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Abstract

Oxygen-deficient and H,S-containing marine areas are
characterized by a decline in the number of species. In labora-
tory experiments with bottom invertebrates from various
biotopes of the North Sea and the Baltic, comparative measure-
ments of the resistance to oxygen-deficiency alone, and to the
simultaneous presence of H,S, were carried out. The resistance
values obtained show relations to the substratum on which the
species naturally occur. The resistance to H,S is greater in
those macrofauna species which show higher survival rates
under oxygen-deficiency. Further experiments with isolated
tisgues demonstrate that the species specific differences in re-
sistance occurring in whole animals are already based on the
cell metabolism. In general, oxygen-deficiency and simul-
taneous presence of H,S were endured better in cold than in
warmth, and at somewhat reduced pH-values (around 7). The
dependence of this resistance on the salinity was only minimal
in euryhaline species.

Introduction

Marine habitats with oxygen-deficiency offer, as a
rule, only few possibilities for existence to marine
animals. Xspecially among the lower invertebrates,
however, there are a few representatives of different
systematic groups (protozoans, rotifers, gastrotrichs,
turbellarians, nematodes, polychaetes, oligochaetes,
lamellibranchs, gastropods, crustaceans, tardigrades)
which show a relatively high resistance to oxygen-
deficiency. This can be concluded from a large number
of ecological and physiological observations (for
pertinent literature consult vox Braxp, 1946 and
“Literature cited’ of the present paper).

In the sea, the disappearance of oxygen is often
correlated with the formation of hydrogen sulphide:
When oxygen is completely absent, a reduction of
nitrates becomes initially connected with the bacterial
break-down of organic materials. When nitrates and
nitrites have been reduced, this is followed by a corre-
sponding reduction of sulphates, also caused by
bacteria ; this in turn leads to the formation of sulphides
and H,S. In addition, smaller amounts of hydrogen
sulphide are formed by the putrefaction of protein
(ZoBELL, 1946; Kuswezow, 1059; Woobp, 1965;
Rromarps, 1965). Especially soft sea-beds, which are
often poorly aerated (silt, slime, mud), are rich in
sulphides and H,S.

The knowledge of the degree of resistance to
oxygen-deficiency is, therefore, not sufficient for
aggessing the capacities of marine bottom invertebrates
to survive in such habitats. One must also study their
reaction to hydrogen sulphide. Hence, we examined,
comparatively, not only,the resistance of different
marine bottom invertebrates to oxygen-deficiency,

but also to H,S. For further analysis, the cellular
registance in marine lamellibranchs to both factors
was studied. The first results are presented in this
publication. The investigations will be continued.

Pertinent literature

Waters poor in oxygen occur in all oceans (WATTEN-
BERG, 1929, 1939; TaoMsEN, 1931; SvirpRUP, 1938;
SveERDRUP et al., 1946; Riomarps, 1967). In oceans,
intermediate water layers, poor in oxygen, can be
produced if oxidation processes (respiration, destruc-
tion of organic matter) exceed the rate of the oxygen
supply through lateral exchange. Also in many sub-
sidiary seas, such as the Baltic Sea (SEGERSTRALE,
1957 ; FonsgrIus, 1962), and the Black Sea (NIKITINE
and Marm, 1934; CaspErs, 1957; ZENREVITOH, 1963),
oxygen-deficiency can oocur especially in greater
depths. In some Norwegian fjords, a complete lack of
oxygen may be caused by an excessively small
exchange of the waters (BRONGHERSMA-SANDERS, 1957).

In sea-water which is poor in oxygen, hydrogen
gulphide is formed via reduction of sulphates and
putrefaction of proteins. Foxsrrivs (1962) found as
much as 25 pgA HyS-S/1 in the Gotland-Deep. Almost
throughout the Black Sea, hydrogen sulphide occurred
below depths of 150 to 200 m (ZExgRmvIiTcH, 1963).
With increasing depth the concentration of hydrogen
sulphide increases; at about 2000 m it reaches about
7mg/l. Small amounts of HS (0.04 to 0.10 ml/l)
occur also in the N.E. part of the Arabian Sea and in
the N.W. part of the Gulf of Bengal at 100 to 1000 m
{(Ivanenrov and Rozawov, 1961). THaMDRUP (1935)
found as much as 6.13 mg H,S/1 in the soft bottom of
North Sea mud flats.

For many animals, lack of oxygen or presence of
hydrogen sulphide proves fatal. Marine regions poor in
oxygen are, therefore, characterised by the presence of
strikingly few species (SEGERSTRALE, 1957; CASPERS,
1957). In the oxygen-deficient bottom of the Gotland-
Deep, only Scoloplos armiger in the mud, and Ponto-
poreia femorata and Terebellides stromit on loamy
bottoms, were found (HrsstE, 1924).

DeMeL and MuLIok: (1954) recorded in the stagnat-
ing, Oy-deficient deeper waters of the Bornholm Basin,
(Og-content around 2.1 to 2.8 ml/l) at a depth of
around 70 to 90 m, the following species: Lineus ruber,
Astarte borealis, Macoma calcarea, Scoloplos armiger,
Harmothoe sarsi, Diastylis rathker and Priapulus
caudatus, In 1964, TuLkxr (1965) found Halicrypius
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spinulosus in these O,-deficient areas, where other
macrofauna representatives did not occur; at a
somewhat higher O,-content, (at which other macro-
scopic animals were already scarce) specimens of
Astarte borealis wero still alive.

Moore (1931) found living nematodes in oxygen-
lacking bottom layers of the Clyde Sea; he presumes
that these are able to live there continuously without
oxygen. Further correlations between the distribution
of interstitial meio- and microfauna and the oxygen
tension of the substratum have been reported for
ciliates (FENCHEL and JanssoN, 1966), harpacticoids
(JaNssow, 1967), turbellarians and nematodes
(Jansson, 1968a), and other species (FENCEEL et al.,
1967 ; Jansson, 1968b).

