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ABSTRACT: Mussels Mytilus edulis were reciprocally transplanted between 2 environments, the
Tamar estuary (south-west England) and Swansea dock (south Wales). Physiological and cellular
responses of native and transplanted mussels at each site were measured at the beginning (January,
1978) and after 7, 16 and 23 wk. Tissue concentrations of some metals (Cd, Cu, Fe, Pb, Zn) and
hydrocarbons were determined. Changes in metal and hydrocarbon concentrations in the tissues were
complex and a function of specific contaminant, tissue and time. There were marked physiological
differences between the 2 native populations but transplanted mussels acclimatized to their new
environments within 2 mo. This suggested that the measured physiological differences (clearance,
respiration and excretion rates, absorption efficiency, 0 : N and scope for growth) were largely determined by environmental rather than genotypic factors.

INTRODUCTION

Bayne and Widdows (1978) and Bayne et al. (1979)
recorded marked differences in the responses of mussels Mytilus edulis from different populations to
environmental changes. This was largely interpreted
in terms of environmental conditions pertinent to those
populations. In such circumstances, however, an
unknown proportion of the observed difference may be
due to genetic differences (Koehn, 1978; Freeman and
Dickie, 1979).
In this study we examine the extent to which
recorded population differences may be environmentally induced (phenotypic adaptation) rather than inherited characteristics of the population (genotypic
adaptation). This was investigated by means of a reciprocal transplant experiment between 2 physiologically
and morphologically distinct mussel populations living in different environments. The biological
responses (viz, reproductive condition, respiration,
clearance rate, absorption efficiency, excretion rate,
oxygen to nitrogen ratio and 'scope for growth') were
determined for both native and transplanted groups of
mussels at each site. In addition to measuring the
major natural environmental variables such as temperature, salinity and suspended particulates, the tissue
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concentrations of some environmental contaminants
were determined in order to provide information on
their long-term accumulation and depuration under
natural field conditions and to assess whether these
contaminants were likely to be important factors contributing to measurable changes in the physiological
condition of mussels.

MATERIAL AND METHODS

Two mussel populations were chosen on the basis of
differences in their environments as well as measurable physiological and morphological differences. One
population was located in the Tamar estuary in southwest England and the other in Swansea docks, south
Wales (Fig. 1).The Tamar population was littoral and
estuarine, occurring on a gravel bank at the confluence
of the Lynher and Tamar rivers; the Swansea dock
population was sub-littoral with the mussels attached
to pier supports. The Tamar population conforms to the
Mytilus edulis genotype, but the Swansea dock population may be intermediate between the M. edulis and
M. galloprovincialis genotypes (Skibinski and Beardmore, 1979; Skibinski et al., 1978).
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matter (POM) were measured. Particulate material was
sampled by filtering a known volume of seawater
through a washed, ashed and pre-weighed glass-fibre
filter. The salts were washed out of the filter with 3 %
ammonium formate, the filter dried at 100 "C and
weighed to calculate total seston (mg 1-l). The filter
was then ashed at 450 "C and re-weighed in order to
calculate the weight of material combusted; this value
is referred to as the weight of particulate organic
matter.
Biological measurements
ENGLEH CHANNEL

Fig. 1. Location of Tamar estuary in south-west England and
Swansea docks in south Wales

Transplanting of mussels between sites
Mussels at Swansea were collected by divers and
400 individuals (referred to as Swansea natives or SN)
were placed in one half of each of 4 paired cages. The
other half of each cage contained 400 mussels (referred
to as Tamar -,Swansea transplants or T + S) collected
from the Tamar population at low-water spring-tide
level. The cages were then placed sub-littorally in
Swansea docks.
At the Tamar site 4 similar paired cages, each containing 400 mussels from the Tamar population (Tamar
natives or TN) and 400 mussels transplanted from the
Swansea population (Swansea + Tamar transplants or
S -,T), were placed at low-water spring tide level. The
cages were constructed of strong 1 cm2 wire mesh
coated with plastic. Mussels were held out of water in a
moist environment for 24 h during transportation
between the 2 sites. In order to subject the 4 experimental groups of mussels to identical treatments, the
native mussels from both sites were also air-exposed
for 24 h before placing them in the cages. Furthermore,
all mussels were cleaned of epibionts at the beginning
of the experiment and again prior to the measurement
of physiological responses.
Mussels were transplanted and caged at both sites
between January 6th and 13th 1978, and subsequent
visits were made at approximately 2 mo intervals (February 27th - March 9th, April 25th -May 4th, and June
13th - June 20th, 1978).

Seawater measurements
During each site visit temperature, salinity, and the
concentrations of total seston and particulate organic

The morphological difference between the 2 native
mussel populations was measured by determining
shell length and internal volume of shells over a size
range of 50 individuals.
Stereological assessment of the reproductive tissue
(mantle) was carried out on tissue sections of 5 mussels
from each experimental group and the proportion of
developing gametes, ripe gametes, evacuated follicles
and adipogranular cells was expressed as a percentage
of total volume (Lowe et al., 1982). Changes in the
actual mass of ripe or developing gametes per 'standard mussel of lg dry-weight' were calculated by multiplying the percentage of total volume by the mass of
mantle per g of total dry tissue mass.
The physiological condition of the 4 experimental
groups of mussels was determined, using a mobile
laboratory, under conditions of ambient temperature,
salinity, suspended particulates and environmental
contaminants. Physiological responses such as oxygen
consumption, clearance (feeding) rate, food absorption
efficiency and excretion rate were measured using the
techniques described by Bayne et al. (1977),Bayne and
Widdows (1978) and Widdows (1984). Rates of oxygen
consumption by Mytilus edulis were determined by
isolating the respirometer (500 rnl) from flowing water
for 45 to 60 min while monitoring the decline in oxygen tension in the chamber with a Radiometer oxygen
electrode coupled to an amplifier and chart recorder.
Clearance rate was measured in a flow-through system
(150 m1 min-l) using a Coulter counter to determine
the concentration of particles (>4 pm spherical diameter) before and after the mussel chamber (400 ml). Food
absorption efficiency was estimated by the method of
Conover (1966).The proportion of organic matter in the
seston was compared with that in the faeces (and
pseudofaeces where present). Rates of ammonia excretion were determined by placing individuals in 200 m1
of 0.2 pm membrane-filtered seawater for 2 h and then
analysing the water for ammonia using the phenolhypochlorite method of Solorzano (1969). On each
sampling occasion the physiological variables were
measured over a size range (0.5 to 2.0 g dry tissue
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mass) of 12 mussels and each physiological rate related
to the mass of body tissue by the allometric equation:

Y

(1)

= a.xb

where Y = physiological rate; X = body mass and a
and b are fitted parameters. Physiological rates were
then converted to a weight-specific rate for a 1 g
mussel using the weight exponent (b).

