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ABSTRACT: Particulate matter settling out of the water column was collected continuously over a two-year period by means of
multisample sediment traps in the coastal waters of the Western Baltic Sea. The content of PCBs and organochlorine pesticides of
this matter was determined and compared with its dry weight, and with its organic carbon, nitrogen, and plant pigment content.
The pesticide content of this material was highly variable and a marked decline in absolute concentrations was present from
1975-1977; in most samples from 1977, pesticide content was below detection limit. For PCBs, a distinct annual cycle was
observed which was inversely related to the rates of sedimentation of seston; highest absolute values for PCBs in each year were
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recorded during the summer. The input rates of PCBs to the sediments ranged between 112.10° and 24.10° ng m~2y~".

INTRODUCTION

Chlorinated hydrocarbons enter the surface layers of
the sea through atmosphere, land drainage and ship-
ping. Sources and fate of these pollutants in the sea
have been discussed by several authors (Holden, 1970;
Walsh, 1972; Harvey et al., 1973; Dawson and Riley,
1977). The removal of these compounds from the sur-
face layer and introduction to deeper layers and/or
sediments is effected by various agencies such as mig-
rating organisms, vertical mixing processes and
adsorption onto sedimenting particulate matter. The
latter process is a major transport pathway in the sea,
and life below the euphotic zone is dependent for its
energy requirements on material derived in this way.
The sedimenting particles may be living organisms
(plankton), dead organic matter (organic detritus) as
well as inorganic particles (inorganic seston). As a
result of adsorption, it is possible for any of these
categories of particulate matter to contain chlorinated
hydrocarbons (Weil et al.,, 1973; Derenbach et al,
1978). Thus, sedimentation is bound to be an important
mechanism by which pollutants introduced into the
surface layer will be dissipated throughout the marine
ecosystem.
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Quantity and composition of the particulate matter
depends on both hydrographic regime and seasonal
cycle of plankton (Smetacek et al., 1978). Therefore, it
can be assumed that the quantity of chlorinated hydro-
carbons transported vertically will vary seasonally,
depending not only on input rate to the sea surface, but
also on quantity and composition of the material sink-
ing out of this layer.

The aim of the present investigation was to assess
the amount of chlorinated hydrocarbons reaching the
sediments in sinking organic matter during the course
of two years, and to ascertain the presence of seasonal
trends, possibly linked to factors controlling the
sedimentation process. This investigation was carried
out within the framework of the Special Research Pro-
ject 95 (SFB 95) at Kiel University, investigating the
interaction between sea and sediments in the South-
Western Baltic Sea, and DFG project Eh 39/17. Sedi-
ment traps were employed to collect the material
analyzed in the investigation. The investigation site —
the 'Hausgarten’ of the SFB 95 project — was situated at
the entrance of a shallow fjord, about a nautical mile
from the coast. Land run-off into Kiel Bight is minimal
as the watershed in Schleswig-Holstein lies close to
the eastern coast. Much of the land area surrounding
Kiel Bight is under cultivation and no major industrial
centers are present in the region.

The hydrography of Kiel Bight is fairly well-known
(e. g. Bodungen, 1975; Lenz, 1977). It is characterized
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by influxes of low salinity water from the Baltic Sea
proper and of higher salinity water from the Kattegat.
The SW corner of Kiel Bight, where the 'Hausgarten' is
situated, is well away from the major pathway of water
exchange and the residence time of water here is
longer than elsewhere in the region. The water column
is generally homogeneous during winter and strongly
stratified during summer, with a halocline at a depth of
8-14 m. Plankton ecology in relation to seasonal cycles
of suspended particulates and sedimentation rates at
the investigation site and elsewhere in Kiel Bight has
been the subject of many papers (e. g. Krey, 1961;
Zeitzschel, 1965; Lenz, 1974; Bodungen et al., 1975;
Smetacek and Hendrikson, 1979).

MATERIAL AND METHODS

Sedimenting material was collected at the 'Hausgar-
ten’ by means of multisample sediment traps that
enable a short-term resolution of sedimentation rates
to be made (Zeitzschel et al., 1978). Two traps were
suspended, one at 2 m and the other at 5 m above the
bottom at water depth of 20 m. The 2-m trap was de-
ployed from November 1975 to December 1977; the
5-m trap from March 1976 to December 1977. Until
December 1976, collections of sedimenting material
were made at 2-d intervals; 4-d intervals were used
thereafter.

