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ABSTRACT: Biodeposits of the blue m.usse1 bfyWus edulis and pelagic and near-bed settling particu- 
late matter were collected in situ over a 1 yr period in a coastal area of the Northern Baltic proper. The 
amounts of carbon and PCBs (polychlorinated biphenyls) in the collected biodeposits were compared 
to those in pelagic and near-bed settling material and rates of carbon and PCB biodeposition by mus- 
sels were estimated. The filter-feeding activity and subsequent release of faecal matter by the mussels 
increased gross sedimentation of carbon to benthos by 45% if compared to areas with no mussels. By 
selectively feeding on particles rich in organic carbon the mussels also concentrated associated conta- 
minants and thereby increased gross sedimentation of PCBs by 50"'. This suggests that mussel biode- 
position will enhance the availabil~ty of PCBs to benthic deposit feeders Livlng in or in the vicinity of 
mussel beds. Extrapolahon of the experimental results to the total Swedish coastal zone of the Baltic 
proper indicates that mussel biodeposition is responsible for a significant part of PCB net sedirnenta- 
tion, i e. 17 % or 96 kg yr-' Consequently, even when seen from a large geographical scale, mussels are 
important modifiers of PCB cycling by directing considerable amounts of PCBs towards the benthic 
food web and thereby influencing the retention time of these and probably many other contaminants in 
the coastal zone. It is also likely that changes in mussel biornass, for example owing to shifts in primary 
production or salinity, w~ll  markedly affect the transport and fate of contaminants in the Baltic Sea. 
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INTRODUCTION 

Today the magnitude of carbon flows are usually 
rather well understood and quantified in coastal areas, 
whereas comparatively llttle information is available on 
how pollutants are circulated through the ecosystem. 
Since dense beds of filter-feeding mussels may signifi- 
cantly affect carbon flows and nutrient cycling, and 
thus have a large influence on ecosystem processes in 
shallow coastal waters (Kautsky & Wallentinus 1980, 
Cloern 1982, Officer et al. 1982, Dame 1993, Kautsky 
1995), it is of interest to also assess their role in the cir- 
culation of pollutants, especially those that can be as- 
sumed to be linked to the carbon flows. In the Baltic 
Sea, the blue mussel Mytilus edulis totally dominates 

benthic animal biomass in coastal areas (Kautsky 1981, 
Kautsky & Kautsky 1996). These mussels function as a 
connection between pelagic production and the ben- 
thos through biodeposition of faecal matter (Kautsky & 
Evans 1987). Biodeposition has been shown to signifi- 
cantly increase the downward transport of particulate 
matter from the water column to the bottom (Smaal et 
al. 1986, Kautsky & Evans 1987, Dame 1993, Graf & Ro- 
senberg 1997) and may also increase the vertical flux of 
hydrophobic organic contaminants (HOCs) associated 
with this particulate matter (Gilek e t  al. 1997). This will 
increase not only the net sedimentation of HOCs to 
mussel beds, but also the exposure of HOCs to other 
benthic organisms. Mussels may even on a large geo- 
graphical scale influence the transport and fate of cont- 
aminants. In a budget model of HOC cycling by blue 
mussels, Gilek et al. (1997) estimated from literature 
data that mussel biodeposition is responsible for a sig- 
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the field. The objectives of the present study were to 
generate more information on the PCB content of near- 
bed particulate matter, which is utilised as food by the 
mussels, and to quantify the in situ rates of PCB biode- 
position by Baltic blue mussels. 

MATERIALS AND METHODS 

Experimental methods and design. Ivlussel biode- 
posits and settling particulate matter (SPM) were col- 
lected during 2 periods, from October 21, 1996, to 
March 24, 1997, and from May 15, 1997, to Septem- 
ber 22, 1997, referred to as the winter and the summer 
period, respectively. To collect biodeposits and near- 
bed SPM, sedimentation traps (Fig. 1) were deployed 
directly on a mussel bed at 2 depths (7 and 15 m) off 
the wave-exposed shore of the island of Vrdngskar in 
the vicinity of the Asko Laboratory (Southern Stock- . . 

Fig. 1. Design of the bottom sediment traps used to collect holm archipelago, ~ ~ l ~ i ~  proper, sweden) ( ~ i ~ ,  2).  
settling particulate matter (SPM) or Mytilus edulis biodeposits. 
Settling material was collected in glass cylinders (height Within each depth the sedimentation traps were 