Chemical measurements
Tissue analysis for metals

+

Ten mussels of similar body size (1.34 g
0.4 SD)
were selected from each of the 4 experimental groups
on each sampling occasion, transported to the laboratory and placed in artificial seawater ('Marine-Mix' by
Wimex) 35 %
' m salinity and 10 "C for a period of 18 h to
allow defaecation of sediment from the gut. This procedure minimized contamination of tissues by metals
associated with gut contents. A time-course study (48 h
duration) demonstrated that Al, Si and Fe concentrations in the mussel tissues declined rapidly (e.g.90 %
of Si removed) during the initial 18 h without significantly altering the concentrations of other metals (Zn,
Cu, Cd, Pb). After allowing 18 h for evacuation of gut
contents, mussels were dissected into kidney and
'remaining tissues'. Tissue from 10 individuals was
bulked together to provide sufficient kidney for analysis, but each remaining tissue sample comprised material from 5 mussels. Samples were freeze-dried and
homogenised prior to tissue digestion. Aliquots (0.25g)
of homogenized tissue were digested at 110 'C for 1 h
with Aristar (B.D.H.) nitric acid (2 ml) in the sealed
polytetrafluoroethylene liner of a decomposition vessel
(Uniseal).The digest and washings were made up to 10
m1 and the metals (Fe, Zn, Mn, Cu, Cd and Pb) analysed by flame atomic absorption spectrophometry.
Using the analytical procedures described above,
percentage recoveries of metals added to tissue samples were > 90 %. Analysis of a 'standard tissue sample' of International Atomic Energy Authority Oyster
homogenate (MA-M-1) yielded agreement with the
standard values of within k 2 % for Fe, Mn, Zn and Cu
which were present at relatively high concentrations,
but agreement was less satisfactory for Cd (3.3 f 0.4
compared with standard value of 2.2 f 0.1 pg g-l) and
Pb (5.5 k 5.2 compared with standard value of 1.5 f
0.2 pg g-l) because concentrations were close to our
limit of detection and below the concentrations measured in the mussel tissue samples.
Metal concentrations in marine organisms are
known to be affected by body size/age (reviewed by
Phillips, 1980), therefore metal concentrations in the
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tissues of Mytilus edulis were expressed as pg per g
dry weight after correcting for minor differences in
body mass using appropriate weight exponents established for each metal and each tissue over a size range
of mussels from the Tamar population.

Tissue analysis for hydrocarbons
On each sampling occasion mussels (15 2 n 2 5)
were collected from each of the 4 experimental groups
and frozen prior to transportation to the laboratory.
They were then thawed and the entire soft tissue from
all the mussels in the sample was bulked and
homogenized. The wet tissue (6 g) was saponified for
2 h and steam distilled for 2 h with 5 m1 of hexane and
the product cleaned-up on an alumina column eluted
with hexane (Widdows et al., 1982). The cleaned-up
extract was analysed by UV spectrophotometry, quantified by measurement of the absorbance at 221 nm,
the wavelength of maximal absorbance of the naphthalene reference standard (c.f . Neff and Anderson,
1975) and by spectrofluorimetry (excitation 310 nm,
emission 374 nm) quantified by reference to pyrene
(Gordon et al., 1974; Zitko, 1975).To enable the results
to be expressed in crude-oil equivalents (Hennig,
1979; Blackman and Law, 1980) the standards were
calibrated against North Sea (Auk field) crude oil.
Extracts from 10 of the samples were also analysed,
without further clean-up, by high performance liquid
chromatography (HPLC) on a Partisil-l0 PAC column
(Whatman) using hexane as the mobile phase and
fluorescence detection. The fluorometer excitation and
emission wavelengths were set at 280 nm and 330 nm
respectively to detect compounds with 2 aromatic rings
(e.g. naphthalenes), or at 254 nrn and 365 nm, respectively to detect 3 ringed aromatics (e.g. phenanthrenes). Five of these extracts were also analysed
directly by gas-liquid chromatography (GLC; Widdows et al., 1982). In order to obtain a more complete
analysis of alkanes, 2 samples were steam-distilled for
16 h and the product resolved into alkanes and aromatics on silica, prior to GLC (Widdows et al., 1982).The
aromatic fraction was further cleaned-up by PACHPLC.
Total lipid in the body tissues was determined by the
method of Bligh and Dyer (1959).

RESULTS
Environmental factors
Temperature, salinity, seston and % POM data for
the 2 environments are illustrated in Fig. 2. The sea-
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sonal change in temperature was greater at the
Swansea site (Fig. 2A) whereas the seasonal amplitude
in salinity (Fig. 2B) and seston (Fig. 2C) was greater in
the Tamar. Seston concentrations were higher in the
Tamar except during the April-May sampling period.
The % POM was independent of the seston concentration and was consistently higher in Swansea docks
(Fig. 2D),presumably due to the lower silt concentration resulting from the reduced tidal-water movement
at this site.

