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ABSTRACT: We have investigated the influence of constant and changing temperatures (CT) and of different salinities on heat 
and cold resistance of the ciliary epithelium of the common mussel Mytilus edulis from different biotopes. Reasonable heat 
adaptation can only be obtained with mussels of the North and Baltic Seas in low salinity -not in high salinity. Re-adaptation to 
high and to low adaptation temperatures (AT) requires the same period of time; it is completed after 3 d. Mussels were placed 
abruptly into water of different temperatures; initially this resulted in high standard deviations. The same response was obtained 
in CT in high salinities, but no heat adaptation was demonstrable. Periodic changes in temperature (12 h 8 "C, 12 h 20 "C) result 
in increased heat resistance; a new level is reached after 3 d;  its value correlates with high AT. Standard deviations do not 
decrease. This was the same with 6 h-periodic changes. Resistance to freezing correlates wlth constant AT. Abrupt single 
changes in a 12-h rhythm present a particular load, which initially leads to increased heat resistance and sensitivity to cold, and 
which shortens the life span of unfed individuals. 

INTRODUCTION cooling water from a power station), filtration rate and 
oxygen consumption are temperature-independent 

Within the normal temperature range we must dis- (Widdows, 1976). The fish Idus idus, which is very 
tinguish between a frequently existing capacity adap- sensitive to stressors, also shows stressor adaptation 
tation and effects due to stress, which, for instance, can after transfer from constant AT to CT (Braune and 
be caused by rapid alterations of AT or by rhythmically Gronow, 1975, cf. Kiinnemann and Precht, 1975; Lau- 
changing temperatures (CT). Most animals are dien and Foh, 1975). 
exposed to CT in their biotopes. The fact that animals Also with extreme temperatures we must differenti- 
can adapt to both constant and changing temperature ate between resistance adaptation (heat or cold adap- 
regimes and that both regimes may induce different tation) and stress phenomena. Heat resistance of ani- 
response patterns has been established by Kinne mals living in changing temperatures is often greater 
(1952, 1953, p. 190-194) for Gammarus duebeni. Rand- than in animals kept at an average constant tempera- 
zio (1972) investigated the oxygen consumption of ture. This has been explained by the frequently 
male cockroaches Blaberus craniifer. There was no observed temperature dependence of the adaptation 
capacity adaptation following constant temperature process (greater increase in heat resistance during 
pretreatment. However, when the animals were trans- high day temperatures than resistance loss during 
ferred from constant AT into CT (14c27 "C), oxygen lower temperatures at night), e. g. in wood-lice (Edney, 
consumption increased the next day (CT acts as stres- 1964) and snails (Al-Habbib and Grainger, 1977). In 
sor), and then decreased to the standard value (stressor Idotea balthica, the temperature coefficient for heat 
adaptation). Measurements were always taken at the adaptation is 1 during the first 12 h following a change 
same experimental temperature (ET). Cycling temper- in acclimation temperature (Furch, 1972). Neverthe- 
atures exert comparable effects (metabolism and activ- less, there was increased heat resistance after CT treat- 
ity) in Mytilus edulis. In environments with marked ment. We have to take into consideration that within 
frequent fluctuations in temperature (e. g. outflow of the normal temperature range harmful effects of a 
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stress situation ('Belastungszustand') are removed by 
stressor adaptation ('Stressoranpassung'). An increase 
in resistance due to stress is always useful and can be 
interpreted as stressor adaptation. 

Intertidal species are often exposed to periodical 
oscillations of temperature. For this reason we have 
investigated the resistance of the ciliary epithelium of 
Mytilus edulis L. to heat and freezing. Mussels from 
the North Sea are often exposed to great changes in 
temperature (solar radiation during low tide, cold 
water during high tide). Mussels of the Baltic Sea are 
subject to fewer temperature changes, since tides exert 
little effect. 

According to Friedrich (1967), the ciliary epithelium 
of Mytilus edulis shows reasonable heat and cold 
adaptation (heat resistance and sensitivity to cold 
increase with rising AT). Heat shocks (10 min. 
32"-34 "C) increased the heat resistance (ET 36 "C); 
this indicates hardening, as defined by Alexandrov 
(1977; see also Basedow, 1969; Theede, 1970). This 
problem will not be  analysed further here. We have 
investigated whether the ciliary epithelium of M. 
edulis shows gains in resistance after pretreatment in 
appropriate temperatures (single, abrupt changes in 
temperature, CT), which differ from gains caused by 
normal adaptive processes, and which can be inter- 
preted as stressor adaptation. 

