing mineralisation in the course of sedimentation.
Another possibility is the exchange of particles with surface
sediments (Pempkowiak et al., 2002). This conclusion is sup-
ported by the fact that the organic matter content at the deep-
est station (AB – 47 m) is smaller than at the most shallow
one (OT – 16 m). Fe-oxihydroxides are present in FLSM: the
content of these oxides decreases from about 10% at OT to
5% at TW and 3% at AB. Mn-oxihydroxides are present only
at OT (2%) (Leipe et al., 2000). This is most likely due to the
anoxic conditions in the uppermost sediments of deeper sta-
tions, causing reduction of Fe(III) to Fe(II) and of Mn(IV) to
Mn(II). The reduced species migrate to the overlying water,
where they are oxidised and precipitated (Pempkowiak et al.,
2000).

4 Experimental

The fluffy layer covering the sediment surface was collected
by scuba divers, or by a remotely operated vehicle (ROV).
The material (FLSM) was siphoned from the sediment sur-
face by an on-board pump and transferred into 100 l contain-
ers.

The particulate matter was separated from the water by
filtration through pre-weighed glass-fibre filters and freeze
dried before further analyses. A set of 26 properties of
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Fig. 3. A schematic of the approach to the statistical evaluation of
the data set.

the so obtained material were analysed (total organic nitro-
gen – NTOT, total phosphorous – PPPM, total carbon –
TC, loss on ignition – LOI, total organic carbon – CORG,
total inorganic carbon – CaCO3, C13/C12 isotopes ratio –
δ13C, N14/N15 isotopes ratio –δ15N, total free fatty acids
– TFAF, the sum of saturated acids – SATURATE, the sum
of branched fatty acids – BRANCHED, the sum of monoun-
saturated fatty acids MONOUNSA, the sum of polyunsatu-
rated fatty acids - POLYUNSA, humic substances – HS, hu-
mic acids – HA, fulvic acids – FA, total metals: Zn, Ni, Cu,
Pb, Al, Mn, Fe, Co, Li, Cd, Cr). The following procedures
were used. Total organic carbon (POC,δ13C) and total or-
ganic nitrogen (NTOT, δ15N) were measured in a Fission
Instruments Hδ8 CHN Analyser, connected to an isotope ra-
tio mass-spectrometer (Finnigan MAT Delta S). Pure N2 and
CO2 were used as reference gases. Air nitrogen and NBS-18
reference carbonate were used for standarisation.

Heavy metals (Cd, Pb, Zn, Cu, Ni, Co, Cr, Fe, Mn, Al)
were analysed in a model Video 11E atomic absorption spec-
trometer after 500 mg (dry weight) subsample was wet di-
gested (HF:HNO3:HClO4=2:2:1), excess acids were evapo-
rated, and the dry residue dissolved in 10 cm3 0.1 mol/dm3

HNO3. Electrothermal (Co, Cd) and flame (other met-
als) atomizations were applied. Quality assurance of the
analyses was assessed by incorporating into the analysis an
ICES/SCOR certified, Baltic Sea bottom sediment sample,
and ICES marine sediment sample. Accuracy as character-
ized by recovery was in the range from 83% (Fe) to 108%
(Cd), while precision, given by relative standard deviation,
was in the range from 5% (Fe) to 13% (Pb).

The samples were analysed for total carbon (TC) by dry
combustion and for total inorganic carbon (CaCO3) by 50%
phosphoric acid treatment. An IR detector (Eltra Metotyl CS
1000S C/S analyser) was used to determine evolving CO2.

Concentration of Li and P were analysed by means of au-
tomated electron probe x-ray micro analysis (EPXHA; Leipe
et al., 2000).