Biological measurements
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Fig. 2. Temporal
changes
in
temperature (A), salinity (B), seston (C) and particulate organic
.natter {Dj. A Tamar estuary;
m Swansea dock. Mean f S.E.

change in the amount of developing and ripe gametes
and of evacuated follicles in the mantles of the four
groups of mussels between January and June. The
Tamar natives contained a relatively constant amount
of developing and ripe gametes throughout the winterspring period which, together with the large variance
about mean values, suggests a continual release of
gametes by the population and the absence of a distinct spawning period, although the increase in evacuated follicles in early March indicates a major release
of gametes at this time. The adipogranular cells (nutritive storage tissue) declined significantly between

Shell length - volume relation
The 2 native populations showed distinct morphological differences in terms of shell shape.
Swansea mussels generally had a thicker shell, a
larger posterior adductor muscle, a downturned
anterior end to the shell, a flattening of the ventral
shell surface and greater shell width. Some of these
differences in the shell shape were quantified by relating internal volume of shells to shell length (Fig. 3).
Covariance analysis demonstrated that the Swansea
mussels had a significantly larger shell volume per
unit length compared with the Tamar mussels
(P < 0.001).
101

Gametogenic stage
Stereological assessment of the development state of

the
and
tissues
was carried out for the 4 experimental groups of mussels on
each sampling occasion. Table 1 demonstrates the
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Fig. 3. Ml'tilus e d u l ~ s .Relation between shell volume (ml)
95 % Confidence
and shell length (cm). Regression line
limits, Tarnar: log,, shell
= -0,774 (f ,167 SD) + logto
shell length X 2.71 ( + .21 SD).Swansea: loglo shell v01 =
-0.439 ( f 0.7 SD)
log,, shell length X 2.45 ( 2 . l 3 SD)

+

+
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Table 1. Myi9lus edulis. Gamete or cell mass (not including vesicular connective tissue and blood sinuses) expressed as mg in the
mantle of a 'standard 1 g individual'. Mean f S.E. (n = 5). TN Tamar natives; SN Swansea natives; T + S Tamar mussels
transplanted to Swansea; S+T Swansea mussels transplanted to Tamar
Time
(weeks)

Date Experimental
(1978)
group

Developing
gametes

Ripe gametes

Evacuated
follicles

Adipogranular
cells

Mantle as %
of body wt

13.19 f 10.31
36.16 f 13.67

6.34 f 1.64
2.23 f 1.43

35.92 ? 9.1
11.45 -t 8.1

15.17
15.9

17.45 f 15.16
13.52 f 9.80

20.77
16.90

0
0

9. 1.
11. 1.

TN
SN

25.73 f
42.29 f

7
7

5. 3.
28. 2.

TN
SN

18.48 f 14.9
66.08 f 14.7

26.38 f 26.38
9.12 f 9.12

27.2
9.35
17.75 2 5.75

7
7

28. 2.
5. 3.

T-rS
S-T

63.19 f 19.54
6.15 f 2.27

81.98 f 22.33
0.4 f 0.4

3.30 f 3.30
7.89 f 3.08

14.47 f
0

7.87

25.58
13.37

16
16

4. 5.
28.4.

TN
SN

1 6 . 2 6 f 7.14
52.44 f 10.18

27.17k27.17
43.02 f 8.51

7.34f2.58
22.49 f 6.54

1.18f
0

1.18

19.83
15.2

16
16

28. 4.
4. 5.

34.13 f 6.95
34.16
3.42

145.8
12.85
25.09 f 17.9

0
1.34 f 0.89

21.07
14.85

23
23

18. 6.
15. 6.

TN
SN

23
23

15. 6.
18. 6.

T4S
S-T

T-S
S-T

9.65
6.68

+

4.9 f
18.63 f

4.9
9.32

16.17 ? 9.19
16.38 f 8.58

+

+

24.06 f 14.9
25.02 f 10.8
6 0 . 7 6 f 25.87
12.68 f 6.7

January and May followed by a recovery in June.
Swansea natives showed a more marked reproductive
cycle with a peak in developing gametes in the late
winter followed by a peak in ripe gametes in AprilMay. This cycle and the smaller variances about the
mean values of developing and ripe gametes suggests
a more synchronized period of gametogenesis and
spawning in the Swansea natives. The amount of
adipogranular cells in the mantle was low throughout
the winter-spring period.
Mussels transplanted from the Tamar to Swansea
showed a peak in developing gametes and a marked
peak in ripe gametes in February-March. The seasonal
change in adipogranular cells in the TN mussels was
retained by the T + S mussels.
S + T mussels differed from the SN due to the reduction in developing gametes in February-March. However, the amount of adipogranular cells in the mantle
remained very low and similar to the SN. These findings confirm the results of recent comparative studies
of reproductive cycles in Mytilus edulis (Lowe,
unpubl.); marked population differences in the amount
and seasonal cycles of nutritive storage cells were
found to be maintained following transplantation
between populations living in different environments.

0

22.57

+ 4.46

12.92 f 5.19
13.34 f 7.65
3.57 f 2.72
6.74 +- 1.98

15.4 ? 15.4
5.84
5.0

+

14.77
13.9

25.19 f 19.1
1.58 f 1.32

17.02
13.21

Oxygen consumption. The weight-specific oxygen
consumption (Vo,: m1 0, g-' h-') increased with seasonal temperature between February and June (Fig. 4 ) .
There were no significant differences in the rates of
oxygen uptake by the 4 groups of mussels, except
during April-May when the mussels in the Tamar (TN
and S + T) had significantly higher rates (P < 0.05)
than those in Swansea docks.
Clearance rates. Native and transplanted mussels in
the Tamar had significantly higher clearance rates
than those in Swansea docks (Fig. 5). Within 7 wk of
transplanting mussels between the 2 environments the

0

Physiological measurements
Months

All physiological rates were corrected to a standard
body size (1 g) which approximated the mean dry
tissue weight (1.038 g) of mussels sampled from both
populations.