MATERIALS AND METHODS 

Mytilus edulis L, from the Baltic Sea and from the 
North Sea, collected throughout the year (shell length 
5-6 cm), were used. Baltic Sea mussels were taken 
from a mussel bed at a depth of 1 m at the Falkenstein 
Beach, Kiel Bay, FRG. North Sea mussels were 
obtained from a mole in the Wadden Sea on the west 
coast of Schleswig-Holstein (Biisum, FRG). We took 
only mussels from medium depths, covered with water 
during high tide and for the same period of time 
exposed to air during low tide. 

Transportation of the Baltic Sea mussels required 
about 20 min. We stored them in closed containers 
without risking oxygen starvation. During the 2 h it 
took to transport mussels from the North Sea, these 
were kept in open polyethylene containers covered 
with very little water. Vibration from the drive kept the 
water moving, thus we  could assume that gas 
exchange was stimulated by water movement. 

In the laboratory the shells were carefully cleaned of 
overgrowth. The mussels were kept in plastic beakers 
(height 8 cm, diameter 6 cm, each containing 6 indi- 
viduals) suspended in 40-1 polyethylene containers. 
The beakers were perforated (hole diameter 1.5 cm) so 
that the water could pass through easily. The mussels 

settled down with new byssus fibers shortly after- 
wards; most shells were slightly open. This behavior is 
considered normal (Theede, 1963) and can serve as 
indication that the animals were not severely injured. 
No food was provided. 

The mussels were kept in 15 Ym, 25 Yw, or 30 %O S. 
The starting medium was water from Kiel Bay 
(16 Y-18 YW S); this was diluted by adding tap water or 
concentrated by adding sea saIt. Water lost through 
evaporation was automatically replaced with tap 
water. The water was continuously aerated, thus 
excluding oxygen deficiency which, according to 
Friedrich (1967) and Theede (1972), can modify their 
resistance to heat and cold. 

Schlieper and Kowalski (1956) initiated increased 
ciliary activity in Mytilus edulis by adding protein 
breakdown products to the external medium. We can- 
not rule out the possibility that these substances also 
cause an increase in resistance. Since nitrogen excre- 
tion is very high in starving M. edulis (Bayne and 
Thompson, 1970), charcoal filters were used. Faeces, 
not picked up by the filters, were siphoned out at 
appropriate intervals. The water was changed every 
14 d. 

All mussels were adjusted to a temperature of 8 "C 
for 14 d. The purpose of this procedure was to level 
differences in resistance caused by previous tempera- 
ture influences. Following this preliminary treatment, 
we exposed the mussels to temperatures of 14" and 

8°C 20eC 8°C 20°C 1boC 
15%eS 15'1ooS 30"IwS 3VIooS 15Vo.S 

Fig. 1 Mytilus edulis (Baltic Sea).  Heat resistance. Influence 
of adaptation temperature and salinity on heat resistance of 
gill epithelium. Adaptation to the combinations of tempera- 
ture and salinity offered required 14 d. Resistance was deter- 
mined at an experimental temperature of 37 "C. Duration in 
37 "C untiI onset of cilia rigid~ty served as measure for heat 
resistance. All values based on 6 individuals. Vertical bars: 

standard deviation 
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20 OC, respectively, and started our tests after a 2-week 
adjustment period to these constant temperatures. The 
photoperiod was always 12 h light, 12 h darkness. 

In changing-temperature experiments (12 h 8 OC, 
12 h 20 OC), the temperature was raised with heating 
elements and lowered with a cooling apparatus. The 
new temperature desired was reached within 1 h. 

Determination of Resistance with Gill Cilia 

The duration of ciliary activity in constant high le- 
thal temperatures has been used by many authors as a 
measure of heat resistance (e. g. Schlieper and Ko- 
walski, 1956; Resthoft, 1961; Theede, 1965; Lagerspetz 
and Dubitscher, 1966; Friedrich, 1967; Senius, 1975, 
1977). If heat resistance is not determined at a constant, 
lethal temperature, but under conditions of raising 
temperature, the temperature at which ciliary activity 
stops is used as measure of heat sensibility, depending 
on the rate of heating. 