For fatty acids analyses, a 1–2 g subsample of the freeze-
dried material was extracted three times with 2:1 chloroform
methanol mixture. The fatty acids contained in the com-
bined extracts are referred to as free fatty acids (TFAF). The
solid residue was then saponified with 0.5 mol/dm3 KOH
in a 95:5 v/v methanol:water solution and filtered. The
acids determined in the resulting filtrate are referred to as
bound fatty acids. After separation from other lipid com-
ponents the fatty acids were derivatized into coumaryl es-
ters and analysed quantitatively using high performance liq-
uid chromatography in a reversed phase column, a gradi-
ent methanol:water mobile phase and a fluorescence detec-
tor were used. Details of the procedure were described ear-
lier (Pazdro and Falkowski, 1994). Individual fatty acids
were quantified using calibration curves based on actual stan-
dards (Sigma), and the above described derivatization pro-
cedure. The precision of the results, expressed as a rela-
tive standard deviation, varied from 1.4 to 20% for individ-
ual compounds and from 0.4 to 16% for the total fatty acid
content. Concentrations of fatty acids within the following
groups were then added and are referred to as total satu-
rated fatty acids – SATURATE (straight chain saturated fatty
acids with carbon atoms in the range from 8 to 24 (C8:0 to
C24:0), total monounsaturated fatty acids (C14:1 to C22:1)
– MONOUNSA, total polyunsaturated fatty acids (C18:2 to
C22:6) – POLYUNSA, and branched fatty acids (Cai,i15:0
and Cai,i17:0) – BRANCHED.

Humic substances were extracted repeatedly (five fold)
from 2 g of the freeze-dried material by means of a stan-
dard alkaline (0.1 mol/dm3 NaOH) extraction. The com-
bined extract was acidified to pH 2.0 with 3 mol/dm3 HCl.
Precipitated humic acids (HA) were separated (centrifuga-
tion), purified and freeze-dried, while dissolved fulvic acids
(FA) were sorbed on Amberlite XAD-2 resin, extracted with
0.1 mol/dm3 NH4OH, freeze dried and weighted. Details of
the procedure are described elsewhere (Pempkowiak, 1989).

5 Statistics

Two approaches have been taken in order to evaluate statisti-
cally and characterize the data set originating from the mea-
surements. The strategy employed is depicted in Fig. 3. Re-
sults of the measurements (30 samples×26 properties mea-
sured) were a subject to simple statistics. The obtained val-
ues were then used to assess spatial and temporal changes of
FLSM properties. The average values were also subjected to
the MANOVA in order to assess the significance of differ-
ences.

The multivariate statistics were applied as another ap-
proach. The principal aim of multivariate analysis is to ex-
plain variation in a multivariate data set by as few “factors” as
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possible, and to detect “hidden” multivariate data structures.
This is carried out by developing a set of new “dimensions”
– factors, which explain variations in the data matrix (princi-
pal components –PCs, in the case of Principal Components
Analysis- PCA).

Principal component analysis (PCA), also known as em-
pirical orthogonal function analysis, is an often adopted ap-
proach in geochemistry related studies since the pioneering
work in this field by Wiwant et al. (1975). PCA objectively
extracts the optimal linear lower-dimensional structure from
a multivariate dataset. Feature extraction, or pattern recogni-
tion, is probably the most appealing of the many purposes for
which PCA can be used. The attempt is then made to asso-
ciate PCA modes with actual physical modes in the dataset.
Whereas such an attempt is usually successful in case of few
first modes (that is, these that explain most variance in the
total dataset), the spatial orthogonality of PCA modes often
causes higher-numbered modes to bear predictable geomet-
ric relationships to the first mode rather than to represent in-
dependent physical modes (Meglen, 1992; Ruessink et al.,
2004).

PCA is commonly applied to geochemical data sets which
consist of columns – representing sample properties and rows
representing individual samples. As result of PCA analysis
a set of PCs is calculated equal in number to the number
of properties (columns). The analysis is successful if just
few PCs explain large proportion of the data set variation.
Successful PCA implies also that significance (meaning) of
the factors is found. This might, and often do, cause prob-
lems. Typically correlation between factors and properties
(PCs loadings), and numerical values of factors for samples
(PCs scores) are used to explain actual meaning of PCs. Af-
ter analysis, rotation is applied in order to optimize factor
loadings (De Lazzari et al., 2004; Liu et al., 2003; Reiman
et al., 2002; Smolẽnski et al., 2002; Persson and Wedborg,
2001; Podani, 2000; Brown, 1998; Shine et al., 1995; Szefer
et al., 1995; Meglen, 1992, to name just a few).

Before applying PCA, the data set (26 properties by 30
samples) was ammended with environmental characteristics
of the sampling stations and seasons (distance from the Odra
river mouth, water depth, water temperature, water chla con-
centration at the sampling stations). The so obtained data ta-
ble comprised 30 rows (cases or samples) and 30 columns
(26 properties measured +4 “properties” characterizing hy-
drography of sampling stations and seasonality of expedi-
tions). Then the 30×30 data matrix was subjected to anal-
yses of both clusters (CA) and principal components (PCA).