500 mm, diameter 105 mm] The tops of all used cylinders were placed approximately 7 m apart. In addition, self-buoy- 
covered by a nylon net (3 mm mesh, 50 mm from the top) A ant pelagic sedimentation traps (Broman et al. 1990) 
group of 30mussels (15 to20mmin shell length) was placedon were used to collect pelagic SPM only. These pelagic 
the nylon net of each cylinder used to collect biodeposits (not traps were anchored at  a depth of 15 m (approximately 
shown in the figure), whereas cylinders used to collect SPM 
did not receive an" mussels. A]] distances are  aiven in mm l0  m with the top the device float- - 

ing approximately 7 m below the water surface (Fig. 2). 
In the sedimentation traps settling material was 

nificant part of PCB net sedimentation in the Swedish collected in gla.ss cylinders (height 500 mm, diameter 
coastal zone of the Baltic proper, i.e. 17 %. However, the 105 mm). The tops of all used cylinders were covered by 
authors concluded that this model had a low numerical a nylon net (3 mm mesh, 50 mm from the top, Fig. 1). At 
precision due to a lack of data on near-bed PCB expo- the beginning of each sampling period the glass cylin- 
sure and insufficient knowledge of several processes in ders were filled with seawater, and 10 m1 of chloroform 

was added at the bottom of each cylin- 
der as a preservative. The mussel M y -  
tilus edulis was collected at a depth of 
5 m at the site of the traps and sorted to a 
shell length of between 15 and 20 mm, 
which is typical of the slow-growing 
Mytilus edulisin the Baltic Sea. A group 
of 30 mussels was placed on the net floor 
of each cylinder used to collect biode- 
posits, whereas cylinders used to collect 
S P X I  did not receive any mussels. Mus- 
sel biomass within the bindeposition 
cylinders ranged between 66 and 103 g 
tissue dry weight (dry wt) m ' during 
thr uxpcrimcnts, which can be com- 
pared with an average mussel b~omass 

Fiq. 2. Experirnrntdl desiqn of the in s i tu  deter~nination of PCB biodeposition in thc surro~inding mussel bed of 85 g 
by .4I!-tilrls rdrlllb. The exprrimrnt \\-cls performed on a nalural muqscl b r d  tissue drv tvt (Littorin fir Gilek 1999). 
(Southern Stockholm arch~pclago, l la l t~c  proper, Swetlen) during both a wintcr ~h~ gless r.ylinders were temporarily 
!Octot>er 10!+6 to bldrch 1997) and a summer period (>lay Lo S e p t ~ n ~ b r r  1997). 
Note that thr  ~ t c l ~ ~ d l  d~stances  between sediment traps in t h ~  experiment covered with aluminium foil before he- 

wer(, lerger IC,pprusi~nately 7 to 10 n~ apdrt within edrh deplhl than ~llustratcd lng ~)lac:''d in ,  orremeved from, the traps 
in this simplif~rrl ~~iclurc! (as described In the 'lldterials ancl methods' section) with the help of SCI!H.A divers. 
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Table 1. Mytilus edulis shell length and shell-free tissue dry weight (mean * SE) at the start (n = 30 mussels) and at the end 
(n = 15 mussels) of the winter and summer biodeposits sampling periods. Mussel density is the geometric mean * SE of the mus- 
sel biomass at  the start and end of each samplmg period. Extractable organics and organic carbon content as % of dry wt (mean 
r SE, n = 3 and n = 15, respectively), and organic carbon-normalised sum PCB, concentrations in shell-free tissue (geomean, 

[95% CI], n = 3). NA = not analysed 

Sampling period Depth 
(mo/yr) (m) 

Winter start (10/96) 
Winter end (03/97) 7 
Winter end (03/97) 15 
Summer start (05/97) 
Summer end (09/97) 7 
Summer end (09/97) 15 

Mussel 
length 
(mm) 

17.3 * 0.3 
20.2 * 0.4 
19.3 * 0.5 
17.9 i 0 2 
22.4 * 0.4 
21.5 * 0.5 

Mussel 
dry wt 
(mg) 

- 

15.8 * 0.9 
30.1 i 2.2 
21.4 * 2.2 
27.0 2 1.4 
56.3 i 4.4 
37.5 r 2.8 

Mussel loss 
& mortahty 

("/.l 

- 
3.3 
3.3 
- 

43.3 
19.2 

Mussel density 
on traps 
(g C m-*) 

28 + 1.6 
39 + 1.3 
31 t 1.8 
48 r 2.5 
46 r 0.5 
45 * 2.6 

Organics 
("/.l 

Carbon 
("/.l 

Mussel sum 
PCB7 

(ng g ' C) 

48 [46-511 
68 [60-783 
86 152-1431 

N A 
45 [39-531 
69 [50-961 

The experimental design consisted of 3 treatments: 
season (winter and summer), depth (7 and 15 m) and 
biodeposits (traps with added mussels and traps with- 
out mussels to measure SPM) and 3 replicate traps 
(n = 3) of each treatment combination. Thus, during 
each collection period (winter and summer) 2 groups 
of triplicate traps (n = 3) were placed at each depth (7 
and 15 m) directly on the mussel bed, 1 group of traps 
with mussels to collect biodeposits and 1 group without 
mussels to collect SPM (Fig. 2). At the start of each 
sampling period traps within each depth were ran- 
domly allocated to collect either biodeposits or SPM. 
An additional sampling of pelagic SPM (as described 
above) was also included to allow comparison of near- 
bed and pelagic SPM (n = 3 traps during each season). 

