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INTRODUCTION

Despite the generally pristine nature of Arctic marine
ecosystems, regionally there are concerns about expo-
sure of Arctic organisms to toxic trace metals and
radionuclides. Smelting and mining can cause locally
high dissolved concentrations of a wide range of
potentially toxic metals, including Zn, Pb, Cu, Ni and
Hg (Dietz et al. 1998). Small but measurable amounts
of radionuclides have been introduced into Arctic
marine ecosystems from nuclear fuel reprocessing
plants in Western Europe via currents, while larger
amounts have entered from fallout from nuclear
weapons testing and the Chernobyl accident, and from
disposal and accidental losses of radioactive materials
directly into Arctic waters (Strand 1998). Since many of
these toxic metals and radionuclides are very particle-
reactive, they may be accumulated efficiently from

solution by phytoplankton (Fisher 1986) and then
passed up the food chain. While concentrations of
these substances are rarely elevated above back-
ground levels, local dissolved metal or radionuclide
concentrations near waste-disposal or mine sites may
be so high that absorption of aqueous metal directly
from solution may also be an important source of cont-
aminant loads in invertebrate tissues. This could
potentially lead to local toxic effects either in the accu-
mulating organisms, or the organisms that feed on
them, including humans (Templeton et al. 1997,
Hansen 1998).

The potential for bioaccumulation of toxic metals
and radionuclides by marine invertebrates can be
assessed using biokinetic models (Fisher et al. 1996,
Wang et al. 1996, Reinfelder et al. 1998). These models
assume that animals can accumulate metal directly
from the dissolved phase as well as from dietary

© Inter-Research 2006 · www.int-res.com*Email: sbaines@ms.cc.sunysb.edu

Effects of temperature on uptake of aqueous 
metals by blue mussels Mytilus edulis from 

Arctic and temperate waters

Stephen B. Baines*, Nicholas S. Fisher, Erin L. Kinney

Marine Sciences Research Center, Stony Brook University, Stony Brook, New York 11794-5000, USA

ABSTRACT: Arctic waters are contaminated with metals and radionuclides from diverse sources.
Here we present experimental results evaluating the bioaccumulation of dissolved metals by the
mussel Mytilus edulis, widely used as a food source and also as a bioindicator of coastal contamina-
tion. We used radioisotopes to determine the uptake and excretion of Ag, Am, Cd, Co and Zn by M.
edulis collected from both Arctic and temperate waters at 2 and 12°C. For both mussel populations,
uptake rates (ku) of Cd, Co and Zn were 50 to 60% slower at 2°C than at 12°C, mainly attributable to
differences in mussel filtration rates at these temperatures, whereas uptake of Ag and Am was not
affected by temperature. For both populations, the first-order loss constant for all metals from the
slowest exchanging pool (ke) was 20 to 50% smaller at 2°C than at 12°C. As well, the loss of Cd and
Zn was significantly slower in the temperate mussels than in Arctic mussels. Because temperature
had similar effects on uptake and efflux, the concentration factor for all metals from water (CFw =
ku/ke) did not vary significantly between temperatures, but CFw values for Cd and Zn in temperate
mussels were 15-fold and 2.6-fold higher, respectively, than in Arctic mussels. Thus, while tempera-
ture does not exert a major influence on net bioaccumulation of aqueous metal by M. edulis, Arctic
mussels may accumulate dissolved Cd and Zn to a lesser degree than temperate mussels.

KEY WORDS:  Contaminants · Kinetic modeling · Radionuclides · Bioaccumulation · Concentration
factors

Resale or republication not permitted without written consent of the publisher



Mar Ecol Prog Ser 308: 117–128, 2006

sources, with the relative importance of each pathway
varying appreciably among metals (Wang & Fisher
1999). To evaluate the potential accumulation of met-
als in animals, it is necessary to measure the bioavail-
ability of metals from each uptake pathway. Once the
kinetic parameters are quantified, model predictions of
metal concentrations in animal tissue can be made on a
site-specific basis. When this has been done for marine
and freshwater invertebrates and for fishes, model pre-
dictions have closely matched independent field mea-
surements (Wang et al. 1996, Fisher et al. 2000, Roditi
et al. 2000, Baines et al. 2002, Griscom & Fisher 2002),
suggesting that (1) we can account for the key pro-
cesses governing metal concentrations in biota, and (2)
the experimentally determined kinetic parameters are
generally applicable to field conditions. 