Determination of Heat Resistance 

Median gills were taken out in sea water, cut into 
small strips and transferred to 50 ml sea water in con- 
tainers kept at 37 O C .  At 5-min intervals a strip was 
transferred to a Petri dish with sea water at 19'-21 OC. 
The dish was kept on the stage of a stereomicroscope. 
A drop of graphite particle suspension was then pipett- 
ed on the gill piece and tested to see whether the 
ciliary epithelium was still able to transport the 
graphite particles (diameter 50-100 pn). 

Fig. 2. Mytilus edulis (North Sea). Heat resistance. Influence 
of temperature-salinity combinations on heat resistance of 
gill epithelium. For further explanation see legend to Figure 1 

Determination of Cold Resistance 

Strips of median gills from 10 mussels were distrib- 
uted evenly in 10 plastic beakers each containing 1 ml 
sea water (each contained parts of gills from every 
mussel). The beakers were closed and suspended in a 
cold bath (-10 OC). Ice formation always occurred after 
90 s. At appropriate intervals, we removed one beaker 
at a time and filled it with 100 ml sea water (20 OC); 
30 s later we could already determine whether 
graphite particles were still being transported. The 
time required for 50 % of the cold-exposed gill strips to 
cease gill-transport activity served as criterion for cold 
resistance. The water used for storage, preparation and 
test had the same salinity. 

RESULTS 

Heat Resistance after Long-Term Storage in Different 
Temperatures 

Effects of different adaptation temperatures (AT) on 
heat resistance of ciliary epithelium of Mytilus edulis 
are illustrated in Figures 1 and 2. Baltic Sea mussels 
with AT 20 OC tolerate high, lethal temperatures longer 
than mussels from AT 8' and 14 OC. Mussels from 
middle AT reveal a resistance time between that for 
individuals adapted to warm and cold, respectively. 
Their resistance time does not, however, correspond to 
the arithmetic mean, but lies below it (cf. Senius, 
1978). Thus the Baltic Sea mussels clearly show sig- 
nificant heat adaptation. 

In biotope salinity, Mytilus edulis from the North Sea 
reveal higher resistance levels than those from the 
Baltic Sea (Fig. 2). Resistance time for mussels kept 
warm was approximately as high as that for mussels 
kept at low temperature. In order to determine whether 
the different heat-resistance limits of Baltic Sea and 
North Sea M. edulis result from genetic factors or from 
the different salinities of the North Sea (ca 30 %o S) and 
Baltic Sea (ca 15 %O S), Baltic Sea mussels were kept at  
30 %O S and North Sea mussels at 15 %O S. After transfer 
into the new saltinities both groups were left at 8 OC for 
10 d and half of the mussels were then transferred to 
20 O C .  Their resistance was determined 14 d later. Bal- 
tic mussels reveal a considerable increase in heat 
resistance after transfer to 30 %O S and, finally, reach 
the level of North Sea mussels (Fig. 1). 

The heat resistance of North Sea mussels kept in 
15 %O S drops significantly, attaining final values 
below the level of the Baltic Sea mussels from the same 
salinity (Fig. 2). Heat resistance depends on culture 
temperature only in low salinity. 
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T ime  ( d a y s )  

Fig. 3.  My12lu.s edulis (Baltic Sea). Heat resistance. Course of 
resistance change following abrupt transfer of mussels from 
AT 8" to 20 "C (a) and from AT 20" to 8 'C  (c). 14-d adaptation 
prior to transfer into the new temperature. Adaptation and 
resistance were determined in 15 O/m S. (b): Values of AT for 
14-"C mussels. All values based on 10 individuals. Vertical 
bars: standard deviation (for clarity only one leg shown). For 

further explanation see legend to Figure 1 

Resistance Change after Single, Rapid Temperature 
Change 

Baltic Sea Mussels 

Animals maintained at 15 % S and at different tem- 
peratures show a dependence of heat resistance on 
maintenance temperature. The course of the changes 
in resistance to the point where a new, constant level is 
reached was investigated. The temperature change 
from 8" to 20 "C and from 20" to 8 "C was done by 
placing the animals into containers which already con- 
tained water of the new temperature, i.  e.,  the change 
was abrupt. Here a stressor effect can be expected. 
Figure 3 (Curve a)  shows a rapid increase of resistance 
values. The end value is already attained on the 3rd d. 
It is noticeable that the values during the rising phase 
and the first values of the new level show large stand- 
ard deviations. If the animals remain in the new temp- 
erature for several days, the standard deviations 
become smaller. 