Sampling. At the start and end of each sampling 
period the following measurements were made on 
mussels: shell length, tissue dry weight, carbon con- 
tent, extractable organics and PCB content (Table 1). 
At the start of each sampling period measurements 
and analyses were performed on mussels taken from a 
stock of newly collected and sorted (15 to 20 mm) mus- 
sels. Mussels were then taken from the same stock and 
placed in the glass cylinders used in the biodeposition 
traps. Shell length and tissue dry weight were mea- 

sured on n = 30 mussels, carbon content on n = 15 mus- 
sels, PCB content and extractable organics were mea- 
sured on n = 3 pooled samples each consisting of 30 
mussels. At the end of each sampling period the num- 
ber of living and dead (shells) mussels remaining in 
each trap was recorded. Furthermore, the length of all 
remaining mussels and shells was measured, tissue dry 
weight and carbon content were analysed on a sub- 
sample of 5 mussels from each trap and the tissues 
from the remaining mussels in each trap (between 10 
and 25) were pooled (n = 3) and used to analyse PCB 
content, total tissue dry weight and extractable organ- 
ics. The trap material was collected at the end of each 
sampling period. A sub-sample of approximately 0.5 g 
dry wt was taken for carbon analysis from each trap. 
The rest of the SPM or biodeposits in each trap was 
used to determine total dry weight, and PCB concen- 
trations (Tables 2 & 3). 

Sample analysis. Mussel tissue dry weight was deter- 
mined by drying shell-free mussels to constant weight at 
60°C. Prior to carbon analysis all samples were dried at 
60°C to constant weight and homogenised by grindlng in 
an agate mortar. The carbon content of the samples was 
determined with a Carlo Erba elemental analyser (E1 108 
CHNS-0). Samples for PCB analysis were Soxhlet ex- 

Table 2. Gross sedimentation and biodeposition (mean * SE, n = 31, as well as organic carbon content in settling particulate mat- 
ter (SPM) and biodeposits (BD) as % of dry wt (mean + SE, n = 3) at the end of the winter and summer sampling penods. Biode- 
position at 7 and 15 m (mean r SE, n = 3) was calculated using site-specific data on mussel biomass from Littorin & Gilek (1999) 

of 54 and 24 g C m-' from 5 and 10 m, respectively 

Sampling period Depth Gross sedimentation Carbon in 
(m) (mg C m-' d-') SPM (%) 

Riodeposition Carbon in BD Biodeposition as % of 
(mg C m-' d-l) (%l gross sedimentation 

Winter 7 pelagic 500 + 120 5.5 + 0.0 
7 near-bed 720 i 90 5.6 * 0.0 
15 near-bed 880 * 30 5.4 t 0.0 

Summer 7 pelagic 680 * 230 13.6 * 0.1 
7 near-bed 530 i 80 11.7 * 0.3 
15 near-bed 370 i 50 9.1 * 0.3 
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Table 3 Organlc carbon-normal~sed sum PCB, concentration (geomean. [95 'X) CI], n = 3) in settling pal ticulate matter (SPM) and 
b~odeposits  (BD) of Mytllus edulls Sun1 PCB, biodeposition at 7 and 15 m (mean k SE, 11 = 3) was calculated using s~te-specific 

data on mussel blomass from L~t tonn & G ~ l e k  (1999) of 54 and 24 g C m - from 5 and 10 m respect~vely 

Sampling period Depth PCB conc In SPM PCB conc in BD PCB gross PCB blodeposition PCB biodeposltlon 
(m)  (ng  g ' C )  (ng g ' C) sed~mentatlon (ng  m ' d.') as %I of gross 

(ng  m d ' )  sedimentation 
- 

Winter 7 pelagic 36 [24-53) - 18 & 3 - - 

7 near-bed 82 [51-131) 65 (48-881 62 T 16 30 + 5 48 
15 near-bed 57 [51-631 84 [73-981 50 z 4 17 + 0 34 

Summer 7 pelagic 105 [63-1741 - 68 k 20 - - 

7 near-bed 63 [37-1061 63 [34-118) 38 & 16 23 t 20 61 
15 near-bed 50 [40-621 70 162-791 1 9 & 4  16 t 6 84 

tracted with toluene for 24 h The amount of extractable 
organic material in the samples was determined by 
weighing the extract residues after evaporating the 
toluene The extract residues were then cleaned up on a 
silica open column and analysed by G U M S  (Hewlett- 
Packard GC 5890 Ser II/MD 5971A) as described by 
Gilek et a1 (1996) The followmg congeners (denoted by 
their IUPAC numbers) were added as "C-labelled In- 
ternal standards and subsequently quantified In the 
samples 52, 101, 105, 118, 138, 153 and 180 To ensure 
h g h  accuracy of the PCB analysis, the quantification was 
limlted to the above-listed 7 congeners added as I3C-la- 
belled internal standards PCB concentiations were ex- 
pressed as the sum of these congeners (sum PCB?) 
These 7 analysed PCB congeners represent apploxi- 
mately 40% of all analysable PCBs (tri- to octachlori- 
nated) present In SPM and sediments from the area of 
the present study (Naf unpubl data) 