Fig. 4. Mytilus edulis. Rate of oxygen consumption of native
and transplanted mussels. Mean f S.E. A Tamar natives; n
Tamar + Swansea transplants; Swansea natives, 0Swansea
+ Tamar transplants
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clearance rates of T+ S individuals had been reduced
and clearance rates of S + T mussels had been
increased to rates similar to those of the native individuals. However, between April and June the clearance rates of transplanted mussels did not show complete acclimatization to their new environments.
Absorption Efficiency. Food absorption efficiency
was 1.5 to 2 fold higher in the SN and T+ S mussels
compared with the TN and S + T individuals (Fig. 6).
The lower absorption efficiencies of mussels at the
Tamar site were not related to either the spatial or
temporal differences in seston concentration. In AprilMay the seston concentration declined to values below
those found at the Swansea site (Fig. 2), but there was
not a reciprocal change in the absorption efficiency of
TN or S +T to values greater than SN or T + S mussels. The higher absorption efficiencies recorded for
mussels at Swansea were due, in part, to the significantly lower clearance rates in the SN and T+ S individuals. A reduced food intake is partially compensated by an increase in food absorption efficiency
(Bayne et al., 1976a; Widdows, 1978a). In addition to
the spatial differences in absorption efficiency there
was also a temporal increase in the absorption efficiency of both native and transplanted mussels. This
seasonal increase was not concomitant with a rise in
temperature (Fig. 2) and was probably the result of a
gradual improvement in the quality of POM during the
spring and summer when algal productivity and
biomass increase and a greater proportion of the POM
is likely to be non-refractory and utilizable food mate-

I

J

'

F

l

L

M

A

M

J

Months
Fig. 5. Mytilus edulis. Clearance rate of native and transplanted mussels. Mean f S.E. A Tarnar natives; a Tamar -P

Swansea transplants; Swansea natives; o Swansea + Tamar
transplants
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Fig. 6. Myti1u.s edulis. Food aSso,~tionefficiency of native
and transplanted mussels A Tamar natives; a Tamar +
Swansea transplants; Swansea natives; 0Swansea + Tamar
transplants

rial (Widdows et al., 1979).Bayne and Widdows (1978)
recorded a similar seasonal increase in the food
absorption efficiency of mussels from two populations.
Ammonia Excretion. Temporal changes in the rate of
ammonia excretion by mussels from Swansea (SN)
were small in comparison with the marked changes
(- 10 fold) in excretion rates of Tamar (TN) mussels
which increased from 7 pg NH, -N g-' h-' in January, when they were lower than SN, to a maximum of
65 pg g-I h-' in May (Fig. 7). The excretion rates of
T+ S mussels were not significantly different from the
SN; whereas the S-T mussels, although following
similar temporal changes to the TN mussels, showed a
less pronounced increase in excretion rate in early
May.
0:N. The 0 : N or the ratio of oxygen consumed to
nitrogen excreted in atomic equivalents indicates the
proportion of protein relative to carbohydrate and lipid
that is catabolized for energy metabolism (Corner and
Cowey, 1968; Bayne, 1973). A relatively high rate of
protein catabolism results in a low 0 : N ratio which is
generally indicative of a stressed condition (Bayne et
al., 1976b; Widdows, 1978b). The results (Fig. 8) are
consistent with the notion that the 0 : N ratio provides
an assessment of the nutritional/metabolic state of the
animal, reflecting overall utilization of protein from
both accumulated body reserves and available food.
The 0 : N ratio for TN was initially high (> 40) but
rapidly declined to very low values (- 10) in early May
(Fig. 8) when the rate of NH, - N excretion was maximal (Fig. 7), the metabolic requirement was high (Fig.
4) and suspended particulates were low (Fig. 2C). 0 : N
ratios for SN were initially low (13) and increased to 25
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Fig.7 . Mytilus edulis. Excretion rates of native and transplanted mussels. Mean 2 S.E. A Tamar natives; A Tamar
Swansea transplants; Swansea natives; 0Swansea --t Tamar
transplants

by May - June, probably reflecting the generally lower
but more stable seston concentrations.
Transplanted mussels had 0 : N ratios which followed the temporal pattern of the native mussels at
each site. T-S transplants conformed to the more
stable 0 : N values of the SN mussels, whereas the
S + T mussels maintained a low 0 : N ratio during the
winter which then increased in the spring with the rise
in 0 : N of the TN mussels.
Scope for growth.The basic physiological responses
were converted into energy equivalents (J h-') and
used in the balanced energy equation to calculate
'scope for growth' (Warren and Davis, 1967; Widdows,
1978b; Widdows et al., 1981). The balanced energy
equation is as follows:

or

P

=

A-(R

+ U)

39

(3)

where C = total consumption of food energy; F =
faecal energy loss; A = energy absorbed from the food;
R = respiratory heat loss; U = energy lost as excreta;
P = energy available for production of both somatic
tissues and gametes. Scope for growth (P) is the energy
available for somatic growth and gamete production
after subtracting the energy losses due to respiration
and excretion from the energy absorbed from the food.
In several studies, 'scope for growth' has been used
to compare the functioning and performance of mussels from different environments (Bayne and Widdows,
1978; Bayne et al., 1979; Widdows et al., 1981). The
results of the present study show a marked difference
between the scope for growth of mussels living in the 2
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Fig. 8. Mytilus edulis. Ratio of oxygen consumed to ammonia
nitrogen excreted for native and transplanted mussels. Mean
-t S.E. A Tamar natives; a Tamar -r Swansea transplants;
Swansea natives; 0 Swansea --t Tamar transplants

environments (Fig. 9). Values of scope for growth of
both native and transplanted individuals in the Tamar
estuary were higher than the mussels in Swansea
docks (SN and T+ S), except during late April when
there was a major algal bloom in the docks which
resulted in a high scope for growth. At this time of year
both groups of mussels in the Tamar had a reduced
scope for growth due to the lower seston and POM
concentrations. In spite of the seasonal variation in the
scope for growth of mussels at the Tamar and Swansea
sites, the results show a distinct acclimatization by the
transplanted mussels to their new environments.
Growth efficiencies provide a measure of the efficiency with which food is converted into body tissues
(Bayne et al., 1976b; Widdows, 1978b; Widdows et al.,
1981).Net growth efficiency (K,) or the growth per unit
of the absorbed energy, was calculated from the measured physiological responses:

Table 2 shows the % net growth efficiencies of

Mytilus edulis at the 2 sites during the course of the
field experiment. Mussels in the Tamar had higher
growth efficiencies than those in Swansea docks,
except during the late-April algal bloom. The data also
demonstrate that at each site mussels originating from
the Tamar (TN and T + S) were functioning more efficiently than the mussels from the Swansea population
(SN and S +T).
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body tissues. This is demonstrated by the ratio of metal
concentrations in the kidney to remaining tissues
(mean & S.E. derived from all samples): Pb = 27 f 3;
Zn = 22
2 ; Cd = 13 ? 2 ; Cu = 4 ? 0.3 and Fe = 2
0.2.
As a result of the very high concentration of Pb, Zn
and Cd in the kidney tissues a large proportion of the
total body content was found in this tissue, in spite of
its relatively small size (5 %
0.23 of total body
weight). The proportion of total body content occurring
in the kidney tissue was as follows (mean derived from
all samples): Pb, 58 % ; Zn, 50 % ; Cd, 40 % ; Cu, 19 % ;
Fe, 9 %.
Population differences. There were population/
environmental differences in the tissue concentrations
of Fe, Zn, Pb, Cu and Cd, but these differences were
not apparent in both tissues (Table 3). For example, Pb
and Cu concentrations in the 'remaining tissues' of
both native groups of mussels were similar, but the
kidney tissues showed population differences; the Cu
concentration in the kidney of SN averaged 1.7 times
more than that in TN mussels (Table 3), and at the
beginning of the study the Pb concentration in the
kidney tissue of TN was 2-fold higher than the SN
mussels (Fig. 10). Population differences were apparent in both kidney and remaining tissues for Cd (SN >
TN), Fe (TN > SN) and Zn (SN > TN).
Changes following transplantation. Where there
were marked differences between tissue metal concentrations of Tamar and Swansea natives, not all
metal concentrations in the tissues of transplanted
mussels showed accumulation or depuration towards
the native mussels at each site during the 6 mo transplant period. The results revealed that some metals
were more biologically labile than others. For example, Pb was rapidly accumulated and depurated by the
kidneys of mussels transplanted to the Tamar and
Swansea respectively (Fig. 10). The biological halftime (Tb,) for the decline in Pb concentration in the
kidney of mussels transplanted from the Tamar to
Swansea was < 25 d. Fe in the kidney, although at a
concentration more than 3-fold higher in the TN compared with the SN, was accumulated (S+ T) and lost
( T - +S) more slowly than Pb following transplantation
(Fig. 11). The Tbl,for Fe in the kidney was 50 to 60 d;

+

+

+

Months
Fig. 9. Mytilus edulis. Scope for growth of native and transplanted mussels. Mean f S.E. (standard error was estimated
when physiological measurements were carried out on the
same set of individuals). A Tamar natives; A Tamar -t
Swansea transplants; Swansea natives; 0Swansea + Tamar
transplants

Chemical measurements

Metal concentrations in tissues
The results summarized in Table 3 and Fig. 10, 11
and 12, indicate that several factors were responsible
for determining the concentrations of metals in the
tissues of Mytilus edulis living in the Tamar estuary
and Swansea docks. Metal concentrations were partly
a function of the type of tissue, the environment and
the time spent in that environment. The data, when
expressed in terms of metal content or body burden (pg
individual-') showed similar spatial and temporal differences as the metal concentration data ( ~ g-'
g dry
weight) because there were no marked changes in the
mean body weight of the mussels during the course of
the experiment.
Tissue differences. Two tissues - kidney and
'remaining tissues' - were analysed for Cd, Cu, Fe, Pb
and Zn. The metals accumulated by the kidney
reached high concentrations relative to the remaining

Table 2. Mytilus edulis.Effect of reciprocal transplant of mussels between Tamar estuary and Swansea docks on mean net growth
efficiency (%)
Time (weeks)

Dates

0
7
16
23

9Jan-l1 Jan
28 Feb- 5 Mar
28 Apr- 4 May
15Jun-18Jun

Tamar natives
65
78
32
62

T-S transplants

%

-

%
%
%

46 %
83 %
25 %

Swansea natives
21 %
18 %
76 %
-6 %

S-tT transplants

75 %
-45 %
47 %
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Table 3.Myh'lus edulis. Average metal concentrations in tissues of mussels from Tamar estuary and Swansea docks. TN Tamar
natives; SN Swansea natives; T + S Tamar mussels transplanted to Swansea; S + T Swansea mussels transplanted to Tamar.
Mean f S.E.; n = 6;results from all sampling times combined
(A) REMAINING TISSUE (Soft body tissues less kidney) pg g-' dry mass for 'lg individual'

Sample

Cd

Cu

TN
T4S
!+PT
SN

4.1 f 0.4
3.5 f 0.4
10.5 f 1.2
7.7 f 0.6

Fe

+ 1.4
+ 0.9
+ 0.6

13.7
12.5
13.4
12.7 +

256
187
257
164

0.4

Pb

Zn

15.8 f 2.3
12.7 f 1.6
21.7 3.3
18.4 f 2.4

f 31
f 7
t 37
f 9

120
166
184
246

+

f 17
f 22
f 17
f 30

(B)KIDNEY pg g-' dry mass for 'lg individual'
Sample

TN
T-S
S+T
SN

Cd

Cu

48 f 10
35f 5
132
3
75f 9

42+ 5
47+ 6
61+ 7
70
13

+

Fe

+ 102

762
383 +
336 +
198 +

+

Zn

Pb

574 f 156
300 f 42
610
111
342 f 48

63
47
27

2662
2796
4216
5371

+

+ 804
+ 55
+ 1810
+ 440

consequently only a partial accumulation and depuration of Fe was recorded after a 6 mo transplant. In
contrast to other metals, the difference between the Cd
concentration in mussels from SN to TN, in both kidney (Fig. 12) and remaining tissues was maintained
(SN) or increased (S+T)throughout the experimental
period in spite of a gradual decline in Cd concentration
in the SN and TN, and no equilibration with the new
environment was observed. Lack of depuration of Cd
has also been observed in Crassostrea virginica (Greig
and Wenzloff, 1978; Zaroogian, 1979); it has been
suggested that this may be due to a combination of a
slow excretion rate and binding to proteins in the

J

F

M

A

M

J

Months
Fig. 11. Mytilus edulis. Fe concentration (W g-' dry mass) in
kidneys of native and transplanted mussels. A Tamar natives;
n Tamar 4 Swansea transplants; m Swansea natives; 0
Swansea 4 Tamar transplants

tissues (George and Coombs, 1977; Jennings et al.,
1979; Zaroogian, 1979).

