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bstract

The aims of the study were to determine the contents of glycogen, organic carbon and nitrogen in the Baltic clam Macoma balthica tissue
nd to find out whether there is any difference in fitness and chemical composition between individuals living in sediments with different pore-
ater hydrogen sulphide concentrations. It was found that hydrogen sulphide permanently present in the sediment at concentrations exceeding
13 �mol dm−3 at the middle depths of the Gulf of Gdańsk (60 m) had no adverse influence on the fitness of M. balthica and did not reduce the
rganic compound content in its tissue. This is very probably because of the presence of oxygen in the near-bottom water. Interestingly, animals
iving in such concentrations of hydrogen sulphide had heavier shells and a greater soft tissue weight. Moreover, the contents of organic matter

nd glycogen in their soft tissues were significantly higher. Glycogen was 30% higher on average, ranging from 11.1 to 30.3% AFDW during the
ear. At all the stations during the year, organic carbon in M. balthica tissue varied from 50.3 to 55.2% AFDW, and organic nitrogen from 7.7 to
1.7% AFDW.

2007 Elsevier B.V. All rights reserved.
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. Introduction

A deficiency of oxygen coupled with the presence of hydro-
en sulphide in the sediments of the deeper parts of the Baltic
ea is a natural occurrence, further aggravated by human pres-
ure. Only a few species with a high resistance to such conditions
nhabit these waters. Long-term hypoxia or anoxia in the near-
ottom water and the presence of hydrogen sulphide in the
ediments have been reported as causing changes in the struc-
ure and function of benthic communities or even their mass
ortality (see the reviews by Bagarinao [1], Diaz and Rosen-

erg [2], Karlson et al. [3]). Stress in benthic animals can
e observed as a change in their behaviour and physiological
rocesses prior to the onset of mortality [4–6]. Despite the abun-
ant literature on the effect of oxygen depletion and hydrogen

ulphide on the survival and physiological processes of ben-
hic organisms under laboratory conditions (e.g. [7–9]), little
nformation is available on how these parameters influence the
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tness and chemical composition of animals living in such an
nvironment.

The Baltic clam Macoma balthica (Linnaeus, 1758) is the
rincipal macrofaunal component in those areas of the Gulf of
dańsk where hydrogen sulphide is permanently present [10]. It

s known that under stressful conditions, like oxygen deficiency,
his species uses its reserves of glycogen as the main energy
ource, but it is likely that lipids and proteins are consumed
s well [11–13]. Measurements of the weight and chemical
omposition of bivalves, including M. balthica, could provide
nformation on the overall fitness or condition of the individual
nimals in a population [14,15].

The aims of the study were to determine the chemical
omposition of M. balthica tissue and to find out whether
here is any difference in fitness and chemical composition
etween individuals of M. balthica living in sediments differing
n hydrogen sulphide concentration. In the present paper, the
xpression “fitness” is used in the sense of optimal/maximum

issue weight together with high contents of organic matter and
nergy reserves.

Information on the organic carbon content in M. balthica
issue could also be very valuable for estimating the energy
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esources and calculating the energy budget of the Gulf of
dańsk, and for constructing a functional model of this ecosys-

em. To date, only a handful of investigations of the organic
arbon and nitrogen contents of benthic marine organisms living
n the Baltic Sea have been done (e.g. [16–19]).

. Experimental

.1. Study area

The study area was located in the Gulf of Gdańsk, southern
altic Sea. The relevant parameters were measured at three sta-

ions selected to reflect the H2S gradient in the pore-water of
he sediment: (A) at 37 m depth (54◦35.00′N, 18◦40.00′E), (B)
t 51 m depth (54◦35.00′N, 18◦44.00′E), and (C) at 60 m depth
54◦35.15′N, 18◦48.6′E).

The hydrogen sulphide concentrations in the sediments
ncreased with the depth of stations in two sediment layers (0–4
nd 4–8 cm) during the study period (July 1994–June 1995)
Fig. 1). Less than 13 �mol dm−3 was measured in both sed-
ment layers at the shallowest station A. Values were higher
t station B: in the 0–4 cm sediment layer they did not exceed
6 �mol dm−3, while in the 4–8 cm layer they ranged from 31
o 392 �mol dm−3. The highest concentrations were recorded in
oth sediment layers, >162 and >513 �mol dm−3, respectively,
t the deepest station C. The oxygen concentration in the near-
ottom water varied from 3.2 to 8.3 ml dm−3, the greatest varia-
ions being at the two deeper stations B and C. The temperature
f the near-bottom water during the study period ranged from
.1 ◦C in January to 16.2 ◦C in August, the highest values being
ecorded at the shallowest station A [10]. The salinity of the
ear-bottom water in the Gulf of Gdańsk varied over a very nar-
ow range (7.5–8.0 PSU) in 1994–1995 [20,21]. More detailed
easurements (monthly data) of the temperature, oxygen con-

entration in the near-bottom water and the hydrogen sulphide
oncentration in the sediment pore-water are given in ref. [10].
.2. The Baltic clam: sampling and analyses