The material collected in each of the glasses of the
traps was strained through a 300 um gauze to remove
larger zooplankton and then suspended in a known
volume of filtered sea water. Subsamples for analysis
were pipetted from this suspension, kept homogeneous
by agitation.

The dry weight (DW) of particles < 300 ym was
determined on precombusted Whatman GF/C filters as
described by Lenz (1977).

Particulate organic carbon (POC) and nitrogen
(PON) on the filters were measured with a CHN-
Analyzer (Hewlett Packard, 185 B) after pre-treatment
in the sample boats with diluted HCl to remove carbo-
nate.

Chlorophyll a and phaeopigment analyses were car-
ried out as recommended by UNESCO (1966), using a
cell mill to homogenize the samples (Derenbach,
1969). Spectrophotometric equations given by Loren-
zen (1967) were used for evaluating chlorophylls and
phaeopigments. As chlorophyll degradation to phaeo-
pigment occurred in the collecting glasses, both values
were added together and are referred to as
chlorophyll-a-equivalents (chl.-a-equiv.) below. Total
carotenoids were estimated from the absorption at
480 nm as suggested by Strickland and Parsons (1972}.

Chlorinated hydrocarbon levels present in 2-d sam-
ples were below detection limit; therefore, a number of
samples (the number depending on the dry weight
content} had to be pooled for each analysis. Five
pooled samples were analyzed for each year. The fil-
ters were extracted with a mixture of acetone-water
(3:2 by volume) in a Soxhlet apparatus for 6 h. The
extracts were concentrated in a rotary evaporator until
most of the acetone had been evaporated, and the
remaining aqueous solution was extracted three times
with small amounts of hexane. The combined hexane
phases were successively shaken with distilled water,
concentrated sulfuric acid, distilled water again,
reduced to a small volume (200-300 ul) and fraction-
ated by liquid-liquid chromatography. The latter was
performed on a column of 3.5 %, deactivated silicagel
(0.04-0.63 mm grain size) by elution with hexane fol-
lowed by hexane-ether (9 + 1) to give two fractions:
the first containing the PCBs and pp’-DDE, and the
second the rest of the organochlorine pesticides. Both
fractions were evaporated to '/i0 of their volume to give
an appropriate concentration for the linear range of the
EC-detector, when injecting a 10 ul aliquot into the
GC. For details see Osterroht (1977).

Surface sediments from the vicinity of sediment traps
were sampled with a bottom corer. After freezing, the
upper 1cm sediment layer was sliced off and desic-
cated in a drying chamber at 80 °C for 3 h. After weigh-
ing, the dried sediments were extracted by the same
procedure described above.

Gas chromatographic conditions: Chromosorb W
AW-DMCS was deactivated with 6°%, Carbowax
according to the method of Aue (Aue et al. 1973, 1974)
and coated separately with both 2 °/ OV 101 and 2 °/
QF-1 as stationary phases. The two packings were
mixed in equal portions and packed into micropack-
columns (i. d. 0.8 mm, 1.50 m length). The 5730A Hew-
lett-Packard GC was equipped with a pulsed ECD and
connected to a 3380 A integrator. Quantitative evalua-
tion was achieved with the aid of an external standard
(Clophen A60). Five of the major peaks arising from
the PCBs were measured.

All data were calculated on the basis of results from
aliquots for the whole sediment traps per day, corres-
ponding to the fallout from one square meter of surface
per day to make them comparable to the other parame-
ters.

RESULTS

Data for sedimentation rates of organochlorine com-
pounds from the two traps are given in Table 1. There
is a striking decline in the amounts of pesticides sett-
ling out of the water column during the course of the
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Table 1. Input rates of PCBs and organochlorine pesticides into sediment traps in ng m~2 d~'. Values at 2 m and 5 m are from
traps suspended 2 m or 5 m above the bottom. — no data

Period PCBs Lindane Dieldrin DDE DDD DDT
2m
5. XI.—16. XII. 75 844.6 1986.7 546.3 - - -
9.1.—29.11. 76 459.3 571.8 100.0 - - -
1. 1II.—29. 1V 76 - 150.7 8.0 - 1.8 -
29.IV.—10. VIII. 76 318.2 85.9 216.7 65.0 154.7 1121
10, VIII.—22. IX. 76 758.3 - - 243.3 - -
5.X.—23.XI. 76 457.8 146.7 101.2 - 96.1 10.1
28. XII. 76 —28. II. 77 - - - - - -
28.11.—30. IV. 77 67.5 - - - - -
8. V.—29. VIII. 77 124.3 - - - - -
30. VIII. - 17. X. 77 168.4 - - - - -
17. X.—22. X1I. 77 — - - - - -
Sm