In the Black Sea, some polychaete larvae and
Sagitta euxine survive at depths with only 2 to 5%
oxygen-saturation (NITTIN, 1931). In the same area,
the lower plankton limit concurs with the boundaries
of the oxygen-containing water. In the Arabian Sea,
VixoaraDpov and VoroNINA (1961) observed in the
upper part of the oxygen-deficient mediary layer a
decline in the amount of plankton forms and, between
500 and 1000 m, again a plankton maximum (mainly
copepods). It is interesting to note that the lower
distribution limit of some plankton species concurs
with lines representing the same oxygen content.
According to KNzer (1967) in the upper water layer
of the Arabian Sea, which is rich in oxygen, the amount
of plankton is 3 to 4 times greater than that of the
oxygen-deficient mediary layer which contains only
0.08 to 0.04 ml O,/l. At almost every observation
point, however, the number of copepods in the
oxygen-deficient layer was greater than in the surface
layer. In the hydrogen sulphide-containing layer of the
Arabian Sea, the biomass declines sharply and reaches
its minimum in the zone of the H,S-maximum
(Ivanexgrov and Rozawov, 1961). Near the coast of
California, CHILDRESS (1968) caught specimens of the
mysid Gnathophausia ingens at depths with average
O,-contents of 0.5 to 0.2ml/l; in experiments, this
species survived Og-contents of only 0.14 to 0.26 ml/l
for at leasgt 3 months.

Sudden occurrence of oxygen-deficiency and
hydrogen sulphide can cause mass mortalities in the
local fauna. Following influx of cold, high-salinity
sea-water, the H,S-containing lower water layers of
some Norwegian fjords were forced to the surface in
1905, and the whole fauna destroyed as a result. In
1940, many fish died in the Black Sea after a sudden
occurrence of hydrogen sulphide in the surface water
(BRONGERSMA-SANDERS, 1957). Along the South
American coast, the frequently occurring mass
productions of plankton and the following break-
down of organic matter result in the formation of
large amounts of hydrogen sulphide which, in turn, can
cause mortality in fishes (GuNTEER, 1936). Also,
along the south-west coast of Africa, between Walfish-
Bay and Luderitz-Bay, large amounts of hydrogen
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sulphide are formed in the bottom sediments by
putrefaction of diastoms and dinoflagellates, and
transported to the surface in spring by rising bottom
waters. This process too causes mass mortality of
fishes, as well as of crustaceans, molluscs and other
invertebrates (BRONGERSMA-SANDERS, 1948).

Distinet differences in survival time were observed
by JacuBowa and Mats (1931) in various polychaetes
and bivalves of the Black Sea. Animals buried in the
mud survived at 12°C for up to 14 days without oxygen.
Most polychaetes and bivalves from the community of
the mussel-banks, however, were already dead after
less than a 24 h exposure to oxygen-deficient water;
only a few species from this biotope survived up to
5 days without oxygen. Moorz (1931) reported that
copepods (Harpacticoidea) survived in oxygen-deficient
water (0.2 mg/1) for several hours, bivalves (Syndosmya
alba and Nucula tenuis) for 3 and 17 days, respectively,
and nematodes living deep in the mud for longer than
1 month.

TEAMDRUP (1935) kept various bivalves and
gastropods from the North Sea 7 days in oxygen-
deficient water at about 10 °C. After this period, 1009,
of the Mya arenaria and Littorina littorea specimens
were still alive, 969, of Macoma baltica, 809%, of
Mytilus edulis, and 50%, of Cardium edule. According
to HrcreT (1932), Arenicola marina can survive 6 days
and Nerets 9 days at temperatures between 15° and
18°C. WresErR and Kaxwriserr (19569) found that
animals exhibiting low degrees of activity, such as
nematodes and mites (Enoplus communis, Rhombogna-
thides seahami, Halacarus basteri), can survive
anaerobically for 16 h at 25 °C. More active amphipods
(Calliopius laeviusculus, Gammarus oceanicus, Hyale
prevosti) survived only 2 to 3 h. In addition, there
exists a relationship between oxygen consumption
and survival time. The species with the highest oxygen
consumption (Calliopius sp.) shows the shortest
survival periods under oxygen-deficiency. In long-
term experiments at 7°C, several nematode species
from & soft bottom biotope near Woods Hole (USA)
survived longer than 60 days (WrEsErR and Kax-
WISHER, 1961).

A dependence of survival periods on temperature
in oxygen-deficient water was found by Corrrr (1921)
in Mya arenaria. At 31 °C the test individuals survived
for 1 day, at 14 °C for 8 days, and at very low temper-
atures for some weeks. LUND (1957) made correspond-
ing observations on oysters. In winter (14° to 23 °C)
the oysters survived for 18 days without oxygen, in
summer (26.8° to 31.4 °C) for only 7 days. In fresh-
water animals too, survival periods under conditions
of oxygen-deficiency depend on temperature. Thus
Limnaea stagnalts can survive anaerobically for more
than 7 days at 0°C and at 8° to 10 °C, but only for
21/, days at 20 °C (ALSTERBERG, 1930). According to
LixpEMAN (1942), survival of freshwater benthic
animals under anaerobic conditions iz better at 0°C
and 5°C than at 10 °C. Chironomus- and Chaoborus-
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Table 1. H,S-reststance of bottom-snvertebrates from the Black Sea
(after JacuBowa and Marm, 1931)

Habitat Species Survival time ~ H,S-content
in H,S- of the
containing external
water medium
(days) (em3/1)

Biocoenosis of the Pectsnaria neapolstana 8 0—1.68

Zostera roots Sthenelais boa 2 0—1.80

(sand-mud-bottom) Staurocephalus rudolphii 3 0—1.80

GQlycera convoluta 10 traces
Syndosmya ovata 10 traces
Tapes rugatus 10 traces
Biocoenosis of the Nerets diversicolor 3 0—7.5
black mud Harmothoe tncerta 5 0—7.9
Fteone picta 8 0—8.2
Cardium edule 4 0—6.1
Syndosmya ovata 8 0—8.2
Mytilus galloprovincialis  Persneress cultrifera 6 0—8.4
biocoenosis Capriomastus minsmus 8 0—20.4
Capitella capitata 8 0—20.4
Biocoenosis of the Lysidice ninetta 5 0—12.4
mussel-banks Cardsum edule 5 0—5.6
Tapes rugatus 5 0—5.6
Mytilus galloprovincialis 5 0—5.6
Ostrea taurica 5 0—5.6

larvae and T'ubifex survived for more than 120 days at
0° and 5 °C.