To probe agglomeration of data, cluster analysis was
used. City block distances and squared ordering were used
throughout the CA of the data matrix. The dimensionality
of the data matrix was reduced and meaning assessed using
principal components scores (PCS), and principal compo-
nents loadings (PCL). Only PCL with eigenvalues exceeding
1 were analysed. Varimax rotation was used in PCA in this
study.
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Before applying PCA the data matrix was standarized us-
ing the standard deviation approach. This is based on re-
placing actual values (xi) with standarized ones (xis). Stan-
darization is meant to eliminate the influence of both differ-
ent units, and different range of the investigated properties.

xis =
xij − x̄i

si

wheresi=

√∑
(xij −x̄i)
n−1 ; n – number of samples analysed.

Standarization by maximum values was carried out
throughout CA.

xis′ = xij/maxxj

{
xij

}
In this approach the value of 1 is assigned to the maximum
value of a given property while the range of the standarized
values is<0,1>.

The statistical software package Statistica 6.0 for Win-
dows was utilized.

6 Results and discussion

6.1 Spatial and temporal distribution pattern

To characterize concentrations and properties of organic mat-
ter in the samples the following properties of FLSM were
used: loss on ignition (LOI), organic carbon (CORG), con-
centrations of humic acids (HA), fulvic acids (FA), and hu-
mic substances (HS=HA+FA), total nitrogen (N), total phos-
phorus (P), a number of fatty acids fractions (saturated, mo-
nounsaturated, polyunsaturated, branched). Besides actual
concentrations, values standarized to LOI or/and CORG
were used when appropriate.

In Fig. 4 seasonal changes of CORG, LOI and LOI/C are
presented. Organic carbon concentration in FLSM decreases
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Fig. 5. Spatial distributions of C/P and C/N molar ratios in FLSM.

from 8% in summer to 6% in winter. However, organic car-
bon contribution to organic matter decreases from some 60%
in summer, to 35% in winter. This unexpected feature of
fluffy material might be attributed to rapid mineralization of
labile organic matter produced in the course of the spring pri-
mary production in elevated summer temperatures, while or-
ganic matter produced in autumn, after sedimentation, is pre-
served in the near bottom layer. However, high organic mat-
ter concentrations in winter may also suggest participation
of other processes, for example contributions of land derived
organic matter (15% organic carbon in the Odra river sus-
pended matter was reported), and sedimentary organic matter
(Bale and Morris, 1998).

Molar ratios of biogenic elements (C, N, P) in FLSM
are smaller than the Redfield ratios (Laima et al., 1999).
Smaller ratios of both C/P and N/P in winter, indicate pref-
erential mineralization of organic nitrogen and phosphorus
over organic carbon. Combined with the temporal dynamic
of the C/LOI ratios, the feature suggests relatively high bio-
chemical stability of organic compounds abundant with car-
bon, while nitrogen and phosphorous abundant organic com-
pounds are easily biodegradated. The spatial distributions of
C/P and N/P, presented in Fig. 5, indicate smaller ratios in the
samples collected at the nearshore station (OT and NR). This
could be, most likely, attributed to the contribution of land
derived organic matter. Bordovsky (1965) indicated that ma-
rine autochtonous organic matter is characterized by C/N ra-
tios smaller than 10, while allochtonous organic matter-with
values larger than 10. The conclusion is supported by distri-
bution ofδ13C andδ15N in the samples, and results of earlier
studies on stable isotopes ratios in the area, reported by Voss
and Stock (1997). Distributions ofδ13C andδ15N clearly
indicate contribution of land derived organic matter exceed-
ing 90% at the OT station, in comparison with just above 5%
contribution in the AB station, although distribution of lignin
oxidation products suggests less steep gradient (Miltner and
Emeis, 2001). Organic matter discharged to the sea with river
run-off is usually depleted with carbon and nitrogen isotopes
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Fig. 6. Variations of heavy metals concentrations (mg/g dry matter)
in FLSM (a) spatial, and(b) seasonal.

of larger molecular weight (Voss and Stock, 1997), and with
nitrogen (Bordovsky, 1965). Moreover, results of this study
show larger proportions of humic substances (humic acids
+ fulvic acids) in the fluffy material from the nearshore sta-
tions. This may be interpreted as resulting from contribution
of relatively old, biochemically resistant organic matter de-
rived from land.