Curve c (Fig. 3) shows an almost reverse course of 
Curve a .  A new resistance level is also already attained 
after 3 d ,  but the time course is the same. Thus an  
influence of the direction of the temperature change on 
the speed of the adaptation process cannot be shown 
with Mytilus edulis. Senius (1975) achieved similar 
results. This does not hold true for many other species 
(cf. Precht, 1973), since with these animals re-adapta- 

tion takes place faster at  a high temperature than at a 
low one. 

North Sea Mussels 

Experiments with Mytilus edulis from the North Sea 
were carned out in 30 %I S. All other conditions con- 
curred with those in Figure 3. Figure 2 shows that 
mussels kept in 30 %O S display no resistance influ- 
enced by the culture temperatures 8 " or 20 "C. It can- 
not be  ruled out, however, that abrupt temperature 
change may cause short-term resistance change. 

Figure 4 reveals no deviation of resistance from its 
original value. However, standard deviations are again 
larger at the beginning (2nd d) than later. A single 
temperature change, even if it takes place without any 
transition, exerts no influence on the heat resistance of 
North Sea mussels if these are kept in biotope salinity. 

Resistance Change after Transfer into Changing 
Temperatures 

Mytilus edulis responded to a switch from 8" to 20 'C 
and from 20" to 8 ' C ,  respectively (in low salinities), 
with a significant resistance change. The course of the 
changes was the same in both cases. In the biotope the 
mussels are often exposed to continuously changing 
temperature. To simulate these conditions we kept 
them at  changing temperatures. 

Baltic Sea Mussels 

The mussels were kept at 8 'C for 14 d and then 
transferred to changing temperatures (8" or 20 "C in 12- 
h rhythm). Measurements were taken at 2 PM. The 
exact daily course was not examined. Figure 5 shows 
the course of resistance change. 

A marked rise in heat resistance ends after 3 d at a 
new, constant level. The curves in Figures 3 and 5 thus 
show an almost identical course. However, values of 
mussels subjected to changing temperatures revealed 
considerably greater standard deviations. These are 
particularly large at  the beginning and remain, after 
the new steady state value was reached, markedly 
larger than values of individuals kept at constant tem- 
peratures. 

North Sea Mussels 

With North Sea mussels, rhythmic temperature 
changes correspond more to natural tidal conditions. In 
order to avoid masking of temperature-dependent 
resistance changes by high salinity effects the mussels 
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Fig. 4. Mytilus edulis (North Sea). Heat resistance. Course of 
resistance change following abrupt transfer from AT 8" to 
20 "C (a) and from AT 20" to 8 'C (b). Adaptation and resist- 
ance were determined in 30 % S .  For further explanation see 

legend to Figures 1 and 3 

were exposed to 15 % S for 2 weeks prior to the experi- 
ment. 

In changing temperatures, the North Sea mussels 
exhibit the same resistance as their counterparts from 
the Baltic Sea. Resistance to heat increases quickly 
(Fig. 5) but stops after 3 d. The curves differ only 
slightly at 8 "C. The lower value of North Sea mussels 
may be due to a load caused by low salinity (15 %O S). 
There were no difference in the results after treatment 
with changing temperatures in a 6-h rhythm. 

Freezing Resistance 

Freezing Resistance Dependent on Salinity 

High salinity causes an increase in heat and freezing 
resistance. This also holds true for other species (cf. 
Kinne, 1954, 1971; Kahler, 1970; Remane and Schlie- 
per, 1971; Murphy, 1976). 

The dependence of freezing resistance on different 
salinities is shown in Figure 6. 