The critical concentration limits of oxygen have
been determined, experimentally, for various plankton
organisms of the Black Sea (Nmximmwe and Maim,
1934). Calanus finmarchicus died when the oxygen
content of the water decreased below 0.2 cm?/l,
Acartia clausii at 0.17 to 0.12 em?/1 which corresponds
to an oxygen saturation of 2.5 to 29.

The resistance of various communities of the Black
Sea to hydrogen sulphide has been investigated by
JacuBowa and MarLum (1931). Polychaetes and bivalves
of a mud community were more registant than species
of a mussel-bank community. Active and mobile
species were more sensitive to H,S than less mobile
ones (Table 1). The authors suggest that active species
have a greater requirement for oxygen, but also the
possibility of searching for, and moving to, water
layyers rich in oxygen. Species which dig into sediments,
however, require mechanisms which allow survival in
O,-deficient and H,S-containing water. Resistant
species like Capitomastus minimus and Capitella
capitata still survived at 20.4 em?® H,S/l. According to
Hromr (1932) Arenicola maring died at an H,S-content
of 8.45 mg/(l, Nereis spec. rarely below an H,;S-content
of 22.23 mg/l.

Material and methods

The animals were selected from different benthal
biotopes of the North Sea and the Baltic Sea. Mytilus
edulis, Littorina Uftorea, Litiorina saxatilis, Cardium

edule and Mya arenaria were collected in the mud
flats of the North Sea near Biisum. Spisula solida was
obtained from the Biologische Anstalt Helgoland.
Modiolus modiolus was caught in a 30 to 50 m deep
trench in the Kattegat. The animals from the Baltic
Sea were collected with a bottom-grab, dredge, or
pile scrape net, in the southern part of Kiel Bay, the
“Kieler Férde”. Until the beginning of the experiments
they were kept for 1 to 3 weeks at 10 °C in sea-water
of 30%/y, or 15%/y, salinity, without being fed.

The species examined
Lamellibranchs

In the North Sea, Spisula soltda is restricted to
depths of about 10 to 15 m. It requires relatively high
salinities. Digtributionally, the species extends into the
Kattegat, but does not enter the Baltic Sea. In
comparison with species of the tidal zone, it has narrow
thermal and osmotic resistance ranges (REsHOTT,
1961). The species prefers sandy beds with continually
moving water, and avoids mud and stagnant water.

The relatively euryoecous Myttlus edults can
withstand, with closed valves, exposures to air during
low tides, and endure relatively wide fluctuations of
temperature (considerable intensities of sunshine in
summer; partial temporary freezing in winter). The
species also exhibits a great range of osmotic resistance
and penetrates far into estuaries. In the Baltic Sea its
distribution is limited by salinities of about 4 to
4.5y, (Gulf of Finland and Gulf of Bothnia); banks of
Mytilus edulis can still be found on sandy and soft
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bottoms at depths of 20 to 30 m. Sometimes specimens
occur down to a depth of 250 m.

Mya arenaria lives buried some 20 to 30 cm deep in
sandy and silty mud flats of the boreal region. During
low tide it is not as much exposed to intensity changes
of abiotic factors (e.g. temperature and salinity) as
is Mytilus edulis. 1t penetrates far into the Baltic Sea
and extends into the Gulf of Bothnia (about 4.5 to
5%/4, salinity).

In the North Sea and in the Kattegat, the circum-
polar Modiolus modiolus, in contrast to Mytilus edulis,
prefers deeper water with higher salinities and lower
temperatures, as well as smaller fluctuations of these
factors. According to JamokrL (1952), it occurs
primarily in habitats with stronger water currents.
Experimental values for osmotic and heat resistance
of isolated gill tissues lie between those for Mya
arenarta and Mytilus edulis on the one hand, and those
for Spisula solida on the other (SOHLIBPER ot al., 1958;
ResuorT, 1961).

Cyprina islandica occurs in the subarctic-boreal
region and is restricted to the low water mark (J ARCKEL,
1952). Tts vertical distribution extends down to 160 m.
The species penetrates into the Baltic Sea as far as
Warnemiinde; here it remains restricted to cold, salty,
deep waters below some 17 m, and prefers silt and mud.

Astarte borealis is arctic-circumpolar. It does not
occur on the (German North Sea coast; probably the
high summer temperatures act as a limiting factor. In
the Baltic Sea it penetrates eastward to the coast of
Mecklenburg and the east coast of Bornholm in waters
between 37 and 856 m (JAmorEL, 1950). While found
even on sandy bottoms in the Kiel Bay, eastwards it
prefers increasingly soft bottoms.

Scrobicularia plana occurs along the German
North Sea coast on soft mud to depths of about 15 m.
It lives buried in the bottom and, with its long in-
current siphon, searches the bottom surface for food. In
the Baltic Sea it is found eastward as far as the coast
of Mecklenburg.

Cardium edule lives on sandy and soft bottoms in
the tidal zone of the North Sea to depths of about
10 m, and buries itself about 3 to 4 cm deep in the
substratum. It also penetrates into the Baltic Sea.
Variations in shell structure amongst separate popu-
lations make the systematic separation from Cardium
lamarcki (REEVE) difficult (see also Eisma, 1985).

Gastropods

Littorina littorea thrives on substrate types ranging
from hard bottom to mud; it occurs to depths of
about 15 m, but is primarily found in the tidal zone
on seaweed, stones and pilework. In the Baltic Sea it
penetrates eastward as far as Bornholm and Riigen.