On the other hand larger concentrations of labile frac-
tions of organic matter (monounsaturated and polyunsatu-
rated fatty acids) in the summer months, indicate contribu-
tion of relatively fresh organic matter (Wakeham et al., 1997;
Pazdro et al., 2001). The larger concentrations of saturated
fatty acids in winter months result from relative stability of
saturated as compared to the unsaturated acids (Sun et al.,
1997; Laima et al., 1999). This feature is consistent with dis-
cussed reasons for dynamic behaviour of the organic FLSM
component, and its elemental composition.

Diagrams showing heavy metals distribution are presented
in Fig. 6. Substantial spatial (Fig. 6a) and temporal (Fig. 6b)
variations of heavy metals were found in the collected sam-
ples of FLSM. This, most likely, reflects diversified origin
of fluffy material (river run-off, abrasion of shores and sea
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bottom, biogenic input, and red-ox phenomena at the sedi-
ment/water interface). After normalizing concentrations to
aluminium a pattern governed by both, seasonality and dis-
tance from the Odra river mouth, emerges. FLSM is enriched
with biogenic metals (Co, Cd, Cu) in summer, while concen-
trations of these metals in winter are much smaller (Fig. 7a).
This was already reported for cadmium in FLSM of the area
by Staniszewski et al. (2001). The differences evaluated us-
ing the MANOVA proved statistically significant. The expla-
nation that algae (primary production) contribute biogenic
heavy metals to FLSM is also substantiated by depletion
of dissolved cadmium in pelagic suspended matter, during
summer (Pempkowiak et al., 2002), and enrichment of sus-
pended cadmium in the Pomeranian Bay during algal blooms
(Pohl et al., 1998). Some metals do not show clear sea-
sonal pattern, although they are regarded as biogenic. This
concerns elements characterized by large concentrations in
FLSM, hardly affected by incorporation of heavy metals to
FLSM in the course of primary productivity. Unusual be-
haviour of Mn might be attributed to the red-ox phenomena
(Heiser et al., 2001; Dehairs et al., 1989). Leipe et al. (2000)
indicated that FLSM in the Pomeranian Bay is enriched with
hydrated three-layer and mixed-layer silicates such as illite,
illite/mixed layers, and smectite. These minerals posses a
strong affinity to organic matter, and are readily colonized
by microorganisms (Mayer, 1999). This supports conclusion
on strong influence of temperature dependent biological pro-
cesses on concentrations of selected heavy metals in FLSM.
No easily recognizable pattern has been found for lead and
chromium. Both the metals, attributed to the “scavenged”
group, show high concentrations dynamics, reflecting gen-
eral patchiness, caused by periodical supply of suspended
material from the Szczecin Lagoon in this highly dynamic,
near shore area of the Pomeranian Bay (Emeis et al., 2002),
and both natural and anthropogenic sources of lead (Hinrichs
et al., 2002).

A common feature of all metals distributions is a gen-
eral tendency for decreasing concentrations in the offshore
direction (Fig. 7b). This feature is caused by high concen-
trations of heavy metals in suspended matter supplied to the
Pomeranian Bay with the Odra run-off. For example con-
centration of Cd in the Szczecin Lagoon suspended matter is
as high as 5µg/g (Leipe et al., 2000). On entering the ma-
rine environment the heavy metals abundant, land derived,
material is “diluted” with material originating from coastal
erosion. Similar distributions are observed in other estuaries
(Belzunce et al., 2001; Borg and Jonsson, 1996). Relatively
large concentrations of heavy metals are observed in mate-
rial collected from the Arkona Deep acting as a depositional
ground for suspended matter in the region. The increased
concentration of heavy metals there indicates that the deep
acts as depositional basin for material originating not only
from the Pomeranian Bay but also from other sources, in
the large catchment area of the basin (Löffler et al., 2000).
However, most organic matter comprised in FLSM is au-
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Fig. 7. Changes in heavy metals concentrations in FLSM normal-
ized to Al (a) seasonal, and(b) spatial.

tochthonous, as indicated by stable carbon (δ13C) and ni-
trogen (δ15N) isotopes ratios. This feature was thoroughly
discussed and explained by Voss and Stock (1997).