M. balthica was sampled monthly from July 1994 to June
995 using a bottom dredge. The individuals were frozen on

s
a
s

ig. 1. Hydrogen sulphide concentration in the pore-water of: (a) 0–4 cm and (b) 4–8
ercentile to the 75th percentile, with a horizontal line at the median. Whiskers show t
nd station. Significant at **P < 0.001 and **P < 0.0001.
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oard ship. On being defrosted, 11–15 individuals ranging in
hell length from 14 to 16 mm were chosen from every station
nd every month. The soft parts of the animals were separated
rom the shells, and the two parts of the body dried independently
t 60 ◦C (to constant weight) and weighed on a PRECISA 125A
utomatic electronic balance (±0.001 g). The combined dry tis-
ues from 11 to 15 clams were then homogenised in a mortar.

The glycogen content in M. balthica tissue was analysed by
method described in Dubois et al. [22]. Three replications
ere performed for each sample; the coefficient of variation
etween them was less than 7%. The glycogen contents given
or each month and station are average values. Organic carbon
nd nitrogen were determined as the difference between their
ontents in dry mass and in ash with a Perkin-Elmer PE CHNS/O
400 Series Elemental Analyzer following the procedure given
n Gnaiger and Bitterlich [23]. The organic fraction (Ash Free
ry Weight, AFDW) of M. balthica tissue was determined as

he weight difference before (dry mass) and after combustion
ash) at 450 ◦C for 12 h. Two replications were performed for
ach sample, the coefficient of variation between them being
ess than 0.2% for both carbon and nitrogen.

The organic matter content was expressed as a percentage of
ry weight (DW), whereas glycogen, carbon and nitrogen as a
ercentage of the organic fraction (AFDW).

.3. Statistical methods

The Shapiro-Wilk test was used to test for normality, and
he non-parametric Mann–Whitney U-test was used at different
evels to determine the significance of the differences between
he parameters under examination. The median, the interquartile
ange containing the middle 50% of values in the sample, and
he range of the data from minimum to maximum values are
resented.

. Results
Analysis of M. balthica showed that the dry weights of both
hell and tissue of individuals in the same size range during
lmost the whole study period were lowest at the shallowest
tation A and highest at the deepest station C (Fig. 2). At the

cm sediment layers at the three studied stations. The box extends from the 25th
he range of the data. Eleven or 12 measurements were used for every parameter
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ig. 2. Seasonal changes in the dry mass of shell and soft tissue (mg) of M.
althica at stations A–C.

iddle depth station B the seasonal pattern of shell dry weight
esembled that at station C, but the tissue dry weight more closely
esembled that at station A. The shell dry weight at station A
aried from 170 to 210 mg and was significantly lower than at
tation B (P < 0.001) and station C (P < 0.0001) (Fig. 7a); at C
t varied from 220 to 260 mg. The tissue dry weight at station

ranged from 52 to 70 mg and was significantly higher than at
tations A and B (P < 0.001) (Fig. 7b).

The organic matter content in M. balthica tissue varied with
epth in a very similar way during the year at the three stations
Fig. 3): the highest values – at station C (from 89.2 to 93.0%
W) – differed significantly from the contents at stations A
nd B (P < 0.05) (Fig. 7c). Organic matter contents were lowest
minimum 86.4% DW) at station A.

Similar changes were recorded in the glycogen content of M.

althica tissue at all three depths: it was lowest during winter
nd highest during spring and autumn (Fig. 4). Except in July
nd August, values were highest at station C (from 11.8 to 30.3%

ig. 3. Seasonal changes in the organic matter content (% DW) in the soft tissue
f M. balthica at stations A–C.

w
i
t

F
t

ig. 4. Seasonal changes in the glycogen content (% AFDW) in the soft tissue
f M. balthica at stations A–C.

FDW). Glycogen contents measured at station C differed sig-
ificantly from those at station A (P < 0.05) (Fig. 7d). Glycogen
ontents measured at stations A and B were similar to each other
P > 0.05) and lower than at C, where they varied from 3.9 to
0.9% AFDW).