Tissue hydrocarbon concentrations

J

F

M

A

M

J

Months

Fig. 10. Mytilus edulis. Pb concentration (W g-' dry mass) in
kidneys of native and transplanted mussels. A Tamar natives;
A Tamar + Swansea transplants; m Swansea natives; 0
Swansea -+ Tamar transplants

Nature of hydrocarbons. The hydrocarbon concentrations in mussels (total tissue) from native and transplanted groups at each site are summarized in Table 4.
Hydrocarbon concentrations are presented as mg g-'
lipid, so that any observed differences are independent
of lipid concentration.
After alurnina clean-up, steam distillates from both
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0
I

J

'

F

M

A

M

J

Months
g dry mass) in
Fig. 12. Mytjlus edulis. Cd concentration ( ~ g-'
kidneys of native and transplanted mussels. A Tamar natives;
A Tamar -, Swansea transplants;
Swansea natives;
0 Swansea + Tamar transplants

sites had W absorbance spectra with a major peak at
229 to 232 nm and a minor peak at 256 n m , typical of
many environmental residues of petroleum products
(Levy, 1972; Hennig, 1979). Further evidence that the
distillates had a petroleum-like hydrocarbon composition was: (a) close correlation (r = 0.926) between
results derived from analysis by W absorbance at the
absorbance maximum of naphthalene (Table 4) and
analysis of the same samples by fluorescence at
wavelengths most sensitive to 3 and 4 ringed aromatics; (b) similarity of the fluorescence spectra to that of
No. 2 fuel oil or oils rich in low molecular weight
aromatics (Gordon and Keizer, 1974); (c) presence of
HPLC chromatographic peaks at the retention times of
naphthalenes,
dibenzothiophenes/fluorenes
and
phenanthrenes; these peaks quantitatively correlated
with the W absorbance data, r = 0.95 for napht h a l e n e ~and dibenzothiophenes/fluorenes (n = 10),
and 0.86 (n = 7) for phenanthrenes; (d) presence of an
unresolved envelope in gas chromatograms of the dis-

tillates. The size of the unresolved envelope in gas
chromatograrns is a good quantitative indicator of petroleum derived pollution (Zsolnay, 1978). Hydrocarbon concentrations for 5 mussel tissue extracts calculated from the unresolved envelope, correlated well (r
= 0.98) with the results obtained for the same samples
using W absorbance (Table 4). It is likely that the
observed residue at both sites derived from a combination of direct petroleum inputs (e.g. ship fuel oils) and
urban runoff of petroleum and the combustion products
of petroleum and coal (Mix and Schaffer, 1979). Coal
shipped via Swansea Dock was a further source of
hydrocarbons at this site.
Mussels from both resident populations showed a
decline in tissue hydrocarbon concentration from
January to June. Similar seasonal cycles in the hydrocarbon content of bivalves have been attributed to a
combination of intrinsic biological processes such as
metabolism and gametogenic activity and higher
environmental concentrations of hydrocarbons during
the winter caused by increased inputs and lower rates
of photooxidation and biodegradation (Dunn and
Stich, 1976; Mix and Schaffer, 1979; Burns and Smith,
1981; Mix et al., 1981).
Population differences. At the beginning of the
transplant experiment the hydrocarbon concentrations
in the mussels from the 2 environments were markedly
different; concentrations in Swansea natives were 3fold higher than in Tamar native mussels (Table 4).
Transplanted mussels (T+ S) accumulated and (S-,T)
depurated hydrocarbons relatively slowly. The T + S
mussels accumulated hydrocarbons and reached a
maximum tissue concentration after 4 mo in the new
environment, but then declined in the same manner as
the Swansea natives. Similarly, the S-T mussels
required up to 4 mo to depurate the accumulated
hydrocarbons at the Tamar site. The high concentration of hydrocarbons in the tissues of T - t S mussels
during the spring (Week 16) was probably due to the

Table 4. Mytilus edulis. Hydrocarbon concentrations in tissue; mg hydrocarbon (expressed as North Sea crude oil equivalents')
g-' lipid. NA: Not analysed
l
I
Time (week)
Date of collection
Tarnar natives
Tamar to Swansea Swansea natives Swansea to Tamar
(1978)
transplants
transplants
0
7

16
23

9Jan-llJan
28 Feb- 5 Mar
28 Apr- 4 May
15Jun-18Jun

17.5"
14.3
17.1
11.6

Auk field crude oil. An oil concentration of 47 pg ml-' had a n absorbance equivalent to a naphthalene concentration of 1
ml-l (read at 221 nm in hexane). Mussels from a rural open coast site had hydrocarbon concentrations of ca. 1.0 mg g-I lipid
when analysed by this procedure. Replicate hydrocarbon analyses of homogeneous samples fell within the range
10 %.
" Two samples (TN and SN, Jan 78) were analysed (in duplicate) by both GLC and UV spectrophotometry. Total
hydrocarbon concentrations determined by GLC were 77 % and 68 % of those determined by W spectrophotometry for TN
and SN respectively. Aromatic hydrocarbons formed -38 % of the total hydrocarbons

+
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more marked and synchronized reproductive cycle in
this group of mussels. There was a large amount of ripe
gamete material in the mantle, consequently hydrocarbons were accumulated rapidly and their turn over was
slower.
DISCUSSION