Apart fromδ13C andδ15N values which clearly differenti-
ate FLSM collected at different stations, chemical properties
of FLSM are scattered. Although average values discussed
above indicate spatial and temporal pattern, large standard
errors underline intensive scatter of results. Properties of
FLSM collected at subsequent stations within one expedi-
tion, frequently show no pattern at all, or pattern different
from that emerging from profiles of average properties. This
may originate, as indicated earlier, from diversified sources
of suspended matter, supplying the system with suspended
matter with varying intensity. Moreover, the shallow, near-
shore environment is highly dynamic since wind induced cur-
rents cause displacement of FLSM with frequency depend-
ing on the water depth. It is estimated that at the OT station
events of FLSM resuspension and transport occur twenty to
forty times per year, while at the TW station such events oc-
cur few times per year at the most. It may also happen that,
at least temporarily, direction of FLSM offshore transport is
reversed.
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Fig. 8. Dendrogram of the analysed cases (P1–P5: samples col-
lected at AB, P6–P13: samples collected at NR; P14–P20: samples
collected at TW; P21–P30 samples collected at OT).

A suitable tool for investigating hidden patterns in data
sets of the described sort is multivariate statistical anal-
ysis. From among many statistical techniques, principal
component analyses (PCA), and cluster analyses (CA) are
frequently applied to geochemical and chemical data sets
(Manly, 1990; Meglen, 1992; Szefer et al., 1995), and are
used in this study to assess factors conditioning FLSM.
Meglen (1992) suggests that multivariate analysis begins
with the CA, and then is followed and confirmed by a multi-
stage PCA.

6.2 Cluster analysis (CA)

A dendrogram showing distribution and association of the
analysed samples is presented in Fig. 8. Six major clusters,
marked with letters, can be recognized in the dendrogram.
Cluster A represents samples collected at the AB station.
The samples are clearly separated from other samples col-
lected in the system. This underlines substantial difference
between properties of the AB samples and those collected
from other stations, closer to the Odra mouth. Both anoxic
conditions and prolonged time of the matter residence on the
sea floor may be responsible for the phenomenon (Siegel et
al., 1999). Moreover, Pempkowiak et al. (2002) indicated
substantial mass exchange between FLSM and fine fraction
of surface sediments. Substantial contribution of suspended
matter from other areas than Pomeranian Bay/Odra River
system to FLSM was reported (Emeis et al., 2002), and may
contribute to the specific properties leading to the separation
of the AB station samples, from others collected in the sys-
tem. Cluster F, opposite to cluster A is composed of two
samples collected at the OT station, the one closest to the
Odra River mouth. Both samples were collected following
the period of heavy flood in the Odra catchment area and,
quite likely, represent allochtonous suspended matter. Clus-
ter B comprises samples collected at stations OT (22, 23),
NR (6, 7), and TW (14, 15) in October 1996. Close associ-
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Fig. 9. Dendrogram of the analysed FLSM properties.

ation of samples indicates relative homogenity of FLSM in
the Pomeranian Bay at that sampling time. However, sample
5 collected at the AB station at the same expedition in Oc-
tober 1996 is incorporated in the AB cluster (A), indicating
and confirming specific composition of FLSM there.

The other three clusters (C, D, E) comprise samples col-
lected at the OT, NR, and TW stations. It is worth noticing
that individual clusters comprise samples differing not only
with locations where they were collected, but season as well.
It is characteristic that samples from the NR station were col-
lected several months after those from the OT station, while
samples from the TW station – still later than those from the
NR station (see Table 2 for comparison). This indicates that
FLSM retains its properties (a memory effect) when trans-
ported from the Odra River mouth (OT station) seaward (NR
station, followed by TW station) to a degree enabling time
independent clustering. The distribution can be used for as-
sessing time and velocity of migration. In 4 out of 5 instances
when the “movement” of samples characterized by similar
properties was noticed, the time required for FLSM to move
from OT to TW stations is in the range from 4–9 months.
The thesis that pattern of FLSM properties can be recog-
nized after several months and after covering some 200 km
was also investigated using method developed by Krumgaltz
(1993). The method is based on measuring ratios of heavy
metals concentrations (Table 3) and using the values for fin-
gerprinting the samples. Specific values of the ratios can be
detected along the transect, corresponding to patterns found
in the clusters C, D, and E (Fig. 8).

In Fig. 9, a dendrogram showing distribution and associa-
tion of the analysed properties is presented. Clustera com-
prises concentrations of lithogenic elements (Li, Co, Ni, Fe)
and properties closely associated with concentration of or-
ganic matter (LOI, FA, HS, N, P). Copper characterized by
high anthropogenic enrichment factor in the Baltic sediments
(Pempkowiak, 1991; Szefer et al., 1995) is also included
in the cluster. This might be caused by affinity of the ele-
ment to organic matter in general, and sedimentary humic
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Table 3. Fingerprinting FLSM.