Fiq 3 Carbon and sum PCB, budgets for t h r  studied mussel 
h r d  (Southern Stockholm archipelago, Baltic proper, Swpdpn) 
fa )  l lusscl  shrll-free blornass (g  C m .') and ttnnual carbon 
flo~vs (g  C m-.'yr !) S = gross s ed im~n td t~on .  C = cons~rmptinn, 
R = rrsplrat~on anci F = faera[ d?po<~!lon. [h )  Sum PCB? in 
mussrli  m '1 a n d  annual florvs (pq m '  y r  '). Black arrows 
indicatc exposure and ellmlnihtion of ~ a r h ~ l n - d ~ ~ ~ ~ l d t ~ d  PCBs, 
i\.hitr arrnws ~ n d ~ c d t e  exposure dnd elimlnat~on oi freely 
dissolvrd PI-Rs Litidq~t assumptions are r r i ~ ~ n  In  Tt~blr 4 

Biodeposition calculations and statistical methods. 
Biodeposition was calculated using the conservative 
method described by Kautsky & Evans (1987) with 
slight n~odifications. The amount of SPM in the traps 
without nlussels bvas subtracted from the amount of 
biodeposits in the mussel traps (which represented 
both faeces and pseudofaeces from the mussels, and 
SPM). To correct for differences in mussel biomass 
and to compensate for mussel growth or loss during 
the sampling period, all values were divided by the 
geometric mean of the tissue dry weight in each trap 
at the start and the end of the sampling period. Bi- 
odeposition was then related to mussel density data 
from natural mussel beds in the sainpling area (Lit- 
torin & Gilek 1!399), i .e .  biodeposition at 7 and 15 m 
was estimated using site-specific data of mussel bio- 
mass of 54 and 24 g C m-2 reported for 5 and 10 m, 
respectively. 

Fig. 4 .  Carhon and sum I'C'13.r budgrts for the entire Swed~sh 
coddal zonr of thc Baltic proper, la) l\lussrl shell-free bio- 
mdss [kg C' 10") dnd ann~ra l  carbnn flows [ k g  10" y r - l )  
S = qroqs sed~nlentiition. C = cons~ impt~on .  R = rrspirdlion dnd 
F = feecal deposition. ~ h )  Sum lJC'H; In mr lve ls  ( k g )  .rnd 
annual t!ows (kg yr ' 1 .  Hl<~rk arrows ~ n d i c ~ l t e  rxposure and 
elirnintrt~on ol ciirlxln ~issor~i l t r t l  PC'Hs, whitr~ rlrrows tndicdtc 
expnsure 'lnd rlimindtion of freely ~ I S S O I V P ~  IJ(-'BY. Ruclqet a s -  

sun~r~ t inns  <Ire givrn In T a l ~ l r ~  3 
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Table 4 .  Budget assumptions for the calculated annual fluxes of carbon and PCB in the studied mussel bed (Fig. 3) and in the 
entire Swedish coastal zone of the Baltic proper (Fig. 4) .  C = consumption, A = assimilation, F = faecal production (biodeposltion). 

R = respiration, P = production and E = excretion 

Mussel density: studied mussel bed 39 g C m-' Average mussel biomass in the 
(near the Asko Laboratory) studied mussel bed (Littorin & Gilek 1999) 
Mussel density: Swedish coastal zone 3.2 g C m-2 Gilek et al. (1997) 
of th.e Baltic proper 
Swedish coastal zone of the Baltic 2.6 104 km2 Gilek et al. (1997) 
proper (area with water depth 5 20 m) 
Biodeposition rate 
Gross sedimentation rate 
Bioenergetics 

Clearance rate 
Sum PCB, in mussel tissue 
Sum PCB, in near-bed SPIV 
Sum PCB-, in biodeposits 
Sum PCR, freely dissolved in the water 

0.0072 d-' 
0 62 g C m-"-' 

C = A + F; where A = R t 
P + E 8 a n d C = 3 . 3 x F  

4 1 g-' C h-' 
59 r 3 ng g-' C 
65 i 7 ng g-' C 
73 r 6 ng  g.' C 

6.5 pg 1-' 

PCB assimilation efficiency from food and water 0.6 

Measured 
Measured 
Based on the assumptions of A = 0.7 x C and 
R = 0.9 X A (Gilek et al. 1997) 
Gilek et al. (1997) 
Measured grand geometric mean values * SE, n = 12 
Measured grand geometric mean values r SE, n = 12 
Measured grand geometric mean values * SE, n = 12 
Estimated based on a carbon normalised PCB 
partition coefficient (K,) between SPM and water of 
10' (Axelman et al. 1997) 
High end of PCB AE estimated in (Bjork & Gilek 1999) 

All data were carbon normalised and PCB concen- 
trations were log-transformed before statistical analy- 
sis to decrease heterogeneity of variance. To test for 
differences in carbon deposition, PCB deposition and 
PCB concentration between sample periods, depths 
and types, 2- or 3-way analysis of variance (ANOVA) 
and a posterior1 Student-Newman-Keuls (SNK) tests 
were used. 