Field measurement of mussels living in 2 different
environments - Tamar estuary and Swansea docks showed that the 2 populations of Mytilus edulis were
markedly different both in morphological characteristics and in physiological responses (clearance rate,
absorption efficiency, respiration, excretion rate, 0 : N,
scope for growth). Reciprocal transplantation of mussels between populations was used to examine the
phenotypic plasticity of the physiological responses.
The acclimatization of transplanted mussels to their
new environments within 2 mo demonstrated that the
measured physiological differences between populations were largely a function of environmental conditions.
However, acclimatization was not complete. Values
for clearance rate, scope for growth and growth efficiency of mussels originating from the Tamar (TN and
T + S) were consistently higher than values for mussels originating from Swansea (SN and S-T). The
differences in scope for growth and growth efficiency
between the native and transplanted mussels at a particular site were due, in part, to the differences in
clearance rate (Fig. 5). The clearance rate of transplants changed by approximately 75 % of the difference between the clearance rates of the native populat i o n ~ .This 75 % change may be ascribed to the
environmental characteristics of the 2 sites. The existence of a residual difference in clearance rate and in
scope for growth and growth efficiency suggests that
there may be further acclimatization to the prevailing
environmental conditions which takes longer than 6
mo and/or that the slight physiological differences may
reflect genetic differences between the 2 mussel population~.
Levinton and Koehn (1976) provided evidence of
considerable genetic variability in populations of
Mytilus edulis. In a study of the geographic variation at
2 diagnostic allozyme loci in mussels, Skibinski et al.,
(1978) and Skibinski and Beardmore (1979) showed
considerable spatial variation both in allele frequencies and in the extent of intergradation. They found
that Tamar mussels conformed to the M. edulis
genotype and Swansea dock mussels were intermediate between the M. edulis and M. galloprovincialis
genotypes with high levels of genetic mixing. A substantial amount of the phenotypic growth variation in
young mussels is a result of genetic differences within
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a population (Innes and Haley, 1977; Freeman and
Dickie, 1979). Singh and Zouros (1978) and Zouros et
al. (1980) demonstrated that the growth rate of oysters
Crassostrea virginica were greater among individuals
with more enzyme heterozygosity. Koehn and Shumway (1982) have since provided a physiological explanation by demonstrating a lower rate of oxygen consumption in individuals with a higher growth rate and
a higher level of enzyme heterozygosity. The present
study shows that the population differences in physiological response are largely determined by environmental factors and that a smaller proportion (- 25 % of
the difference in clearance rate) may be attributable to
genetic differences.
We have measured a number of environmental factors which have the potential to influence physiological condition. Of these, the differences in temperature
and salinity between the 2 sites were so small that they
were unlikely to account for the observed biological
effects. Suspended particulate material was present at
higher concentrations at the Tamar site than at
Swansea throughout most of the study period. However, high seston concentrations normally give rise to
reduced clearance rates (Schulte, 1975; Widdows et al.,
1979; Kiorboe et al., 1980),whereas the clearance rates
of Tamar mussels were consistently higher than those
of Swansea mussels. The only clear effect of quality
and quantity of particulate material on the physiological measurements was the transient increase in scope
for growth at Swansea measured during the spring
algal bloom and the simultaneous low scope for growth
determined in Tamar mussels due to a transient drop in
seston concentration. On all other occasions, higher
estimates of scope for growth and growth efficiencies
were recorded in mussels (native and transplanted)
living in the Tamar. Thus, differences in the major
natural environmental stressors could not account for
the very low clearance rates and reduced scope for
growth recorded in Swansea natives and Tamar
Swansea transplants. This suggests that anthropogenic
stressors acting singly or in combination may be the
cause of the observed biological effects.
An indication of the environmental quality of the
Tamar and Swansea dock sites in terms of metals may
be obtained by comparing our mussel tissue data with
those published by Boyden (1977), Goldberg et al.
(1978) and Davies and Pirie (1980). Both TN and SN
had relatively low copper concentrations similar to
mussels from 'clean' environments, and Fe concentrations were within the range reported for the US Mussel
Watch (Goldberg et al., 1978). Lead concentrations in
the tissues of TN and SN mussels were equal to those
concentrations found in the 'contaminated' mussels
from Restronguet Creek in Cornwall (Boyden, 1977),
but were generally higher than the Pb concentrations
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in mussels sampled as part of the US and Scottish
'Mussel Watch' projects (Goldberg et al., 1978; Davies
and Pirie, 1980). The Zn concentrations in the SN
mussels were slightly higher than the Zn concentrations in mussels from a 'contaminated' environment
(Restronguet Creek; Boyden, 1977) and were comparable with the highest levels determined in the US and
Scottish Mussel Watch programmes. Cadmium concentrations in the Tamar mussels were similar to the
concentrations in Mytilus edulis from a 'clean' site
(Menai Strait; Boyden, 1977), whereas the SN were
intermediate between the values for mussels from
'clean' and 'contaminated' (Inner harbour, Poole; Boyden, 1977) environments and were comparable to the
upper values for Cd concentrations found in the US
and Scottish 'Mussel Watch' projects.
Therefore, both sites could be considered to be contaminated to some extent, with Swansea dock being
the poorer environment of the two. Nevertheless, there
is no clear evidence that the tissue concentrations of
any of the metals determined in this study were toxic to
Mytilus edulis, or that the changes in metal concentrations in the whole mussel which resulted from transplantation could account for the biological effects
recorded, particularly the relatively rapid recovery of
the S +T mussels.
The results from laboratory studies generally support
this conclusion. For example, Stromgren (1982) determined the exposure concentrations of metals which
resulted in a 50 5% reduction in the shell growth (EC,,)
of Mytilus edulis after 10 to 22 d. The EC,, values were
3 to 4 pg Cu 1-l, 60 pg Zn I-', 100 pg Cd I-', but
>200 pg 1-' of Pb and Zn had no effect on shell
growth. Metal concentrations in the lower Tamar are
1 pg Cu 1-l, < 0.5 pg Cd I-',