Littorina saxatilis occupies largely stones in the
tidal zone above the high water mark. In the Baltic
Sea it occurs eastward as far as the west coast of
Rigen.
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Polychaetes

The boreal lusitanian polychaete Nereis diversicolor
is found on mud flats of the North Sea, frequently in
company with Arenscola marina. It lives in burrows up
to 20 cm deep and searches the substrate surface for
food. The species is marine-meiomesohaline, penetrates
far into estuaries, and occurs in the Baltic Sea as far
as the entrance of the Gulf of Finland and the east
coast of the Gulf of Bothnia on sandy to soft bottoms.

Crustaceans

Carctnus maenas inhabits the North Sea coast,
particularly the tidal region; at low tide it is most
abundant on breakwaters and beneath stones on the
beach, where it may be partially buried in the sub-
stratum. In the Baltic Sea C.maenas extends its
distributional area eastward to the Darss threshold,
preferring sandy bottoms, mussel-banks, and phytal
areas.

Crangon crangon lives on sandy and gilty sea
bottoms and prefers the shallow water near the coast;
it occurs, however, to depths of about 90 m. By day
it buries itself superficially in the substratum. In
summer this shrimp penetrates far into estuaries; in
the Baltic Sea it extends eastward as far as the Gulf
of Finland.

The isopod Idotea baltica occurs on sandy bottoms,
especially in the phytal, and may be found to depths of
about 350 m. In the Baltic Sea this species is distributed
as far as the Gulfs of Finland and Bothnia.

The amphipod Gammarus oceanicus lives in shallow
coastal waters at depths between 0 and 25 m; it is
frequently found in the phytal as well as amongst
populations of Mytilus edulis. The species is also
represented in the Baltic Sea; it is, however, absent in
the Gulfs of Finland and Bothnia in salinities below
about 2.5%,.

Echinoderms

Asterias rubens occurs on hard bottoms and stony
sand, predominantly on banks of Mytilus edulis. It is
distributed throughout the North Sea and occurs in
the Baltic Sea, sporadically, down to 8%/, salinity.

Ophtura albida lives primarily on sand containing
gilt, but also on solid substrates at depths of 0 to
500 m. Like Astertas rubens, it is euryhaline and
penetrates into the Baltic somewhat beyond the Darss
threshold.

Further information on the descriptive ecology of
the species mentioned may be found in GRMPE and
WacLER (1926 and later issues), Darr (1928 and later
issues), JAROKEL (1952), and RusaoFT (1961).

The methods used
Resistance to oxygen-deficiency
Pure nitrogen was bubbled through filtered sea-
water (filter from Schleicher and Schiill, No. 602 h),
contained in a 40 cm high glass cylinder, until the
oxygen content had reduced to below 0.15 ml/l. This



Vol. 2, No. 4, 1969

content was controlied using the Winkler method and
the water transferred via an overflow tube into
transparent glass bottles. For experiments with whole
animals, bottles of 250, 100 or 50 ml were used, for
those with isolated tissue pieces 50 ml-bottles. The
bottles, sealed and containing the experimental
material, were kept at 0°, 10° or about 20°C. At
suitable intervals they were opened and the animals
or tissue pieces transferred into well-aerated sea-
water. After a recovery period of /4 h, the number of
gurviving animals or tissue pieces was recorded.

In species without shells the criterion for survival
was their ability for active movement. Mussels were
regarded alive,if they closed their shells upon a mechan-
ical stimulns, snails, if they withdrew into their shells.
The criterion for survival in sea-stars was their capability
to move their ambulacral feet and to crawl about.
The degree of resistance of whole animals was measured
in terms of the time (in hours) which 509, of the animals
gurvived. These LD,,-values were read from graphs
showing the number of the surviving and dead animals
on a gemilogarithmic scale as a function of exposure
time.

The degree of damage to isolated gill tissues was
carefully assessed, paying particular attention to the
terminal cilia (Fig.1). The decline of the ciliary
activity during exposure to oxygen-deficiency or in-
creased amounts of H,S, was carefully tabulated and
assessed according to the scale given in the legend to
Fig. 1.

Resistance to hydrogen sulphide
In water, hydrogen sulphide has the properties of a

weak acid. It dissociates in 2 steps into hydrogen
sulphide- (HS-} and sulphide-ions (82-):
HS zH+ -+ HS- 2 82~ + 2H+.

Below pH 11, this balance tends strongly to the
loft, so that only very few S2--ions are present.
According to SgormTsEV (1957) the following equa-
tion for the calculation of the amount of sulphide ions
in sea-water (at 25°C) in the presence of hydrogen
suiphide, can be used:

_ K, K
032— — CHS?' C%-I—KII'CH
where pK; = 7.04 — 0.4 (y.)%
pK; = 14.92 — 1.2 ()&
and the ionioc strength p = 0.020 S%/g,.

If an alkali metal sulphide, e.g. sodium sulphide, is
dissolved in water, it is — as salt of a strong base and
& weak acid — for the most part subject to hydrolysis:

S*- + HOH 2 SH- 4 OH-

and reacts, as a result, as an alkali. However, since
the same decisive ions (HS—, S*-) occur in this reaction,
the resistance of a marine animal to H,S can also be
tested by adding Na,S to sea-water, provided the
pH-value is recorded. For examining the resistance to
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sulphide ions and/or hydrogen sulphide, each time
50 mg Na,S . 9H,0/1 were added to oxygen-deficient
sea-water. The amount of sulphur added to each litre of
water in the form of this sulphide amounts to 6.67 mg.
The concentration of hydrogen sulphide achieved in
this way is approximately comparable to that of
certain areas in the North Sea (THamprUP, 19356),
Baltic Sea (FoxnsgLIus, 1962) and Black Sea (CASPERs,
1957; Zmwgmvirom, 1963). The pH-values of sea-
water deficient in oxygen lie, after addition of the
above-mentioned amount of sodium sulphide, between
8.2 and 8.45. Unless otherwise stated all experiments
on H,S-resistance were carried out at this pH-value.