Cruise date
FLSM characteristics

OT NR TW AB
Cu/Co Fe/Co Cu/Co Fe/Co Cu/Co Fe/Co Cu/Co Fe/Co

October 1996 2.7* 0.20* 3.8 0.31 3.9 0.30 3.8 0.35
March 1997 4.0 0.25 3.3 0.29 2.6 0.20 2.6* 0.20*
August 1997 3.2 0.44 3.9 0.41 3.7 0.31 3.4 0.36
December 1997 5.2 0.38 3.5** 0.54** 4.1 0.34 3.9 0.27
June 1998 4.4 0.39 4.2 0.36 3.3** 0.51** 3.6 0.40
December 1998 4.0 0.30 4.4 0.45 3.6 0.30 3.3** 0.53**

*, ** Specific ratios of metals in samples collected along the Odra mouth – Arkona Deep transect.

substances in particular (Pempkowiak and Szponar, 1995).
The lithogenic elements – organic matter cluster (a) is as-
sociated with clustera′ comprising Al – another lithogenic
element, and Zn – most often included in the group of “an-
thropogenic” metals (Szefer et al., 1995). Both thea and
a′ clusters are closely associated with a cluster comprising
salinity (SALINITY), depth of water at the sampling sites
(DEPTH), and their distance from the Odra mouth (DIST).
These associations point at the Odra River as the source
of material, and the major factor influencing distribution of
lithogenic metals in the coastal environment. Clusterc com-
prises two anthropogenic elements Cd, and Pb as well as hu-
mic acids – HA (possibly organic complexes with heavy met-
als), and Chla (indicative of primary production intensity).
These are closely associated with concentrations of Mn (in-
dicator of red-ox potential shifts) and branched fatty acids –
BRANCHED (indicator of microbial activity). In clusterd
fatty acids, excluding the saturated ones, are grouped. These
are associated with calcium carbonate concentration, indicat-
ing contribution of mussels abundant in the Pomeranian Bay:
Mytilus edulis, Mya arenaria, andMacoma balthica(War-
zocha, 1994) to the pool of fresh organic matter (unsaturated
fatty acids are a labile fraction of organic matter – Pazdro et
al., 2001). It is quite likely that the mussels contribute to the
enrichment of FLSM with Cd and Pb, sinceMytilus edulisis
known to accumulate Cd, whileMya arenariaandMacoma
balthicapreferentially accumulate Pb (Szefer , 1987).

Cluster e indicates close relation between distribution
of stable isotopes in organic matter, and concentration of
chromium. Distribution of stable isotopes is closely related
to the provenience of organic matter. It is also the property
characterized by the smallest standard deviations of average
concentrations at subsequent stations, and exhibiting the well
developed trend (95% of land derived organic matter at the
OT station; 5% of land derived organic matter at the AB sta-
tion). It may be assumed, therefore, that chromium in FLSM
is supplied to the system with the Odra River run-off, and dis-
tributed similarly to land derived organic matter (steep gra-
dient of land derived components off-shore). It is interesting
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Fig. 10. Scatterplot of the object samples properties loadings in
space spanned by axis PC1 and PC2 of the analysed data set.

to see that saturated fatty acids, are also included in thee

cluster. The feature strongly supports conclusions of Pazdro
et al. (2001) who pointed at long chain saturated fatty acids,
a stable fraction of organic matter, as closely related to the
land derived organic matter.

6.3 Principal components analysis (PCA)

In Table 4 results of PCA are presented. The first five prin-
cipal components (PC) are responsible for some 74% of the
data scatter. The PC6 eigenvalue indicates contribution dif-
fering little from contributions of each of the thirty variables
included in the data set. Basing on PCs eingenvalues the
number of evaluated PCs was limited to the first five. Load-
ings of the PCs, subjected to further analysis, are presented
in Table 5. In Fig. 10 distribution of PC1 and PC2 loadings
is presented in the scatterplot of individual variables in space
spanned by axis PC1 and PC2.

A number of FLSM properties exhibit PC1 loadings ex-
ceeding 0.6. These include Cu, Co, Ni, Fe, LOI, Li, P, N
(components of thea cluster – Fig. 9), Zn, and Pb. The
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Table 4. Results of PCA.