The seasonal pattern exhibited by organic carbon in M. balth-
ca tissue was much the same at all three stations (Fig. 5): it
aried over a very narrow range (50.5–55.2% AFDW) with min-
mum values during winter. Values recorded at station B were
ignificantly higher than those at stations A and C (P < 0.05)
Fig. 7e).

Organic nitrogen in M. balthica tissue varied in a very sim-
lar way during the year at the three stations (Fig. 6), but the
attern was the reverse of that of organic carbon. This content
aried from 7.7 to 11.7% AFDW, with maximum values during
inter and minimum during summer. No difference was found

n the organic nitrogen content between individuals inhabiting

he three stations (P > 0.05) (Fig. 7f).

ig. 5. Seasonal changes in the organic carbon content (% AFDW) in the soft
issue of M. balthica at stations A–C.



U. Janas et al. / Thermochimica

Fig. 6. Seasonal changes in the organic nitrogen content (% AFDW) in the soft
tissue of M. balthica at stations A–C.
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Fig. 7. Pooled data of: (a) dry weight of shell, (b) dry weight of tissue, (c) organic m
balthica tissue. The box extends from the 25th percentile to the 75th percentile, with
12 measurements were used for every parameter and station. Significant at *P < 0.05,
Acta 458 (2007) 112–117 115

. Discussion

The earlier literature suggested that the dry weight, organic
atter content and chemical composition of M. balthica might

e influenced by factors such as life cycle, temperature and
utritional condition, and stress [15,24–26].

M. balthica living in sediments with the highest hydrogen sul-
hide concentrations measured in this study had heavier shells
nd larger body masses as well as higher soft tissue contents
f organic matter and glycogen. Earlier studies of this species
ad indicated that shell weight increased with increasing depth,
trend reported from the Wadden Sea, the Gulf of Gdańsk and

he Åland Archipelago [27–30].

Being a facultative suspension-deposit feeder, M. balthica

s able to take up particles from both the water column and
he surface sediment. Animals from greater depths may well be
arger and possess larger energy resources because of the greater

atter (d) glycogen, (e) organic carbon and (f) organic nitrogen content of M.
a horizontal line at the median. Whiskers show the range of the data. Eleven or
**P < 0.001 and **P < 0.0001.
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mount of food available to them at those depths. Higher organic
atter and organic carbon contents in the sediments at greater

epths in the Gulf of Gdańsk were reported by Jankowska [31]
nd Maksymowska [32]. In the same area, a similar rising trend
ith depth was found for chlorophyll a and phaeophytin in surfi-

ial sediments, which indicates an abundance of phytoplankton
32].

Laboratory studies conducted on M. balthica have shown that
ithin a few hours of the appearance of anoxic conditions and/or
ydrogen sulphide, anaerobic metabolism comes into play [9].

reduction in glycogen reserves was observed as a result of
few days’ exposure to such stressful conditions. After 5 and

5 days of anoxic conditions, glycogen reserves decreased by
4 and 76%, respectively; lipid reserves were depleted more
lowly [11]. However, it was observed that the decrease of
lycogen could be as high as 38% after 24 h under anoxic con-
itions (unpublished data). This large fall could be related to the
ncreasing activity of the animals which extend their siphons on
merging on to the sediment surface.

However, this study revealed almost identical seasonal
hanges of glycogen at stations with differing hydrogen sul-
hide concentrations in their surficial sediments. The highest
lycogen values in M. balthica tissue at the deepest station sug-
est that hydrogen sulphide did not cause the energy reserves
ccumulated in the form of glycogen to be used up.

A similar seasonal trend was found with respect not only to
lycogen in M. balthica tissue but also to the organic matter,
rganic carbon and nitrogen contents. The observed seasonal
hanges in the components of M. balthica body tissue depended
ainly on seasonal temperature changes which influence the

ates of metabolism and reproductive activity, and on changes
n trophic conditions related to phytoplankton blooms.

Our study showed that M. balthica accumulates energy
eserves twice a year. In April–May, the contents of organic
atter, organic carbon and glycogen increased, and in autumn

here was a second glycogen peak and a slight increase in
rganic carbon. Reserves were accumulated when the trophic
onditions were the most propitious, i.e. after the algal bloom
ad sunk to the bottom. The growing season in the Gulf of
dańsk is relatively long, beginning in the second half of March

nd lasting until November [33]. During the spring blooms,
resh organic matter is transported very quickly to the bot-
om; during the autumn bloom, phytoplankton also reaches
he bottom, but in a much more advanced state of degradation
34].