Budget calculations. Obtained biodeposition and 
sedimentation data were used to calculate 2 annual 
budgets of carbon and PCB fluxes, one estimating 
fluxes per square meter and year in the studied mussel 
bed (Fig. 3) and one estimating the total annual fluxes 
for the Swedish coastal zone of the Baltic proper 
(Fig. 4). Budget assumptions are given in Table 4.  
Details of the bioenergetic assumptions underlying the 
budgets, and mussel density estimates for the Baltic 
proper are given elsewhere (Gilek et al. 1997). In short, 
the budgets are based on estimates of average mussel 
biomass in the 2 areas (Gilek et al. 1997, Littorin & 
Gilek 1999) as well as the data on sedimentation, 
biodeposition and PCB concentrations obtained in this 
study (Table 4). In the carbon budgets food consump- 
tion and respiration by the mussels were calculated 
using simple bioenergetics based on the measured 
biodeposition rate in this study (Table 4). In the PCB 
budgets most sum PCB, fluxes and storages (i.e. gross 
sedimentation, biodeposition, consumption and am- 
ount PCB, in mussels) were calculated by multiplying 
measured PCB, concentrations from the present study 
with estimates of carbon fluxes from the corresponding 
carbon budget. This is basically the same as assuming 
equilibrium partitioning and is a common and well- 

motivated assumption when modelling the transport 
and fate of hydrophobic organic contaminants in 
aquatic environments (e.g. Mackay et al. 1992). The 
water uptake of PCB by mussels was calculated using 
a conservative estimate of water pumping (4 1 g-' C h-', 
Gilek et al. 1997), an assimilation efficiency from water 
of 0.6 (Bjork & Gilek 1999) and an estimated freely dis- 
solved PCB, concentration of 6.5 pg 1-' (Axelman et al. 
1997). Furthermore, we have assumed that PCB con- 
centrations in the mussel tissues are at steady state. 
This implies that the annual PCB loss from mussels was 
assumed to be equal to the total annual uptake. Thus, 
the annual elimination of PCBs (which also may in- 
clude metabolism) was estimated by the equation: 
elimination = consumption + water uptake -faeces. At 
present no better estimates of elimination can be 
achieved, because empirical determinations of the 
rates of elimination and metabolism of the studied 
PCBs by Baltic Sea blue mussels are almost completely 
lacking (Gilek et al. 1997). 

RESULTS 

The mussels on the sampling traps increased their 
shell length and tissue dry weight during the sam- 
pling periods. Mussel growth, i.e. increase in tissue 
dry weight, was generally higher during the summer 
period and at the shallow site (7 m). The average daily 
increase in tissue dry weight during the summer 
period was 0.8 and 0.396, and during the winter per- 
iod, 0.6 and 0.2%, at 7 and 15 m depth, respectively. 
The overall loss and mortality of mussels from the 
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traps were markedly higher during the summer 
period, 31% compared with 3% during the winter 
(Table 1). Mussel growth and/or loss was corrected for 
by calculating geometric mean densities of mussel 
from biomass data at the start and end of each sam- 
pling period (Table 1) .  

The carbon concentration of the trap material 
(Table 2) was generally twice as high during the 
summer period compared with the winter penod 
(ANOVA, F1,24 = 3.2, p < 0.01). A trend of decreasing 
carbon concentration from the pelagic SPM to 7 m 
and 15 m near-bed SPM was observed for SPM col- 
lected during the summer, but not durlng the wlnter. 
The average carbon-normalised gross sedimentation 
rate was significantly different between types of traps 
(ANOVA, F,,20 = 10.6, p < 0.01). with the amount of 
material being significantly higher in traps with mus- 
sels than in traps without mussels (SNK, p 0.05). The 
gross sedimentation rate was also significantly higher 
during the winter period (ANOVA, F, = 7.38, p < 
0.05) than during the summer penod. No significant 
difference in sedimentation rate was found between 
near-bed traps at  different depths. Carbon biodeposi- 
tion by the mussels at the sampling site was estimated 
to be in the range of 180 to 460 mg C m-2 d-' (Table 2), 
corresponding to an  average annual increase in gross 
sedimentation of 45% if compared to areas with no 
mussels (Fig 3a) 