In the presence of oxygen, sulphide oxidizes to
sulphate, ag well as to the intermediary steps pure
sulphur, sulphite, thiosulphate and tetrathionate. The
oxidation is limited by the amount of oxygen available.
According to SKROPINTSEV et al. (1961) thiosulphate
and sulphite are formed, when the ratio 0,:H,S in the
water is initially very low. High O,-concentrations
result in the formation of sulphate. The reaction may
last from hours to days (Ricmamps, 1965). In the
experiments reported in this paper, oxygen dissolved
in sea-water was almost completely eliminated by
nitrogen each time, prior to the addition of sodium
sulphide, in order to prevent the oxidation processes
mentioned above.

Further methodical details were the same as in the
oxygen-deficiency experiments.

Results of the experiments
Resistance of whole antmals to O,-deficiency and HgS

The results of our experiments on the survival
capacity of marine bottom invertebrates in oxygen-
deficient and hydrogen sulphide-containing water are
summarized in Table 2. It gives, for each species, the
duration of exposure survived by 509, of the test
individuals. Under conditions of Oy deficiency (at the
beginning of each experiment 0.15 to 0.1 ml Oy the
resistance is, in most cases, greater than in the presence
of H,S. This holds especially for representatives of
species which can endure long exposures under such
conditions. Amongst these species are predominantly
lamellibranchs and gastropods, which can protect
themselves against harmful influences in an unfavour-
able medium by closure of, or withdrawal into,
shells.

According to Table 2, Cyprina islandica survives
longest (509, mortality after 55 days); it is followed by
Mytilus edulis from the North Sea (35 days), Scrobi-
cularia plana (21 to 25 days), and Mya arenaria
(21 days). The resistance decreases in the order
Littorina Uttorea, Littorina saxatilis, Nereis diversicolor,
Cardium edule. In the sea-stars, brittle-stars, and
crabs examined, the resistance of the more active
species declines sharply with their concomitantly
increasing rate of metabolism.
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Cellular resistance to Oy-defictency and HyS

As pointed out by ScHLIEPER and his associates in
numerous publications, the cellular resistance of lower
marine invertebrates to different abiotic environ-
mental factors can be used in the ecological-physiolo-
gical characterization of the species. Pertinent values
have become available for registance to high and low
salinities (SomurepER et al., 1960; Rmsmorr, 1964;
VerNBERG et al., 1963; THRmDE, 1965; SCHLIEPER
ot al., 1967), temperatures (SoHLIEFPER et al., 1960;
REesSHOFT, 1961; VErnBERG ot al., 1963; UsHAROYV,
1964, 1968; TrxrEpw, 1965; SCHLIEPER, 1966 ; THEEDE
and Lassie, 1967; ZmEmwMuonskKy, 1967), and high
hydrostatic pressures (SOHLIRPER, 1863; PoNar, 1967;
Powat and THREDE, 1967 ; SCELIEPER et al., 1967).

Table 2. Restetance of marine invertebraies from the North Sea and the
Baltic Sea to Oy-deficrency and H,S. Temperature 10 °C. The experimenis
were conducted during May, June, and July, 1968
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could be still improved by simple means, e.g. by using
filtered sea-water, keeping only a few gill pieces in
1 container (1 to 2 pieces in 40 to 50 ml sea-water) and
maintaining the tissues in darkmess. Nutrients and
antibiotics were not added to the sea-water.

The experiments revealed that the isolated tissues
of all examined species from the Baltic Sea survived in
good condition for almost 3 weeks; after this time,
the estimated ciliary activity is reduced on average to
around 50%. The mean survival times (Table 3) lie
between 19 days (Cardium edule) and 30 days (Mytilus
edulis).

When an isolated gill piece from a bivalve is kept
in a sealed condition (e.g. beneath & cover-glass with
the rim smeared with vaseline) in a small amount of
water, the ciliary movement is soon
halted due to the increaging CO, level
and decreasing amount of O, The
tissue can, however, survive a cer-

tain time via anaerobic metabolism ;
if brought in contact with air again,

the ciliary movement is restored.
This survival capacity was now

Species 509, mortality (LDj,) was obgerved after
the exposure times (h) listed
0,-deficient 0,-deficient sea-water
soa-water 4 addition of
(016 ml O,/1) 50 mg Na,S - 9H,0/

Baltie Sea Individuals

tested at 15°/008

Cyprina islandica 1320 800—1000

Serobicularia plana 500—600 400450

Mya arenaria 504 408

Nerets diversicolor 120 26

Asterias rubens 84 87

Ophiura albida 32 30

Carcinus maenas 48 32

Gammarus oceanscus 15 8

Idotea baltica 8 8

Crangon crangon 2 2

North Sea Individuals

tested at 30°/00S

Mytilus edulis 840 600

Cardium edule 102 96

Littorina littorea 365 180

Littorina saxatilis 144 72

tested on gill tissues from several
North Sea and Baltic Sea bivalves
which occur in different biotopes.
The following species from the
North Sea were examined: Spisula
solida, Mytslus edults, Mya arenaria,
and Modiolus modiolus (Kattegat).
The reaction of isolated gill epi-
thelium of these bivalves to oxygen-
deficiency (Fig. 1) demonstrates
that, under similar conditions, the
ciliary movement of Spisula solida
declines fastest and is soon halted
completely. Then follows the tissue
of Mytilus and Mya and, finally,
that of Modiolus. After cessation
of ciliary activity, the tissues of all

Since it was shown in preliminary experiments that
the isolated gill tissues of many species can survive for
soveral days under oxygen-deficiency, it was first
tested how long the tissue can be maintained alive
under simple laboratory conditions, without oxygen-
deficiency and without adding H,S. Rusdrr (1961)
had already kept isolated gill pieces of a few bivalve
species from the Kiel Bay in petri dishes, in water of
15/, salinity at 10 °C, and observed in Mya arenaria,
Mytilus edulis, and Astarte borealis a mean survival
time of 14 to 15 days, and in Cyprina islandica of
about 16 days. Gill pieces of Mytilus edulis from the
North Sea survived, according to the same author, in
30°/40 S and at 10 °C for an average period of 20 days,
Modiolus modiolus 11 days. These survival times of
isolated gill epithelium demonstrate the capacity of
the tissues to survive in resistance experiments
conducted over several days. The survival capacity

4 species still survive for several days
under these conditions. Sptsula gill tissue shows
irreversible damage (no recovery) at the latest after
another 3 days. Under oxygen-deficiency gill pieces
from Modiolus modiolus survive 8 more days counting
from the beginning of absolute ciliary standstill.
Hence, under oxygen-deficiency the survival capacity
of Modiolus tissue is greatest of all tested species.
After 11 days pone of the gill pieces is capable of
recovery after re-transfer into aerated sea-water. With
Spisula this effect is already apparent after 4 days of
exposure.