The annual cycles of glycogen and organic carbon (which
irror the changes in lipids) are similar to those described for the
estern Baltic Sea. Graf et al. [24] showed that M. balthica from

he Kiel Bight commenced the build-up of glycogen and lipid
esources immediately following the bloom input in spring and
uggested that the autumn peak was also related to the bloom. A
imilar cycle with two glycogen and lipid peaks was observed
n the Gulf of Gdańsk at a depth of around 30 m and also in the

˚ land area [30]. However, only one spring peak was recorded
n the shallow and deep parts of the Gulf of Gdańsk [25,29] and
n the shallow part of the Gulf of Finland [13]. The seasonal
hanges in organic nitrogen, related to protein, with a winter

c
f
t
p
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aximum and a summer minimum, resemble those reported
arlier from the same area [25], from the Dutch Wadden Sea
12] and the Gulf of Finland [13].

It has been suggested that M. balthica inhabiting the Gulf
f Gdańsk has only one spawning period per year, beginning in
ate March–early April [35]. But it does seem that the twice-
early decrease in organic matter content and organic carbon (in
ate March–early April and in late September–early October)
ould be related to spawning periods. Earlier studies also gave
ndications of a second spawning period. Wenne [35] observed
hat a considerable number of individuals had gonads ready for
pawning in the summer too; Sokołowski [36] found individuals
n the reproductive and post-reproductive state in autumn.

Why does hydrogen sulphide present in the sediment not
ffect the chemical composition of M. balthica tissue? Any
dverse effect of the presence of toxic hydrogen sulphide in
he sediments on the chemical composition of M. balthica is
ountered by the presence of oxygen in the water above the
ediments, so long as the periods of anoxia in these waters are
f short duration. This has already been demonstrated in stud-
es of macrofaunal associations, and also by the presence in
hese waters of species more sensitive to the lack of oxygen, e.g.
orophium volutator [10]. M. balthica is known to be generally

ndependent of the oxygen conditions in the sediment: it usually
nhabits the sediment 3–8 cm below the surface, but takes oxy-
en from above the sediment by means of its inhalant siphon
37]. Additionally, H2S concentrations in sediments decrease
n the immediate vicinity of macrofaunal individuals, thanks to
heir activity below the surface of the sediment [38]. It has also
een demonstrated that this oxic and oxidised zone around their
urrows in anoxic sediment are colonised on a large scale by
eiofauna [39,40].
Laboratory studies have shown that the Baltic clam is very

olerant towards hypoxia, anoxia and H2S [9]. Other such stud-
es have indicated that the most resistant individuals are capable
f surviving 15–20 days under anoxic conditions [41]. Clams,
ike other animals having to cope with H2S, have defensive
echanisms, enabling them to live in the presence of this toxic

ompound. These involve metal-sulphur precipitation within the
esicles at the mantle edge [42,43]; more importantly, the clams
re capable of oxidising hydrogen sulphide to non-toxic thiosul-
hate [9,44]. The efficacy of this defence mechanism depends,
owever, on the availability of oxygen in the environment. Dete-
ioration in the oxygen conditions at the bottom and diffusion
f H2S from the sediments could worsen the animals’ fitness
nd lead to their mortality on a large scale. It is probably these
ery conditions that have brought about a dramatic fall in the
iomass of macrofauna, including M. balthica, in the Gulf of
dańsk [10].
Recent studies have revealed disturbing morphological, his-

ological and cytogenetic changes in the M. balthica inhabiting
specially the deeper waters of the Gulf of Gdańsk, but the
auses are still unknown [45–47]. Likewise, the condition and

hemical composition of individuals exhibiting these abnormal
eatures are not known. Knowledge of this would help to assess
he effect not only on an individual animal but also on the whole
opulation.
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Our studies have revealed that even the constant presence
f hydrogen sulphide needs not adversely affect the fitness and
hemical composition of M. balthica. But this is very proba-
ly the case only up to a certain concentration of H2S, and then
nly if there is sufficient oxygen in the near-bottom water. On the
ther hand, one cannot rule out the possibility that low concentra-
ions of H2S could be used by M. balthica as a source of energy.
his phenomenon was first reported in animals from hydrother-
al vents [48], but has also been demonstrated in animals from

oft sediments: Heteromastus filiformis [8], Arenicola marina
49], Hediste diversicolor and Marenzelleria viridis [50], Lepi-
ophthalmus louisianensis and Callichirus islagrande [51]. This
bility would explain the large sizes and the greatest energy
esources of M. balthica inhabiting H2S-rich areas. Further lab-
ratory studies are, however, needed in order to confirm these
eld observations.
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45] C. Thiriot-Quiévreux, M. Wołowicz, Ophelia 54 (2001) 75–81.
46] A. Sokołowski, M. Wołowicz, H. Hummel, K. Smolarz-Górska, D. Fichet,
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