1.1I1.—22.1IV. 76 550.8 137.7 7.3 - 1.8 -
29.1V.—10. VIIIL. 76 175.4 - - 17.8 — -
10. VIII.—22. IX. 76 363.6 — - 86.2 — —
22.IX.—23. XI. 76 196.4 - 10.1 — 10.1 —
23. XI1.—28. XII. 76 - - - - — -
28, XII. 76 —28. 11. 77 - - - - — -
28.11.-4.V 77 68.5 - 9.1 - 9.1 -
8. V.—1. VIIIL. 77 137.7 — - - - -
2. VIII.—23. IX. 77 254 .4 - - - - -
23.IX.—10. XII. 77 78.3 - — - = -

Table 2. Sedimentation rates of seston (dry weight), particulate organic carbon (POC) and nitrogen (PON), chlorophyll a
equivalents (chl.-a-equiv.) and total carotenoids (carot.}) in mg m~2 d~'. Values at 2 m and 5 m are from traps suspended 2 m or
5 m above the bottom

Period Seston POC PON Chl.-a equiv. Carot.
2 m
5. XI.—16. XII. 75 5584 362 41 2.4 1.0
9.1.—29.1I. 76 16476 707 93 54 2.8
1.111.—29.1V. 76 4050 257 32 4.4 1.5
29.IV.—10. VIII. 76 797 92 10 0.6 0.3
10. VIII.—22.IX. 76 3960 311 41 2.7 1.8
5.X.—23. XIL. 76 6188 411 41 2.4 2.0
28. XII. 76 —28. I1. 77 5436 223 28 1.5 0.9
28.11. -30. 1V. 77 2051 147 15 2.8 1.1
8. V.—29. VIIL. 77 376 41 5 0.4 0.2
30. VIII.—17. X. 77 1658 154 16 3.8 1.5
17. X.—22. XII. 77 8419 371 39 2.2 1.2
5 m
1. 1I1.—29.1V. 76 3083 226 27 3.1 1.0
29.IV.-10. VIIL. 76 495 65 7 0.7 0.2
10. VIII.-22. IX. 76 2787 282 33 39 2.5
22.IX.—23. X1. 76 3413 190 27 2.1 1.3
23. XI.—28. XII. 76 4974 178 25 2.9 1.5
28. XII. 76 —28. 11. 77 2830 118 15 0.8 0.4
28.11.—4. V. 77 2648 159 18 3.5 1.4
8. V.—1. VIIL. 77 556 71 9 0.9 0.4
2. VIIL. - 23. IX. 77 375 49 6 0.8 0.2
23. IX.—10. XII. 77 1848 177 22 1.6 0.9
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Fig. 1. Histograms: sedimentation rates of seston dry weight
(g m™ d7') averaged for periods when samples were pooled

for analysis of PCBs. Curves: ratios of PCBs per dry weight
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Fig. 3. Sedimentation rates of particulate organic nitrogen
(PON mg m2d™!) and ratios PCB: PON (ng : mg) in histo-
grams and curves, respectively. Further details as in Figure 1
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Fig. 2. Sedimentation rates of particulate organic carbon
(POC mg m?d-!) and ratics PCB: POC (ng : mg) in histo-
grams and curves, respectively. Further details as in Figure 1
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curves, respectively. Further details as in Figure 1
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investigation period, with practically zero values
recorded during 1977 from both traps. The position is
different for the PCBs where substantial amounts were
recorded in 1977 although these values are generally
lower than those of 1976.

Sedimentation rates of the particulate matter and its
various components recorded by the two traps for the
period investigated are given in Table 2 and shown in
histogram form in Figures 1-4. Highest and lowest
annual rates were found for both traps during winter
and summer, respectively, with intermediate values in
spring and autumn. No relationship between sedimen-
tation rates of pesticides and particulate matter is pre-
sent, but for PCBs an inverse relationship between
particulate matter and its content of PCBs is apparent.
This has been shown in the curves depicting the ratios
of the dry weight of particulate matter as well as its
various components to the content of PCBs also given
in Figures 1-4. A very striking cycle is present in these
curves which is common to traps from both depths,
apart from a slight phase shift in the summer of 1977.
This cycle appears to be seasonal and, in general, it
can be stated that maxima are present in summer and
minima in winter. However, there are temporal shifts
in this pattern from one year to the next: the first
minimum is in February/March, the other two in mid-
winter; the 1976 and 1977 peaks are in June/July and
July/September, respectively. From Table 1 it can be
seen that the absolute amounts of PCBs in summer
were higher, concomitant with lower rates of sedimen-
tation of particulate matter (Table 2), than during the
rest of the year. The presence of this distinct seasonal
cycle may be related either to the rates of input of PCBs
into the system or to ecological factors associated with
the seasonal cycle of sedimentation in Kiel Bight.