Under conditions of Q,-deficiency and simultanecus
presence of H,S, the survival capacity of the tissues
reveals the same order: Lowest resistance for Spisula,
almost identical resistance for Mytilus and Mya, and a
somewhat higher one for Modiolus. In general, the
survival times are for all species distinotly shorter than
in O,-deficient water alone (Fig. 2).
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Table 3. Survival capacsly of isolated gill pieces of different bivalve species under
conditions. (The tissue pieces were kept in sea-water of 15%y, 8, without addition of foodstuff, at
10 °C, and darkness)

Species 509, reduction of the Mean values of Absolute stand-
relative ciliary activity survival times  still of the gill
(mean values) were oilia was found
observed after the after the follow-
following times of storage ing times of
storage
(days) (days) (dsays)
Mytilus edulis 24 30 41
Cyprina islandica 26 28 37
Mya arenaria 23 25 29
Asgtarte borealis 23 24 29
Serobicularia plana 21 23 26
Cardium edule 18 19 22
3] 10°C, 30%0. S
= Splsuia sollda 0,<0.15ml/l
=
53
: Mytllus edulis
£
53
w Mya arenaria
o Coten
o
o -~
l 1 1 L H | ! L i L H 1

24 48 72 8 120 a4 168 192 218 240 264
EXPOSURE TIME IN HOURS

M clllary activity (gill pieces) undsr experimental conditions
1 clliary activity (gill pleces} after recovery In normal sea-water

Fig. 1. Relative ciliary activity and survival capacity of isolated gill tissues of different bivalve species [from¥the[North

Sea (~30°/008) in O,-deficient sea-water. The activity of the terminal cilis of isolated gill pieces was observed during ex-

posure in oxygen-deficient sea-water (< 0.15 ml O,/l) and after subsequent recovery in well aerated sea-water. The activity

was estimated and classified according to the following scale: 3 = normal activity; 2 = activity somewhat reduced; 1.5 =

activity reduced to half of normal; 1 = activity reduced to less than 509%; 0.5 = 10—1%, of oilia are¥still active; 0 =
cessation of ciliary activity. The dots represent average values of 10 observations each

1 I ] I I I 1 ] 1 1
10°C , 30 %0 S
+50 mg Na,S.9 HZO/l

Spisula sollda

w o

Mytilus edulis

(=3

w

Mya arenaria

Dot : Modiolus modiolus

0
I | 1 1 ! | i 1 ! 1 ! 1

2% 48 72 98 120 144 168 192 216 240 264
EXPOSURE TIME IN HOURS

mmm ciliary activity (gill pleces) under experimental conditions
1 cillary activity (gill pieces) after recovery in normal sea water

Fig. 2. Relative ciliary activity and survival capacity of isolated gill tissues of different bivalve gpecies from Ythe North
Sea (~30°/008) in O,-deficient water to which 50 mg Na,8 x 9H,0/I had been added. For further details 'see text [to Fig. 1
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From the Baltic Sea (Kiel Bay) the following
species were tested: Muytilus edulis, Mya arenaria,
Cardium edule, Scrobicularia plana, Cyprina tslandica,
and Astarte borealis (Figs. 3 and 4). The resistance of
gill tissues from these species to O,-deficiency in-
creages in the following order: Cardium edule << Mya

H. TEEEDE ot al.: Resistance to O,-deficiency and H,S
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arenaria ~ Scrobicularia plana << Mytilus edulis <
Cyprina islandica ~ Astarte borealis (Fig.3). The
tissue of Cardium edule was dead after 4 days oxygen-
deficiency, that of Astarte borealis after 8 days.

The survival times of gill tissues in simultaneous
presence of hydrogen sulphide (Fig.4) are, on an

Cardium edule

5\0\\:1)@ arenaria
0

10°C, 15%. S
0,<0.15ml/!

Scrobicularia plana

Mytilus edulis

RELATIVE CILIARY ACTIVITY
o

Cyprina islandica

Astarte borealis

2 48 72 96
EXPOSURE TIME IN HOURS

120 144 168 192

mmm ciliary activity (gill pieces) under experimental conditions
1 ciliary activity (gill pieces) after recovery in normal sea-water

Tig. 3. Relative ciliary activity and survivel ocepacity of isolated gill tissues of different bivalves from the Baltic Sea
(~15°/o08) in O,-deficient, water. For further details see text to Fig. 1

[ U T

Cardium edule

10°C  15%o S
+50 mg Na,S-9H,0/1

Mya arenaria

Scrobicularia plana

Mytilus edulis

RELATIVE CILIARY ACTIVITY

R—\a\cyprinﬂ islandica

0
—| 1 ! I I

Astarte borealis

24 48 72 56

! 1
120 144 168

EXPOSURE TIME IN HOURS

mmm ciliary activity (gill pieces) under experimental conditions

1

ciliary activity {gill pieces) after recovery in normal sea water

Fig. 4. Relative oiliary activity and survival capacity of isolated gill tissues of different bivalves from the Baltic Sea
(~ 18°/008) in Oy-deficient water to which 50 mg Na,S x 9H,0/1 had been added
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%/o0S

Bivalve gill pieces: 15
8 " 0,<0.15ml/L

Mytilus edulis

RELATIVE CILIARY ACTIVITY

0 —l L L . L L 1 L L . 1

Cyprina islandica

L i L L 1 1 ! 1 L 1 L

1 2 3 4 5 6 7 8 9 10

12 13 14 15 16 17 18 19 20 21 22

EXPOSURE TIME IN DAYS

||
—

ciliary activity under experimental conditions
ciliary activity after recovery in normal sea water

Fig. 5. Influence of temperature on ciliary activity and survival time of isolated gill tissues of two lamellibranch species
from the Baltic Sea (~ 15°/00S) in O,-deficient sea-water. For further details see text to Fig. 1

average, 1 to 2 days shorter than under Ogdeficiency
alone. Damage to tissues, however, definitely begins
earlier, since the activity of gill cilia was no longer
restored completely even if the gill tissue had been
re-transferred into well-aerated sea-water (Fig. 4).