From Figures 1 and 2 it is apparent that high salt 
concentrations not only cause an increase in resistance 
to high temperatures but also that AT cause a leveling 
of resistance differences. Since it cannot be ruled out 
that high salinities could also have a leveling effect 
with regard to freezing resistance, a salinity had to be 
selected in which the frozen gill strips could survive 
long enough to allow a sufficiently precise determina- 
tion of freezing resistance. Thus for the following 
measurements we kept the mussels in 25 % S. Mytilus 
edulis does not reach its new level of resistance to low, 

critical temperatures until 4 to 6 weeks after the trans- 
fer to test salinities. Adjustment is faster in 20 "C than 
in 8 "C (cf. Theede, 1972). 

Dependence of Resistance to Freezing at Different AT 

Gill strips from mussels exposed to different temper- 
atures show a significant dependence of their freezing 
resistance on the AT. The periods employed were: 
AT 8 "C: 40 min (at -10°C up to 50 % survived) 
AT 14 "C: 26 min 
AT 20 "C: 19.6 min 

The LD,,-time of AT 14-"C mussels thus approxima- 
tes that of AT 20-'C mussels. 

Effect of Changing Temperature Pretreatment on 
Freezing Resistance 

As has already been pointed out, a single or periodic 
temperature change can act as stressor in Mytilus edu- 
lis. This stressor causes an increase in resistance as a 
stress effect. Figure 7 shows the course of resistance 
change following transfer of AT 8-"C mussels (North 

Fig. 5. Mytilus edulis (X: North Sea; o and A :  Baltic Sea). Heat 
resistance. Course of resistance change after transfer from AT 
8 "C to CT 20°-8 'C (X and o: 12-h change at 12 C" h-'). 
A: AT 14-"C mussels. Adaptation and resistance were deter- 
mined in 15 % S .  Time of experiment: 2 PM. For further 

explanation see legend to Figure 1 
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Fig. 6. Mytilus edulis (Baltic Sea). Freezing resistance. Survi- 
val time of gill epithelium at -10 'C. AT: 8 "C. Adaptation and 

resistance were determined in the salinities indicated 

and Baltic Sea, respectively) into CT 8"-20 "C. Resist- 
ance levels of gill tissue from 8-"C, 14-"C, and 20-"C 
mussels were also recorded. Freezing resistance 
decreases immediately after starting the temperature 
change. After 3 d ,  resistance reaches the level of AT 
14-"C mussels; after 6 d,  that of AT 20-"C mussels. 
After 8 d ,  the level reached remains constant. The 
stress effect presents itself here as a decrease in free- 
zing resistance. 

Life Span of Mytilus edulis under Different 
Conditions in the Laboratory 

The following observation indicates that changing 
temperatures present a stress for Mytilus edulis. The 
time spans after which the mussels begin to dle in 
laboratory experiments differ widely under different 
conditions. In 30 %o S, these are at AT 8 "C, 60 d ;  at AT 
20 "C, 40 d;  at CT 8"-20 "C (changing every 12 h), 25 d;  
at  CT 8"-20 "C (changing every 6 h), 20 d. Unfed mus- 
sels thus survive for a considerably shorter period in 
CT than in constant AT. 

DISCUSSION 

Resistance and capacity modifications caused by 
temperature have mostly been studied in animals (e. g. 
fishes) from biotopes with only slow temperature 

generally require several days to weeks. Among 
environmental factors, daylength, more than tempera- 
ture, is responsible for seasonal changes in metabolism 
and resistance to extreme temperatures. How do ani- 
mals behave which live under periodically fastchang- 
ing temperature conditions, i.e. in terrestrial or tidal- 
zone habitats? Insects adapt to heat very quickly, i.e. 
within a few hours (for review see Precht, 1973, p. 436 
ff.). Capacity adaptation apparently may proceed 
accordingly. Wieser (1977) discovered a relationship 
between enzyme activities (pyruvatkinase and lactate 
dehydrogenase) in foot muscle of Helix pomatia (col- 
lected and examined at night) and mean day tempera- 
ture. High enzyme activity correlates to low day temp- 
erature, i.e. there is a compensatory effect. 