It is not known to what extent the extensive data on
aqueous metal uptake and retention by Mytilus edulis
can be applied to polar regions. Previous studies have
measured the bioaccumulation of dissolved metals in
temperate populations of M. edulis maintained at tem-
peratures of 15°C (Wang et al. 1996). However, no
studies have determined the aqueous metal uptake
rates in this mussel at the cold temperatures that nor-
mally prevail in polar waters, nor have Arctic and tem-
perate populations been compared in this regard. The
uptake and retention of dissolved metal by inverte-
brates from temperate zones is affected by tempera-
ture in significant but variable ways (Hutchins et al.
1996, 1998). Furthermore, Arctic and temperate organ-
isms may exhibit distinct adaptations to their environ-
ments. Where these adaptations involve processes
such as filtration that are involved in uptake of metal,
or processes such as respiration which may influence
loss of metal, differences in metal bioaccumulation by
Arctic and temperate organisms may also arise. Such
differences need to be assessed before we can confi-
dently apply biokinetic parameters determined for
temperate populations to the Arctic. 

In this study, we employed radiotracer methodology
to determine the uptake rate, the first-order efflux con-
stant, and the partitioning of metals among pools of
different turnover rates and between soft tissues and
shell of the common blue mussel Mytilus edulis. This
species is cosmopolitan and widely used as a bioindi-
cator of coastal contamination (Phillips 1980), and as a
food source for indigenous human populations in the
Arctic and elsewhere. The metals we have chosen are
representative of contaminant metals (Ag, Cd, Zn) or
anthropogenic radionuclides (110mAg, 241Am, 60Co,
65Zn) measured in Arctic waters and organisms (Dietz
et al. 1998, Strand 1998, Fisher et al. 1999). They also
range in chemical and biological behavior, with vary-
ing affinities for sulfur and oxygen ligands, biological
function, and degrees of toxicity (Nieboer & Richard-

son 1980). We compared the bioaccumulation of these
metals from the aqueous phase by mussels obtained
from Arctic and temperate waters at 2 temperatures
that are near the extremes experienced in Arctic envi-
ronments. The data we obtained on bioaccumulation of
metal from solution complement similar data on the
bioavailability of dietary metal to Arctic and temperate
M. edulis (Baines et al. 2005).

MATERIALS AND METHODS

Mussels Mytilus edulis from the Arctic were col-
lected (courtesy of Dr. Lars Føyn) from the north coast
of Norway during the first week of October 2000
(69° N, 38° S, water temperature about 6°C) and trans-
ported to Tromsø, Norway. Molecular studies have
shown that M. edulis is the only member of the genus
from this area (Riginos et al. 2002). Precautions were
taken to ensure little stress to the mussels in transit
(Baines et al. 2005). Total transit time from northern
Norway to New York was <2 d and no mussel mortal-
ity occurred during transit. Mussels representative of
temperate systems were collected on 15 March (prior
to the spawning period) and 3 November 2003 (after
spawning) from Long Island Sound near Old Field,
New York. This site is located about 75 km east of New
York City and is relatively unimpacted by metal conta-
mination. All mussels were kept in 0.2 µm filtered
Atlantic surface seawater collected 10 km south of
Southampton, New York (designated SHSW), and
maintained on a diet of the coastal diatom Thalas-
siosira pseudonana. Arctic mussels were maintained at
2 to 8°C and temperate mussels at 10 to 14°C until the
beginning of the experiments. Mussels were 2 to
2.5 cm in shell length, with soft-tissue dry weights of
70 to 240 mg.

The uptake of metals was determined using gamma-
emitting radioisotopes for each metal. This approach
enables working with low, environmentally realistic
concentrations of metals in most cases, and has the fur-
ther advantage of non-destructive analysis which per-
mits the analysis of metal uptake and loss in the same
individual organism over time, thereby greatly reduc-
ing the biological variability among samples (Fisher
2002). Experiments generally followed protocols de-
scribed in detail elsewhere (Wang et al. 1996). For the
radiolabeling phase of the experiment, 500 ml of
SHSW was added to acid-washed 1 l polyethylene
beakers. To these beakers, microliter additions of
acidic stock solutions of radioisotopes were added;
either 109Cd dissolved in 0.1N HCl and 65Zn in 0.5N
HCl, or 241Am in 3N HNO3, 110mAg in 1N HCl, 57Co in
0.1N HCl were added. Final metal concentrations
attributable to radioisotope additions were in the low
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nM range for Ag, Am, and Zn and the low pM range
for Cd and Co, generally corresponding to radioactivi-
ties of hundreds of Bq ml–1. Prior to addition of radio-
isotopes, sufficient 0.1N SupraPur NaOH was added to
ensure that the solutions would have a pH of 8.0 after
addition of the isotopes. The radioactive solutions were
allowed to equilibrate for at least 12 h prior to addition
of mussels. They were then placed in an incubator
maintained at either 2 or 12°C. Throughout the ex-
periment, temperature was monitored using a sub-
mersible temperature logger (Hobo, Onset Corpora-
tion). Temperatures remained within 2°C of the exper-
imental temperature throughout the experiments.