Principal Component
Characteristics

Eigenvalue Explained variability(%) Cumulative eigenvalue Cum.explained variability (%)

1 8.53 25.11 8.53 25.11
2 7.22 21.23 15.76 46.35
3 3.67 10.85 19.45 57.21
4 2.88 8.49 22.33 65.70
5 2.73 8.05 25.07 73.75
6 1.67 4.92 26.75 78.68
7 1.37 4.05 28.13 82.73

Table 5. The first five PCs loadings.

Properties
PC loadings (Varimax rotation)

PC 1 PC2 PC3 PC4 PC5

LOI 0.615827 −0.131215 0.135703 −0.116643 −0.158778
HA % 0.764951 0.244689 0.031128 0.016921 0.063215
FA % 0.622782 0.521088 0.096235 −0.122844 0.048274
HS % 0.717535 0.091280 −0.017029 0.200468 −0.341112
TFAF −0.103623 −0.148583 0.804567 0.298030 0.152843

SATURATE −0.151261 −0.197577 −0.894538 0.149026 −0.069372
MONOUNSA 0.134285 0.103319 0.802867 −0.324078 0.060624
POLYUNSA 0.056482 0.312121 0.825113 0.093179 0.133130
BRANCHED 0.023038 0.065904 0.227170 −0.770905 0.094131

PB 0.622738 −0.018872 −0.103822 −0.339346 0.230029
CU 0.806217 −0.195065 −0.110383 −0.374885 0.184319
CD 0.610996 0.475611 0.341783 0.007825 0.148894
FE 0.795886 −0.147878 0.073624 −0.285510 −0.050702
CR 0.169184 −0.408616 0.061850 0.203638 0.626316
MN 0.358417 0.465929 −0.277963 −0.379490 −0.297228
CO 0.798616 −0.444187 −0.174920 −0.054096 −0.024167
NI 0.854760 −0.051373 0.072531 0.194649 0.105215
ZN 0.744949 0.187217 0.080519 0.118211−0.202666
AL 0.331586 −0.051579 0.516195 0.403984 −0.258158

N TOT % 0.674489 0.228624 0.342183 0.298404 0.214571
CA CO3 % 0.081751 0.333692 0.252231 0.718889 0.159130

δ 15 N 0.151160 0.893782 0.164908 0.043205 0.215380
δ 13 C −0.372765 0.705305 0.265600 0.145884−0.069663
LI PPM 0.642370 −0.535120 −0.078994 0.360288 0.150337
P PPM 0.735087 0.099368 0.251127 0.273612 0.131260
C ORG 0.689340 0.229371 0.042478 −0.224912 0.138206
Depth −0.005356 −0.989345 −0.055603 −0.043507 −0.006959

Distance −0.134794 −0.924796 0.005893 −0.034832 −0.136303
Salinity 0.076838 −0.953152 −0.090243 −0.043946 0.071806
CHL a −0.113655 0.286276 0.260015 0.128807 0.736589

Eigenvalue 7.774360 6.036083 3.816995 2.534828 2.349314
Expl.variance 0.2511 0.2123 0.1085 0.0849 0.0805

pattern indicates that PC1 meaning could be attributed to
contribution of lithogenic (land) derived material in FLSM.
The eigenvalue of 8.53 corresponds to 25.1% of total vari-

ability in the data set. The PC2 (eigenvalue 7.22, variance
21.2%) is characterized by large loadings of stable isotopes
(δ15N, δ13C), salinity, water depth, and distance from the
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Table 6. Summary of PCA.

PC
Explained

Assigned meaning
Variability % Cum. Variab. %

1. 25.1 25.1 Distribution of heavy metals and humic substances.Contribution of lithogenic
and land derived material.

2. 21.2 46.3 Distance from the shore, contribution of autochthonous material.Influence
of time dependent processes (abrasion, fine sediment fraction, autohtonous
organic matter, atmospheric deposition).

3. 10.8 57.2 Distribution of straight chain fatty acids.Contribution of fresh organic matter.

4. 8.5 65.7 Distribution of branched fatty acids.Microbial activity.