PCBs entering Kiel Bight may originate from several
sources, all of which are difficult to quantify, as Kiel
Bight receives water from the Baltic Sea as well as the
North Sea.

The seasonal cycle in the quantity and composition
of the particulate matter and its relationship to the
plankton ecology and hydrography of Kiel Bight is
described in greater detail elsewhere (Smetacek, in
press); only a brief description is given here. Data on
plankton ecology have been taken from Bodungen
(1975), Smetacek (1975) and Smetacek and Hendrik-
son (1979).

During the winter months primary production is at
its lowest although the sedimentation rates are the
highest of the year. These high sedimentation rates are
evidently the result of resuspension of surface sedi-
ment as the hydrographical conditions (homogeneous
water column) and meteorological (prolonged stormy
weather) factors combine to produce higher turbulence
levels in the water column in winter than at other times

of the year. This resuspension is also reflected in the
greater amounts collected by the lower trap during
winter. When resuspension is not of importance,
amounts collected by the two traps are much more
similar.

Much of the biomass produced by the spring phyto-
plankton bloom in March/April sediments out of the
water column and is clearly recognizable in sediment
trap material by increases in the proportions of carbon,
nitrogen and pigments relative to the dry weight.
Sedimentation rates in summer are generally low,
although production rates and plankton biomass levels
are comparatively high throughout this period.
Organic matter in the water column is apparently
turned over more rapidly than it can sediment, the
former process being aided not only by higher temper-
atures but also by the large zooplankton stocks present
in the summer months. In autumn, Kiel Bight plankton
is characterized by a large population of dinoflagel-
lates (various Ceratium spp.) to which zooplankton do
not appear to be partial. Organic carbon present in this
population sediments out in a fashion similar to the
spring bloom. Thereafter, the winter situation prevails.
Because of lumping of data, this pattern is not so
evident from the histograms given in Figures 1-4, but
the trend can be discerned.

The annual cycle described above was found both in
1976 and 1977, although the absolute amourits of
sedimented matter differed considerably from year to

Table 3. Amounts of PCBs and organochlorine pesticides in
two surface sediment samples from April 1978, expressed as
ng g~ ! dry weight of sediment

PCBs 8.4 10.8
Lindane 2.4 3.2
Dieldrin 0.9 1.3
DDE 1.3 0.47
DDD — -
DDT 1.1 1.5

year. Thus, during 1976, a total of 61 g C m™2 was
collected by the lower trap during the growth season of
plankton (March—October), whereas in 1977 only
22 g C m~2 was recorded for the same period.

Concentrations of chlorinated hydrocarbon in sur-
face sediments are shown in Table 3. The PCB content
of the sediment on a dry weight basis is much lower
than that of the particulate material collected by the
traps from the water column during summer, but simi-
lar to values recorded during winter. This is further
proof that winter sedimenting matter is indeed resus-
pended sediment.
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DISCUSSION

Material collected by sediment traps is equivalent to
information integrated over time; hence the time scale
of each measurement carried out on such material is
much larger than when discrete samples are collected
from the water column (Soutar et al., 1977). Thus,
although the number of data presented here is only 5
per annum, these values can be regarded as rep-
resentative of the whole year, which would certainly
not be the case if the water column itself had been
monitored the same number of times. However, since
the results determined with traps depend on trap shape
and current speed around the orifice, they do not
necessarily give a correct picture of the actual
sedimentation flux (Gardner, 1977). The performance
of the traps used in this study has been discussed by
Smetacek et al. (1978) who have shown that they tend
to underestimate the actual sedimentation rate, and
that the greater amounts collected by lower traps is not
only due to resuspension but is also related to trap
efficiency. The lower trap (2 m above bottom) gener-
ally collected more material, even during periods
when resuspension was low; it is believed, therefore,
that these results are more representative of the actual
flux than those from the upper trap. Suprisingly, lesser
amounts of chlorinated hydrocarbons were collected
by the upper traps during 1976, but in 1977 the situa-
tion was reversed although discrepancies in the
amounts collected by the two traps were less in 1977
than in 1976.