The tissue of all these species can, of course,
survive under O,-deficiency and simultaneouns occur-
rence of H,S, for several days. All bivalves examined,
except Cardium edule and Mytilus edulis, can be found
in the Kieler Férde in soft bottoms containing H,S.
Mytilus edulis occurs in localities containing H,S, with
hard substratum (stones, old bivalve shells) to which
it can attach itself. Cardium edule is found in the Kieler
Forde predominantly in well-aerated bottoms as well
as above the bottom on mussel-banks.

In addition to resistance, the declining ciliary
activity and the duration of the ciliary movement of
gill pieces during O,-deficiency and HS presence have
been observed. In species from the North Sea, ciliary
movement i3 maintained longer in forms whose cells
generally survive longer (Figs. 1 and 2). The results
given in Figs. 3 and 4 show, however, that this is not
always the case. For example, the ciliary activity of
gill pieces from Cyprina ceases rapidly, while that of
Astarte 18 maintained much longer, although the
survival capacity of both tissues is similar. Also, pieces
of almost equally resistant gills from Scrobicularia and
Mya react distinctly differently during O,-deficiency
and HS-influence. Mya-gills cease ciliary movement
quickly, Scrobicularia-gills, on the other hand, slowly.
These results suggest that the capacity for the mainte-
nance of ciliary activity under almost anaerobic con-
ditions does not correspond to survival capacity.

Temperature has an extremely strong effect on
the cellular resistance to Op-deficiency and the occur-
rence of HyS (Figs. 5 and 6). At high temperatures, the
survival capacity of tissues is notably less than at low

15%00S
+50mg Na,5-9H,0/l

T T T T T T T T T T T T T T T T

Bivalve glil pieces :

Mytitus edulis
10°C

o

w

o

w

=]

Cyprina islandica

w

RELATIVE CILIARY ACTIVITY

L L 1 L L

1 2 3 4 5 6 7 8 9 101 12 B W 1B 16
EXPOSURE TIME IN DAYS

mmm  ciliary activity under experimental conditions
1 ciliary activity after recovery in normal sea-water

Fig. 6. Influence of temperature on ciliary activity and surviv-

al time of isolated gill tissues of two lamellibranch species of

the Baltio Sea (~ 15°/0o0 8) in O,-deficient sea-water to which

sulphide (50 mg Na,S x 9H,O/I) had been added. For further
details see text to Fig.1
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gill tissues of different bivalve species from North Sea and Baliic

Sea to oxygen-deficiency (<< 0.16 ml Oy/l) and hydrogen sulphide (addition of 50 mg Na,S -
9H0/1). Temperature: 10 °C

Medium Species Salinity Number of surviving gill pieces
(%00 of 10 animals after exposure
times (h) indicated
24 48 72 96 120 144 168
< 0.16 ml 0,/1 Mytilus edulis 30 10 10 10 10 10 4 0
15 10 10 10 10 10 2 0
Mya arenaria 30 10 10 10 10 6 4 0
156 10 10 10 10 8 0
Cardium edule 30 10 10 7 &5 O
15 10 8 4 O
+ 50 mg Na,S - 9H,0/1 Myidus edulis 30 10 10 10 9 5 0
15 10 10 9 5 0O
Mya arenaria 30 10 10 9 7 2 0
15 10 10 9 3 0
Cardium edule 30 10 6 0
15 9 2 0

Table 5. Influence of the pH on the resistance of teolated gill tissues of Myiilus edulis ( Baltic Sea,
~ 16%40 8) to hydrogen sulphide (addition of 60 mg NayS - 9IH,0/1 O,-deficient sea-water); 10 °C

pH Number of surviving gill pieces of 10 specimens after exposure times (days)
indicated
3 4 5 8 7 8 9 10 11 12 13 14
7 10 10 10 7 6 6 6 b b 2 0
8 10 8 7 4 2 1 0 0 0 0 0 0
8.5 10 10 9 7 2 2 0 0 0 0 0 0
ones. Below 10°C, the resistance of the cold-steno- Discussion

therm Cyprina islandica increases more than that of
the eurytherm Mytilus edulis. As a result, the degree of
tissme resistance of each species differs considerably
more at 0 °C than at 10° and 20 °C.

Salinity affects the cellular resistance to O,
deficiency and H,S relatively little. Euryhaline bivalve
species, which penetrate far into the Baltic, are not
gignificantly influenced as long as the lower critical
galinity limit is not attained (Table 4). In all experi-
ments, a tendency towards a reduced resistance in
brackish water was noticeable.

The influence of pH on the survival capacity
during exposure in sulphide-containing water is of
particular interest, since the chemical balance between
the components H,S — HS' — 8" tends towards the
right upon an increase, and to the left upon a decrease,
in pH. In the experimental results summarized in
Table 5, pH values, after addition of equal amounts of
sulphide (50 mg NagS - 9H,0/1) to sea-water, were
regulated by adding small amounts of weak soda lye
or hydrochloric acid. The survival capacity of gill
pieces from Mytilus edulis is similar at pH 8 and 8.5,
but increases distinctly at pH 7. The damaging effect
may have been reduced by an increase in undissociated

HS.