The carbon-normalised sum PCR, concentration in 
the mussels (Table 1) was significantly higher after 
the winter than after the summer period (ANOVA, 
F,, = 10.5, p < 0.05), but no significant effect of depth 
was observed. The higher observed PCB tissue con- 
centration after the winter period could not be ex- 
plained by differences in the extractable organics 
(mainly lipids) or the organic carbon content of the 
mussels (Table 1). The pelagic trap material tended to 
have lower PCB concentrations during the winter and 
higher PCB concentrations during the summei-.period 
compared to near-bed material. However, no statisti- 
cally significant differences in the PCB conccntration 
in the trap material between sample periods, depths 
or types of ma.teri.al were found. The averdge sum 
PCB7 conccntration in the SPh.1 and biodeposlts is 
shown in Table 3. Sum PCH7 gross sedimentation in 
the near-bed traps t r d s  significantly higher during the 
~vinter season (AYOVA, F, R = 5.5, p < 0.05), though 
no significdnt effects of dcpth wds found. Gross sedi- 
mentation and biodeposition of PCBs are presented in 
Talde 3. Sum PC'B; biodeposition was not signifirrtntly 
affrtrted by ~~jrnpl ing period or dcpth, and t h t  filter- 
feedlnq activity of the mussels was estimated to 
incrtvse dnn~ l r~ l  gross s r~dirn~~nt~i t ion  of I'CRs through 
b~odeposition l,? 50",, if compared to areas with no 
r l~ l l s s~ l s  (Fig,  3t)i. 

DISCUSSION 

Sedimentation and biodeposition of carbon 

The SPM collected in the traps represents gross 
sedimentation, which includes primary settling matter 
as well as resuspended sediments, benthic microalgae, 
faecal pellets, bacteria and macrophyte detritus. The 
portion of resuspended material in these types of traps 
commonly exceeds 50 % in the coastal area where 
this study was performed (Asko archipelago, Northern 
Baltic proper) and shows a high variability both within 
and between years owing to, for example, storm events 
and seasonal differences in primary production (Blom- 
qvist & Larsson 1994). Spatial differences in resuspen- 
sion may also occur. Shallow areas such as mussel beds 
are, for example, more likely to be  influenced by wave- 
and current-induced resuspension (e.g. d e  Jonge & 

van Beusekom 1995). However, despite this high vari- 
ability, the average annual net sedimentation rate in 
the Asko archipelago can roughly be  estimated to be 
50 to 60 g C m-2 ~ r - '  from data given in Blomqvist & 

Larsson (1994). This corresponds to about 50% of the 
annual pelagic primary production in this area, which 
averaged 132 g C m-' yr-l during the years 1977 to 
1988 (Johansson 1992). 

Thus, the annual average gross sedimentation rate, 
227 g C m-2 yr-' (Fig. 3a) ,  recorded over the studied 
mussel bed is approximately 4 times higher than the 
estimated average net sedimentation rate in the Asko 
area, but is similar to the gross sedimentation rate 
measured over the same mussel bed during the years 
1980 to 1981 (246 g C m-2 yr-l) reported by Ka.utsky & 
Evans (1987). This observed high rate of gross sedi- 
mentation may, as mentioned above, be explained by 
the location of the traps at relatively shallow sites (i.e. 
7 and 15 m water depth),  where wavc-induced resus- 
pension and water movement are likely to influence 
concentrations of particles in the water mass. Prins et 
al. (1996), for example, found in an in situ study carried 
out on an intertidal mussel bed that high water con- 
centrations of particulate organic carbon coincided 
with high wind spceds. Not surprisingly, the gross sed- 
imentation rate observed in the present study was 
significantly higher during the winter period with its 
higher incidence of windy weather. A clear seasonality 
wcis also observed in the carbon composition of the 
SPl l  material, with an  approximately douhkd  carbon 
concentration during the summer period. This can be 
assumtd to reflect a higher portion of primiiry pro- 
duced material and a lower portion of resuspendod 
nliiteridl during t he  summer. 

The energy demand of the dense mussels beds in the 
s l r ~ d y  area even clxcccds the high sedir~it~nlation rate 
recorded. The estimated biodeposition corresponds to 
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a consumption rate of 340 g C m-2 yr-' (Fig. 3a), which 
is approximately 1.5 times the gross sedimentation, or 
more than double the annual pelagic primary produc- 
tion. A model of the energy demand of Mytilus edulis 
in the Baltic proper (Kautsky 1995) indicated that, on 
an  annual average, mussels have to assimilate approx- 
imately 7 times their own biomass of carbon to meet 
energy demands. This corresponds to a consumption 
rate of 390 g C m-2 yr-' for mussel beds in the Asko 
area (given a density of 39 g C m-2 and a carbon assim- 
ilation efficiency of ?0%), which is somewhat higher 
than the consumption rate calculated from estimated 
biodeposition in the present study. 