5. 8.1 73.8 Chl.a, Temperature.Seasonality of properties.

shore (the Odra river mouth). Salinity and water depth in-
crease with increasing distance from the river mouth, while
contribution of land derived organic matter decreases sharply
from 95% at the nearshore OT station, to 5% at the offshore
AB station (Emeis et al., 2002). Therefore the distance from
the Odra River mouth can be assigned as actual meaning of
PC2. It is worth stressing that distance from the shore, in
this instance, describes collectively a number of time depen-
dent factors decisive for the FLSM properties. These will
include contribution of autochthonous organic matter (Voss
and Stock, 1997; Emeis et al., 2002), time factor important
for the load of fine sediment fraction contributing to FLSM
(Pempkowiak et al., 2002), atmospheric input (Löffler et al.,
2000; Witt et al., 2001), and both autohtonous organic mat-
ter production and biochemical degradation (Pazdro et al.,
2001).

This assignment is supported by the PC2 loadings exceed-
ing 0.9 for a set of variables closely attributed to the distance
from the shore. It is also strongly supported by distribution of
sample scores presented in Fig. 11, in space spanned by axis
PC1 and PC2. Samples collected at subsequent stations are
separated into clusters according to PC2 scores. It is inter-
esting to notice the strong separation of the Arkona Becken
samples, and much weaker separation of samples collected
at the other stations. This is in agreement with cluster analy-
ses presented in Fig. 8. No seasonal pattern can be assigned
to either PC1 or PC2. Some attention is to be paid to the
fact that PC1 scores of samples collected at different stations
do not separate them. This originates from, and supports,
the meaning assigned to PC1. Material of land origin is, af-
ter all, a major component of FLSM collected at all stations
(Löffler et al., 2000; Leipe et al., 2000). One exception is or-
ganic matter as indicated by stable isotopes (δ15N, δ13C), and
chromium, most likely, due to the steep gradient, and lack of
land associated contents at the offshore stations.

Distribution of straight chain fatty acids sets PC3 (Ta-
ble 5). Since saturated fatty acids (large positive PC3 load-
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Fig. 11. Scatterplot of the object samples scores in space spanned
by axis PC1 and PC2 of the analysed data set.

ing) are relatively resistant to biodegradation, while mono-
and poly-unsaturated ones (large negative PC3 loadings) are
considered to be labile (Pazdro et al., 2001; Canuel and
Martens, 1996), the PC3 differentiate between fresh and old
organic matter. Distribution of branched fatty acids sets PC4.
This fraction of fatty acids originate from bacterial activity
(Brown et al., 1996; Pazdro et al., 2001). Therefore, it can be
safely assumed that PC4 represents the influence of bacterial
activity on FLSM properties. Both Al and CaCO3 concen-
trations are characterized by substantial PC4 loadings values.
Both are opposite to branched fatty acids loading. Both wa-
ter temperature and Chla show large PC5 loading values.
Water temperature is closely related to season as is Chla.
Therefore, conclusions drawn from the time related pattern
of properties discussed earlier and presented in Fig. 8 and
Table 3, combined with the meaning of PC5 indicate sea-
sonality of the properties. In Table 6 summary of PC eigen-
values and actual meaning assigned to subsequent principal
components is given.
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7 Conclusions

FLSM samples were collected from four stations situated
along a main route of currents leading from the mouth of
the Odra River to the depositional area at the Arkona Deep
in the period December 1996–December 1998.

Twenty six properties of the samples were analysed. These
included concentrations of heavy metals (Ni, Co, Fe, Mn, Zn,
Cd, Cu, Pb, Cr, Al), organic matter (Loss on ign., Corg, Ntot,
Ptot, δ13C, δ15N), organic matter fractions differing with re-
sistance to degradation (humic substances, fatty acids), and
shell debris (CaCO3). The so obtained data set, amended
with environmental characteristics of the sampling sites, was
then subjected to statistical analyses. The FLSM spatial
changes caused by the land derived material dilution with the
autochthonous one were documented. Seasonal changes, al-
though less visible, were also noticed. Applying multivariate
statistical analysis (both PCA and CA) led to dimensional-
ity reduction in the data set. Contribution of lithogenic ma-
terial (PC1 – 25%), influence of time dependent processes
including contributions of autochthonous organic matter, at-
mospheric input, fine fractions of sediments, biochemical
degradation (PC2 – 21%), contribution of fresh organic mat-
ter (PC3 – 13%), bacterial activity (PC4 – 8%), and season-
ality (PC5 – 8%) were recognized as main factors control-
ling properties of FLSM in the investigated system. Samples
clustering indicated both Arkona Deep and the Odra River
mouth as end members of the FLSM in the system. The
FLSM properties changed substantially on passage from the
high energy shallow environment to the depositional area.
On several instances the passage time was evaluated to be in
the range from 4 to 9 month.
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