0.5 pg Fe 1-' and - 8
pg Zn 1-' (Stebbing et al., 1983). If it is assumed that
the higher concentrations of Cd and Zn in the tissues of
Swansea mussels reflects a proportionately (2-fold)
higher metal concentration in the water at this site,
then these concentrations (- 1 pg Cd 1-' and - 16 pg
Zn 1-l) are well below the EC,, values recorded by
Stromgren (1982).
Myint and Tyler (1982) examined the effects of 98 d
of exposure to Cu, Cd and Zn (initial exposure concentrations 50, 50 and 200 pg 1-' respectively) on the
gametogenesis of Mytilus edulis collected from Mumbles, Swansea Bay. They observed suppression of
gametogenesis and vitellogenesis, and ultimately mortality (LC,, of 84 d), associated with tissue Cu concentrations 2 to 3 times higher than those measured in the
Swansea and Tamar mussels. There was also a slight
inhibition of gametogenesis at Zn tissue concentrations comparable to those found in Swansea dock mussels. Cd was the least toxic and had little effect at
tissue concentrations 10 times higher than those
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recorded in the Swansea native mussels. Similarly,
Poulsen et al. (1982) found that body loads up to 150 @g
Cd g-' dry mass caused no effects on the clearance,
ingestion, food absorption, respiration and growth of
M. edulis. In the present field study, no marked inhibition of gametogenesis was observed in either the SN or
T + S mussels. The effect of Cu and Zn on the
gametogenic development of M. edulis (Myint and
Tyler, 1982) may therefore have been a function of the
laboratory exposure conditions; their mussels were
unfed and held in tanks of aerated artificial seawater
and under these conditions the toxic effects of Cu and
Zn may have been enhanced.
Low concentrations of petroleum hydrocarbons had,
both in field and laboratory investigations, adverse
effects on the feeding, respiration, excretion and
growth of bivalve molluscs (Gilfillan et al., 1977;
Bayne et al., 1982; Widdows et al., 1982).Furthermore,
these studies have shown a significant negative correlation between tissue aromatic hydrocarbon concentration and biological responses such as scope for growth.
If the elevated levels of petroleum-derived hydrocarbons detected in the tissues of mussels sampled from
Swansea dock were responsible, at least in part, for the
observed biological effects such as reduced clearance
rate and scope for growth, then there was no simple
correlation between clearance rate or scope for growth
and tissue hydrocarbon concentrations following
reciprocal transplantation.
This lack of agreement may have been due to differences in the timecourse of response. The rate of
accumulation and the hydrocarbon concentration in
mussel tissues is related not only to the hydrocarbon
concentration in the water but also to the amount of
water pumped through the mantle cavity by the gills
(Clement et al., 1980; Widdows, unpubl.). Mussels
transplanted from Tamar to Swansea reduced their
clearance rate ( = ventilation rate) within 2 mo (Fig. 5),
possibly in direct response to the hydrocarbon concentration in the water or the concentration in the gills
following rapid accumulation by this tissue (Riley et
al., 1981), and thereby reduced both the amount of
hydrocarbons made available to the body tissues and
the rate of uptake.
Mussels transplanted from Swansea to Tamar
showed a slow rate of depuration in spite of the rapid
increase in clearance/ventilation rate. Bivalves
chronically exposed to oil usually fail to return rapidly
to pre-exposure hydrocarbon levels during depuration
(Boehm and Quinn, 1977; Blackman and Law, 1980;
Clement et al., 1980). Stegeman and Teal (1973) suggested a stable compartment in an organism which,
after saturation with hydrocarbons, released those hydrocarbons very slowly. The lipid concentration which
generally reaches a maximum in the spring at the time
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of a c t i v e g a m e t o g e n e s i s ( Z u r b u r g e t al.. 1979), v a r i e d
i n o u r s t u d y b e t w e e n 6.85 % a n d 9.81 % of t h e d r y
b o d y w e i g h t . H y d r o c a r b o n s a c c u m u l a t e d i n t h e lipid
reserves of g a m e t e s d u r i n g g a m e t o g e n e s i s i n l a t e
w i n t e d e a r l y s p r i n g , m a y be lost v e r y slowly w h e n
mussels a r e transferred t o a 'cleaner' e n v i r o n m e n t a n d
y e t m a y b e toxicologically inactive t o w a r d s t h e p a r e n t
o r g a n i s m . Recent s t u d i e s (Widdows, u n p u b l . ) h a v e
s h o w n t h a t t h e c l e a r a n c e r a t e a n d o t h e r physiological
responses of Mytilus edulis a r e c a p a b l e of r a p i d recovery, i n t e r m s of d a y s o r w e e k s , following a p e r i o d of
c h r o n i c e x p o s u r e to p e t r o l e u m hydrocarbons. C o n s e q u e n t l y , a s i m p l e correlation b e t w e e n d o s e ( = tissue
a r o m a t i c hydrocarbon concentration) a n d r e s p o n s e ( =
c l e a r a n c e rate) will n o t be a p p a r e n t u n d e r conditions
of r a p i d recovery a n d s l o w d e p u r a t i o n .
T h i s s t u d y illustrates t h e difficulty of identifying t h e
cause(s) of an o b s e r v e d s u b l e t h a l biological effect i n a
field situation w h e r e t h e r e a r e n u m e r o u s identified
a n d unidentified c o n t a m i n a n t s . A s i m p l e correlation
b e t w e e n a s i n g l e c o n t a m i n a n t a n d a n effect is p e r h a p s
u n l i k e l y i n a c o m p l e x situation w h e r e s e v e r a l contam i n a n t s m a y be a c t i n g i n combination. S t e b b i n g e t al.
(1984) recently h i g h l i g h t e d a s i m i l a r p r o b l e m of
e s t a b l i s h i n g t h e cause of a bioassay r e s p o n s e t o w a t e r
s a m p l e s from t h e T a m a r estuary. In f u t u r e s t u d i e s a
w i d e r r a n g e of e n v i r o n m e n t a l c o n t a m i n a n t s n e e d s t o
b e m e a s u r e d i n c l u d i n g , for e x a m p l e , h a l o g e n a t e d hydrocarbons a n d organo-tin c o m p o u n d s . In addition, it
is necessary to o b t a i n m o r e information o n t h e relative
toxicity, m e a s u r e d i n t e r m s of s u b l e t h a l biological
effects, of e n v i r o n m e n t a l c o n t a m i n a n t s t o 'indicator
organisms' s u c h as mussels.
A l t h o u g h t h e p r e s e n t s t u d y h a s been u n a b l e t o i d e n tify clearly t h e cause of t h e biological effects reported,
it h a s d e m o n s t r a t e d a c o n s i d e r a b l e sensitivity of p h y siological r e s p o n s e s t o p r e v a i l i n g e n v i r o n m e n t a l conditions; t h e time-course of acclimatization b y transp l a n t e d mussels (C2 m o ) i n d i c a t e s a plasticity of s u c h
responses similar t o t h a t o b s e r v e d i n laboratory
studies. T h e s e f i n d i n g s l e n d confidence to t h e u s e of
physiological d a t a to m e a s u r e t h e effects of environm e n t a l stressors i n c l u d i n g pollutants.
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