Our results reveal a high resistance of several
lamellibranch species to oxygen-deficiency and hydro-
gen sulphide. Amongst these species are some which
are able to live in mud flats (Mya, Scrobicularia) or
other soft bottoms, (Cyprina), i.e., in a substratum
partly deficient in oxygen and often containing H,S.
Of course, the lamellibranchs mostly maintain contact
with the medium above the substrate and extract
from it oxygen for respiratory processes. Under
unfavourable conditions they can close their shells
temporarily. Mytilus edulis of the wupper littoral
keeps its shells closed when exposed during low tide.
This reaction has been examined more -closely
(SomrrEPER, 1956; SoBLIEPER and KowaLskr, 1958).
A ghort while after the closure of the shell, the heart-
beat and the activity of the gill cilia slow down and
finally cease. The mussels survive such periods almost
anoxybiotically. Littoring littorea too, exhibits a
considerable survival capacity under conditions of
0,-deficiency and H,S presence. The resistances of
Cardium edule, Littorina saxatilis, and the polychaete
Nerets diversicolor are somewhat lower.

Asterias rubens, Ophiura albida and Carcinus maenas
gshow a definite resistance; this fact allows us to
establish correlations to their way of life. Sea-stars
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occur on mussel-banks often located in H,S-containing
areas. Brittle-stars move not only on top, but also in,
the substrate. Shore crabs are occasionally found
buried beneath stones or in soft ground. Under these
circumstances respiratory conditions can be impaired.
Inhabitants of sandy bottoms (e.g. Crangon crangon)
and inhabitants of the phytal (e.g. Idofea baltica),
on the other hand, quickly die under oxygen-deficiency
and in the presence of H,S. Thus, relationships be-
tween registances and natural habitats can be noted.

Differences in resistance of whole animals suggest
parallel differences at the cellular level. Ecologically,
the resistance of whole animals is of primary interest.
To the physiologist, however, resistance values
obtained from homologous tissues of different species
offer a valid basis for the comparative assessment of
the cellular mechanisms involved. In whole animals,
survival under extreme conditions may be modified
through peculiarities of behaviour (protective reac-
tions like shell closure, mucus secretion, retraction or
reduction of exposed sensitive parts) and thus mask
the critical limits for tissue responses.

Isolated gill tissues of bivalves may survive for
days wunder oxygen-deficiency and simultaneous
presence of H,S. The externally visible ciliary activity
soon ceases in Mya arenaria and Cyprina tslandica; in
other species, however, minimal ciliary activities are
maintained much longer (Scrobicularia; Astarte).
Therefore, no general conclusions can be drawn from
the duration of the ciliary movements during oxygen-
deficiency and H,S influence, on tissue resistance to
these factors, even if in several species (Figs. 1 and 2)
such relationships do exist.

Comparative resistance experiments on isolated
pieces of tissue reveal species specific differences,
not only to oxygen-deficiency but also to the in-
fluence of H,S. The reason for these differences can
only be sought in different cellular properties. It
should be noted that isolated tissues from bivalve
species which endure oxygen-deficiency better, are also
more resistant to H,S. When the tested species are
arranged according to their respective resistances to
these 2 factors, almost the same order is obtained in
both cases.

The long survival periods of isolated tissues from
some lamellibranchs under Oy-deficiency may be due
to their capacity to make use of the small amounts of
oxygen available, to restrict drastically their energy
requirements by reducing their cellular activities, and
to meet the remaining requirements by anaerobic
acquirement of biologically useful energy (glycolysis)
(voNn Brawp, 1848 and Darms, 1958). The toxic
effect of H,S on the cellular metabolism is primarily
caused by the fact that it forms unsoluble sulphides
with heavy metals. Tts high affinity to iron causes a
similar reaction to an elimination of the cytochrome-
oxydases with hydrogen cyanide. This process inter-
rupts the oxygen supply in the cells (Kuscamsky and
LtrrMany, 1968). The decrease of the redox potential,
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which is connected with the presence of H,S, may also
inhibit oxidizing reactions in the cell. The effects of
H,S on single reactions in the cellular metabolism
are not yet fully understood. Experiments on isolated
enzymes must be performed.

The toxic effect of hydrogen sulphide on the tissnes
of marine bivalves is influenced by other external
factors. A reduction of the pH in the external medium
from 8 to 7 increases the survival capacity of the tissue
in the presence of H,S; this may be due to the fact that,
with a decrease in pH, the balance between H,S, HS-/
and S”-ions is shifted towards undissociated hydrogen
sulphide,

The survival capacity of tissues under O4-deficienoy
and H,S presence is greatly affected by temperature;
at suboptimal temperatures it is greater than at
supraoptimal temperatures. Whole animals survive in
oxygen-free water better at lower temperatures
(Corrre, 1921: Mya; Luxp, 1957: oysters) than at
higher ones. These results suggest that the energy
requirements for “maintenance metabolism” by
predominantly anserobic metabolic processes can more
easily be met at lower temperatures.

Summary

1. Under laboratory conditions, marine bottom
invertebrates show pronounced differences in resistance
to Og-deficiency and the presence of H,S. These
differences are parallel to the different substrates on or
in which the species naturally occur. Inhabitants of
goft substrates are more resistant than those of hard or
sandy ones.

2. Corresponding differences in species specific re-
gistances can be demonstrated at the cellular level.
Resistances of whole animals are greater than those of
isolated tissues.

3. The duration of continued activity (duration of
ciliary movement) during exposure to O,-deficiency
and H,S presence, likewise differs in different species
of bivalves. It is longer at lower temperatures than
at higher ones. The relation between active phase and
duration of tissue survival shifts toward the active
phase at lower temperatures.

4. Excised tissues of boreal marine species survive,
under O,-deficiency and in the presence of H,S, better
in cold than in warmth.

5. Isolated gill tissues of Mytilus edulis survive the
influence of sulphide ions and H,S better at pH 7 than
at pH. 8.

6. In euryhaline marine species, cellular resistance
to Oy-deficiency und H,S presence declines only very
little upon a decrease in salinity.
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