When viewed on a local geographical scale (e.g. 
when comparing mussel beds to areas with low abun- 
dance of mussels) blue mussels increase the downward 
flux of carbon by filtering off small particles that other- 
wise would have stayed in suspension (Kautsky & Ev- 
ans 1987). Our estimated biodeposition, 103 g C m-' 
yr-l, corresponds to an  increase in the annual gross 
sedimentation rate of at least 45% if compared with 
areas with no mussels (Fig. 3a), and is fairly close to the 
biodeposition of 81 g C m-2 yr-' reported by Kautsky & 
Evans (1987). However, these biodeposition estimates 
are thought to be conservative. The reason for this is 
that the sedimentation in the traps with mussels is 
likely to have been lower than in the traps without 
mussels (used to correct for sedimentation), since mus- 
sels can be assumed to have consumed some of the set- 
tling material. This is supported by the fact that the 
observed growth of mussels in the traps (69 g C m-2 
yr-', based on the difference in grand mean dry weight 
over time) was much higher than the growth potential 
(approximately 24 g C m-' yr-l) indicated in the budget 
calculation based on estimated biodeposition. This 
could also explain why the food consumption of the 
mussels was lower when calculated on estimated 
biodeposition compared with the consumption rate 
calculated on the basis of energy demand estimated by 
Kautsky (1995). 

Mussel growth and mortality 

The average mussel biomass on the traps ranged 
between 31 and 48 g C m-2 over the sampling periods. 
These values are consistent with reported mussel den- 
sities in the study area (Littorin & Gilek 1999), corre- 
sponding to approximately 54 and 24 g C m-2 at 5 and 
10 m depth, respectively. The mussel growth on the 
traps, i.e. increase in tissue dry weight over time, at the 
deep sampling site (15 m) was only 30 to 40% of the 
growth at the shallow site (7 m). This difference in 
growth is believed to be caused by a lower food avail- 
ability at the deeper site, as a result of a combination of 

water movement and food quantity and quality, and 
is consistent with the estimated decline in somatic 
growth with depth reported by Littorin & Gllek (1999) 
and Kautsky (1982). The overall loss of mussels from 
the traps was high during the summer period (average 
31 %) and more pronounced at the shallow site than at 
the deep site. Similar outbreaks of enhanced summer 
mortality have been described in natural mussel beds 
in the Asko archipelago during 1994 and 1997 (the 
year of this study) (Kautsky 1998) and there were no 
indications that the observed mortality was an experi- 
mental artefact. Since most of the lost mussels were 
recovered as empty shells and all potential predators 
in the Baltic Sea would remove the shells (Kautsky 
1981), predation can be excluded as a significant mor- 
tality factor. One plausible explanation for the ob- 
served mortality is starvation due to low food availabil- 
ity in combination with unusually high water temper- 
ature during the summer of 1997 (Kautsky 1998), which 
leads to increased energy demand. However, since 
several other factors such as disease and parasitism 
can also be important causes of mortality (Bower 1992) 
the exact mechanisms for the observed summer mor- 
tality are unclear. 

PCB biodeposition and fate 

The sum PCB7 concentration in the mussels was sig- 
nificantly lower after the summer period than after the 
winter period, a difference that cannot be explained by 
differences in lipids or carbon content of the mussels. 
However, there might be several other causes for this 
observation. Spawning in the early summer is known 
to be related to decreases in tissue burdens of PCBs in 
mussels (Hummel et al. 1990). To some extent, the 
summer decline can also be explained by growth dilu- 
tion. Even though periods with possible starvation 
might have occurred, the growth during the summer 
was still approximately 30% higher than during the 
winter. Lower PCB concentrations were also found in 
mussel tissue from the shallow site with faster growth, 
even though the effect of depth on PCB concentration 
was not statistically significant. 

However, water depth related differences in PCB tis- 
sue concentration may also indicate that the particu- 
late matter consumed by the mussels was not the same 
as the material collected in the sedimentation traps, i.e. 
the mussels may consume small particles rich in 
organic carbon that otherwise would have stayed in 
suspension, and thereby also increase their dietary 
exposure to PCBs. An interaction between depth and 
PCB concentration in SPM and faeces, though not sig- 
nificant, gives some support to this theory. As shown in 
Table 3, PCB concentrations in the SPM decreased 



200 hdar Ecol Proy Ser 1 

with depth whereas PCB concentrations in the faecal 
material increased with depth. This indicates that mus- 
sels at the deep site with lower food availability con- 
centrate PCBs more, probably by feeding on particu- 
late matter with a higher PCB content compared with 
the SPM, which is reflected in the slightly higher sum 
PCBi concentrations in the mussel faeces compared 
with the SPM. Food selection has earlier been sug- 
gested to increase contaminant exposure to deposit- 
feeding bivalves (Lee et al. 1990) and sediment-feed- 
ing oligochaetes (Klump et al. 1987). This feeding 
behaviour of the mussels will also increase the biode- 
position rate of PCBs relative to the gross sedimenta- 
tion rate. If the ratios of carbon biodeposition to carbon 
sedimentation are compared with the ratios of PCB 
biodeposition to PCB sedimentation, we see that the 
mussels increase PCB biodeposition to a larger extent 
than can be explained by carbon deposition, with 1 
exception, which is the shallow site during the winter 
period. Hence, on an annual average the mussels 
increased gross sedimentation of carbon by 45% and 
gross sedimentation of PCBs by 50% if compared with 
areas with no mussels (see Fig. 3). 