For all pesticides, the decline in input to the sedi-
ments from 1976 through 1977 is noteworthy. During
1977, less sedimenting material was collected by the
traps than in 1976, and, although this could serve as a
possible explanation for the accompanying decline in
PCBs, the almost total absence of other organochlorine
compounds from the 1977 material is in all probability
due to other factors. The ban on the use of DDT and the
restrictions on the use of other chlorinated hydrocar-
bon pesticides imposed by the states bordering the
Baltic Sea during the past few years could possibly
explain the decline in these compounds. The sporadic
appearance of pesticides in particulate matter during
1976 is more likely related to input rates into the sea
than to the autochthonous processes of particle forma-
tion and sedimentation within the water column. High
concentrations of pesticides were recorded both during
summer and winter when sedimentation regimes differ
drastically.

Surface sediments contained measurable amounts of
all the organochlorine compounds sought except DDD,
and the ratios of these compounds to each other dif-
fered widely from those found in matter settling down
the water column. Whether the fact that the PCBs

content of sediments is relatively lower than that of the
pesticides is due to differences in breakdown rates, or
whether pesticide inputs in the past were higher than
those during the period of investigation, is a matter of
conjecture. The former effect seems more probable as
the input of PCBs to the sediments was on average
0.19 ng PCBs mg™! of sedimenting matter during the
two years of the investigation, and even if the upper
1 cm of sediment were mixed, the average content of
PCBs in this 1 cm layer should be higher than the
measured 0.0096 ng PCBs mg ! sediment (dry weight).
Thus, in winter when sediment trap material consists
largely of resuspended sediment, its content of PCBs is
low to not detectable.

Not much information is present on the content of
PCBs in the water column of Kiel Bight. The only data
available were recorded in October in both 1974 and
1975 (Stadler and Ziebarth, 1976; Stadler, 1977). The
content of PCBs averaged for both years was
3.1 = 27 ng dm= (n = 12) equivalent to 62 X 10° ng
m~? for the 20-m water column, which is the mean
depth of the Bight. The PCBs present in the water
column can be in various states ranging from dissolved
to particulate (Dawson and Riley, 1977) and without
knowledge of input rates, one can only speculate on
residence times of the pollutants in the water column.
However, annual rates of input of PCBs to the sedi-
ments as recorded by the 2-m and 5-m traps were
112 X 10® and 79 X 10°ng m™ y! respectively, in
1976; corresponding figures in 1977 were 24 X 10° and
33 X 10° ng m™2 y~!. Thus, approximately twice to only
a third of the content of PCBs in the water column
settles out each year.

The seasonality of the rate of input to PCBs to the
sediments is remarkable and is presumably due to the
seasonality in input to the sea surface as well as to the
annual cycle of sedimentation. There are'several path-
ways by which PCBs are introduced into the sea, of
these the paint of ships (Jensen et al., 1972) is likely to
be of importance in the Kiel Bight as it is situated on a
major international shipping route. During the sum-
mer, the number of vessels increases considerably, as
the Bight is a popular water sport resort. Although this
source is difficult to quantify, it is possible that this
seasonality in the recreation industry is one of the
factors influencing the input of PCBs to the sediments.

It is well known that organisms concentrate chlori-
nated hydrocarbons and progressively accumulate
them in their body tissue up the food chain {Olsson et
al., 1973; Sodergren, 1973; Parsons et al., 1977). The
marked seasonality of PCB input to sediments can thus
be attributed to the much higher activity of organisms
during the summer. Most of the organic matter pro-
duced by phytoplankton spring and autumn blooms
(March/April and October, respectively) enters the
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benthic food web as a result of mass sedimentation of
cells. PCB input rates to sediments were low during
these periods in both years. The pelagic food web
develops during late spring and reaches its greatest
complexity in late summer. The combination of high
production and low rates of sedimentation in the inter-
mediate period indicates that the organic matter is
utilized mainly within the water column. The large
number of filter feeders and the frequency with which
organic matter is recycled within the pelagic food web
(Smetacek, in preparation) would lead to the concen-
tration of persistent chlorinated hydrocarbons in par-
ticulate residues of the food web. This is a further
possible explanation for the seasonality of the
PCBs : dry weight ratios of the sedimenting material.

This seasonality in PCB input to the sediments of
Kiel Bight, whether related to the recreation industry,
or to cumulatory effects of the pelagic web in summer,
is likely to have an impact on the benthos because its
biomass reaches its maximum in summer (Arntz, 1971).
Thus, during the period of greatest food demand, the
concentration of PCBs per unit food is the highest for
the year.
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