Prior to radiolabeling, mussels were starved for 12 h
to reduce the production of feces during exposure to
dissolved metal. These mussels were cleaned of epi-
biota and placed centrally in the beakers containing
the radioactive seawater. Mussels were allowed to
filter the water for 12 h, after which they were rinsed
with chilled SHSW and placed into 60 ml plastic vials
containing seawater chilled to the experimental tem-
perature. The mussels were analyzed for gamma emis-
sions while in these vials. We also assessed radiolabel
uptake over time by temperate mussels to determine if
uptake of aqueous metal accumulated at a constant
rate over the duration of the exposure period. Uptake
of radiolabel by entire mussels was assayed every 2 h
for 12 h in these experiments. In addition, we con-
ducted experiments to determine if the exposure
period affected the distribution of metal between soft
tissues and shell after 3, 6 and 9 h of exposure to dis-
solved metal. These experiments had to be conducted
separately from the whole-mussel uptake experiments
because of the destructive nature of the sampling at
each time point. They were only conducted at 12ºC
using temperate mussels collected in mid-November. 

After exposure to the radioactive solution, 3 to 4 of
the mussels were frozen in liquid nitrogen and placed
in a –4°C freezer for later dissection and determination
of tissue distribution (shell vs. soft parts). These data
were used to correct the total radiolabel uptake for
uptake into soft tissues. The remaining mussels were
placed in depuration chambers. Mussels were main-
tained for up to 3 wk in these chambers and their
retention of the various radioisotopes monitored. The
depuration chambers followed the design of Baines et
al. (2005), that was in turn a modification of a design
used by Wang et al. (1995). Basically, the system con-
sisted of a series of chambers that contained the mus-
sels and kept them separated from their feces to mini-
mize recycling of dissolved label via the particulate
pathway. Water was continuously circulated between
the chambers and a large well-mixed and aerated (15 l)
reservoir of seawater. Mussels were fed by pumping
algal cells into the reservoir at a fixed rate using a peri-

staltic pump. This suspension was placed into the incu-
bator with the depuration chamber and continuously
pumped into the reservoir at a rate of 8.2 ml h–1. There
were 9 to 12 mussels in each depuration chamber, and
the supply of food to each mussel in all experiments
was 1.7 mg dry wt d–1. As algal concentrations
remained relatively unchanged over the course of the
experiments, this rate approximates the feeding rate
per mussel. Water in these chambers was also moni-
tored for dissolved radioactivity. The chamber water
was replaced with new SHSW after the first day of
depuration and periodically thereafter. This procedure
kept dissolved concentrations of radioisotopes low and
prevented re-uptake of dissolved metal by the mussels.
Inspection of gamma spectra indicated that cross-cont-
amination between the 108Cd-65Zn-labeled mussels
and the 110mAg-241Am-57Co-labeled mussels (which
used a common depuration reservoir) was insignifi-
cant.

Periodically after the beginning of depuration, the
mussels in the depuration chambers were assayed for
radioactivity. To determine how the distribution of
radiolabel between shell and soft tissue differed after
depuration among metals at different temperatures,
we also conducted a relatively short-term experiment
with temperate mussels in which we sacrificed all indi-
viduals after 8 d, i.e. after absolute loss rates had mea-
surably slowed for all the elements and the distribu-
tions had stabilized. The mussels used in this experi-
ment were collected in mid-March. We also conducted
a separate experiment at 12ºC using the temperate
mussels collected in November to determine how the
time series of depuration from soft tissues and shell dif-
fered among the metals. In this experiment, mussels
were harvested at least 3 times: at 0.5 d, at 3 to 5 d after
the initial period of rapid efflux of radiolabel, and at
the end of the depuration experiment. Mussels were
harvested by removing them from the depuration
chamber at the allotted time and freezing them imme-
diately for later dissection. 