The objective of this study was also to generate more 
information on the PCB content of near-bed particulate 
matter eventually uthsed as food 'by the mussels. No sig- 
nificant differences in carbon-normalised sum PCB, con- 
centration were found between the pelagic and near- 
bed SPM; however, some trends were observed, On a 
seasonal scale, the PCB concentration in the pelagic 
SPM appeared to be lower during the winter and higher 
during the summer compared with the near-bed SPM, a 
discrepancy that was levelled out on an  annual basis. 
Further, there was a tendency for PCB concentrations to 
decrease in the SPM with depth. The reason for this pat- 
tern is not known but it might reflect differences in the 
source and/or the quality of the carbon with which the 
PCBs were associated. The geometric mean sum PCB, 
concentrations of the analysed material were 75 and 
65 ng g-' C for the pelagic and the near-bed SPM, re- 
spectively. This is somewhat higher than previously re- 
ported estimates of PCB concentrations for the Baltic Sea 
(see compilation in Gilek et al. 1997). 

To be able to compare the present in situ estimates 
with previous bu.dgets established from the literature 
data (Gilek et al. 1997), the carbon-normalised sedi- 
mentation and biodeposition rates together w ~ t h  PCB 
concentrations were used to cillc~~lilte annual budgets 
for the entire Swedish coastal zone of the Baltic proper 
(Fig. 4 ) .  Thc c<trbon budget biised on lsiodeposition 
(Fig. 4aj is, for rpasons discussed ~ ~ b o v e ,  thought to be a 
consr~rvative estimate ancl is approximately 15"~, lower 
than the cdrbon budget pr~~vio\lsly j)ublished by Gilek 
rt al. (1997). However, since the measured PCB con- 
centration in SPbl  and fdccrts was highcar than previ- 

ously reported, the estimated PCB biodeposition by the 
mussels in the present study was a factor of 4 higher 
than in the previous budget. If the PCB gross sedimen- 
tation rate given in Fig. 4b is corrected for an  estimated 
resuspension of 4 times the net sedimentation (esti- 
mated from Blomqvist & Larsson 1994), we arrive at a 
PCB net sedimentation of 96 kg yr-l, which indicates 
that mussel biodeposition is responsible for a significant 
part of PCB net sedimentation, i.e. 17% This is the 
same estimated role of mussel biodeposition in net de- 
position of PCBs as previously estimated by Gilek et al. 
(1997). Hence, both budgets indicate the same contri- 
bution of biodeposition to the vertical flux of PCBs in 
the Baltic proper, but the rate estimates for PCB net 
sedimentation and biodeposition in the present study 
were approximately 4 times higher than in the previous 
budget, mainly as a consequence of higher PCB con- 
centrations in the collected SPM and faecal material. 

Ecological implications 

The jn situ PCB biodeposition data presented in this 
study indicate that even when seen from the large geo- 
graphical scale of the Baltic coastal zone, blue mussels 
are important modifiers of PCB cycling by directing 
considerable amou.nts of PCBs towards the coastal 
benthic food web. In this respect the abundant mussel 
population acts as a filter increasing the retention time 
of contaminants in the coastal zone by delaying export 
to the open sea and subsequent burial in deeper 
largely anoxic sediments devoid of higher life. Conse- 
quently, aside from direct transfer of contaminants 
from mussels to predators (Gilek et  al. 1997), mussel 
biodeposition of faecal pellets rich in PCBs (and pre- 
sumably many other contaminants) is probably a sub- 
stantial source of contaminant exposure to the benthic 
organisms in coastal areas of the Baltic proper. This 
may be especially important for deposit-feeding and 
omnivorous benthic animals such as the bivalve Ma- 
coma balthica, gastropods Hydrobia ulvae and H. ven- 
trosa, amphipods Gammarus  sp. ,  the polychaete Ner- 
ejs diversicolor, as well as benthic meiofauna. 

It is also likely that changes in n~ussel  biomass, for 
example o\t.ing to shifts in primary production or salin- 
ity, will markedly affect the transport and fate of cont- 
aminants in the codstal zone of l'he f3altir Sea.  AS a 
matter of fact, ihe bion-rass of ~y,lytjlus edulis in the 
Swedish coastal zone of the Kcjltic proper has in- 
creased by about 50':~, since 1975 (Kautsky pt al. 1992). 
T h ~ s  hiorndss 1ncrP;lsP is prolsably a consequence of a 
simultaneous incrcase in primary production in the 
area owing to eutrophiration (Elmgren 1989), which 
has led to (2nhancr.d a\rnilabilily of toocl for the food- 
I ~ m i t ~ d  blue mussel heds (Kautsky 1982). 
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