How does this fit in with the findings on the resist- 
ance of cilia of Mytilus edulis reported here? Let us 
first discuss the more closely investigated heat resist- 
ance and heat adaptation, which requires in reduced 
salinities a few days (as in fishes). In some organisms, 
the mechanism of this adaptation is independent of 
temperature, e.g. in Zoothamnium hiketes (Vogel, 
1966) or Idotea balthica (Furch, 1972); in others it is not 
(Precht, 1973). For Baltic Sea mussels exposed to low 
tidal amplitudes the long time required for adaptation 
seems understandable. However, how can this be of 
ecological significance in the tidal zone with quickly 
and drastically changing temperatures, e.g. in the 
North Sea? Here, such slow resistance adaptation to a 
tidal 6-h rhythm seems to be rather meaningless. We 
found that heat adaptation is lacking in high salinities. 

0 5  10 

Time ( d a y s )  

Fig. 7 Mytilus eduljs ( A :  North Sea, X. Baltic Sea). Freezing 
resistance. Course of resistance change following transfer 
from AT 8 "C to CT 8O-20 OC. (12-h change at 12 CO h-'; 
changes at 8 AM and 8 PM, respectively). Adaptation and 
resistance determined in 25 4ho S. Time of experiment: 10 PM. 
Values for AT 8", 14" and 20 "C determined under identical 

changes. Here, modifications following AT-changes conditions. All values based on 10 individuals 
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In genera l  a tidal rhythm i s  combined with h igh  a n d  
not with low salinities. It seems ,  therefore, reasonable 

that cilia of mussels from t h e  Baltic Sea a d a p t  whi le  

those from t h e  North Sea  d o  not. 

How can  this b e  explained? Our  experiments  have  

shown that  the  different behavior of mussels from the  

North S e a  a n d  Baltic Sea  is not d u e  to racial differ- 

ences. Is it  possible that  h e a t  adaptat ion is  blocked b y  

h i g h  salinities? In t h e  fish Idus idus fast temperature 
c h a n g e s  switch off capacity adaptat ion for a long  t ime 

(Laudien a n d  Foh, 1975), b u t  this seems  reasonable i n  

regard to  t h e  biology of t h e  an imals  only for those 

which  live i n  biotopes with rather  constant tempera-  

tures (Kiinnemann a n d  Precht,  1979). Since h e a t  resist- 

a n c e  is  a function of salinity, North Sea  mussels  are ,  

d u e  to a higher  habi tat  salinity, more temperature 

resistant.  Possibly, their h igh  d e g r e e  of resistance c a n  

hardly b e  increased.  This  possibility must b e  examined  

i n  more detail .  

Especially t h e  f indings of Furch (1972) o n  Idotea 
balthica h a v e  shown that  pretreatment  with changing  

temperatures  increases  h e a t  resistance, a phenomenon 
interpreted a s  stressor effect. Temperatures  changing  

i n  a 12-h rhythm ( 8 c 2 0  "C) cause  i n  mussels  from t h e  
North Sea a n d  Baltic S e a  an increase in  hea t  resistance 

to t h e  level of mussels which  h a d  b e e n  adapted  to 
20 "C for a very long period of t ime (15 %O S).  This  

response cannot  b e  produced by a larger effect of t h e  

w a r m  period dur ing  pretreatment  because the  
mechanism of reasonable hea t  adaptat ion is, a s  

a lready mentioned,  independent  of temperature.  

C h a n g i n g  temperatures  (8"-20 "C) i n  a 6-h rhythm 

exert a resistance-increasing effect on North S e a  mus-  

sels  from 3 0  %O S, if they h a d  b e e n  adapted  to 20 "C for 

a long  period of t ime prior to  t h e  start of t h e  c h a n g e  

program. It seems  problematical whether  this increase 

i n  h e a t  resistance d u e  to a stressor can  b e  interpreted 
a s  useful replacement  for the  lack of hea t  adaptat ion of 

North Sea  mussels. 

T h e  freezing resistance of Mytilus edulis cilia h a s  
b e e n  examined i n  less detail .  T h e  experiments  sum-  
marized i n  Figures 6 a n d  ? w e r e  conducted i n  

December;  exogen  day length  inf luences w e r e  

excluded.  Mussels s h o w  a significant reasonable cold 

adaptat ion (25 'A S). Freezing resistance increases  a t  a 
constant A T  with rising salinity. Changing  tempera-  

tures  (8"-20 "C) i n  a 12-h rhythm cause  freezing resist- 

a n c e  to drop to the  level  of t h e  mussels long-term 

adapted  to 20 "C (25 %' S).  This  is t rue for both,  mussels 

from North a n d  Baltic Seas.  
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