For gamma analysis a counting vial containing a mus-
sel was placed into a deep-well NaI(Tl) detector (Can-
berra) to measure gamma emissions while the others
were maintained at fixed temperature in the incubators.
109Cd was determined by measuring the x-ray emissions
of its short-lived daughter product (109Ag [t1/2 = 40 s]) at
22 to 26 keV, while gamma emissions of 241Am, 57Co, and
65Zn were assayed at 60, 122 and 1115 keV, respectively.
Gamma emissions of 110mAg were assayed at 657 and
884 keV. Background was subtracted and counting times
were adjusted to be as short as possible for live mussels
to keep temperature change to a minimum while achiev-
ing a relative standard deviation of <10%. After count-
ing, the mussels and the contents of the counting cham-
bers were transferred to beakers within the depuration
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chamber and the supply of algal food to the chamber
reservoir was begun. 

Prior to exposure of mussels to dissolved metals, the
filtration rates of each individual were measured
according the methods of Baines et al. (2005). Basi-
cally, the maximal rate at which mussels removed the
diatom Thalassiosira pseudonana from 200 ml volumes
of water was measured by tracking changes in either
in vivo fluorescence (measured using a Turner designs
Model 10AU fluorometer, Turner Designs), or cell
number (measured with a Multisizer II Coulter Counter
system). Comparisons indicated that these methods
yielded comparable results over the short time frames
(<1 h) of the feeding experiments. Filtration rates were
estimated by regressing the natural logarithm of the
in vivo fluorescence vs. time over periods of linear
decline and multiplying the resulting slope by 200 ml.
These filtration rates were used to determine metal
absorption efficiency in the mussels from the water
pumped across the gills.

The fraction of radiolabel found in the soft tissues of
the mussels sacrificed immediately after the radio-
labeling phase was multiplied by the total radioactivity
in the organism to estimate uptake into soft tissues.
The radioactivity associated with the soft tissues of the
organism was then expressed as a fraction of the initial
dissolved radioactivity (fu). The uptake rate, ku, of
metal from solution (l individual–1 h–1) was estimated
as –ln(1 – fu). This uptake rate was divided by the filtra-
tion rate to obtain the absorption efficiency (AbE). The
first-order exponential loss constants and sizes of dif-
ferent radiolabel pools, each of which is assumed to
exchange directly with the aqueous environment,
were estimated by regressing the natural logarithm of
radioactivity in a mussel against time for each mussel.
We chose between 2 or 3 compartment models based
on r2 values for the whole model (adjusted for the num-
bers of parameters and observations) and p-values for
both the entire model and the individual parameter
estimates. All depurations within a treatment were
modeled using the same equation. All models were
separately fit to data from each mussel using an
iterative Marquardt-Levenberg search algorithm in
SigmaPlot 7.1 (SPSS package). Standard errors and
means for each treatment were based on the individual
parameter estimates for each experimental mussel
within a treatment. 

In an attempt to estimate the combined influence of
patterns in uptake and efflux on accumulation of metal
in soft tissues from solution, for each metal we also cal-
culated a concentration factor from water, CFw, de-
scribed by Fisher & Reinfelder (1995). This value was
calculated according to:

CFw =  ku/ke (1)

The value of ku considers only metal absorbed into
the slowest exchanging pool of metal in the soft tissues
(determined through dissections); values were calcu-
lated by multiplying the rate constant for uptake in soft
tissues by the proportion of label in the slowest
exchanging pool, as determined from the depuration
curves. This calculation assumes that the radiolabel in
the slowest exchanging compartment accumulates at a
constant rate over the exposure period, i.e. the slowest
exchanging compartment does not reach isotopic equi-
librium with the aqueous environment. As long as the
radiolabel is accumulated directly from the aqueous
phase, it is unlikely that the slowest exchanging com-
partment approached isotopic equilibrium during ex-
posure, since the turnover of metal from the slowest
exchanging compartment is generally much too slow
(<10% d–1, Wang et al. 1996). It is possible, however,
that aqueous radiolabel must first pass through an-
other sizable compartment with faster kinetics before
entering the slowest compartment. In this case, our
method may underestimate the real ku because the
flux of radiolabel into the slowest exchanging compart-
ment depends on the degree to which the other com-
partment is fully radiolabeled. However, based on sim-
ulations which employed observed efflux constants,
the faster exchanging compartment had to reach equi-
librium within 6 h of exposure to produce the distribu-
tions of radiolabel among compartments that we
observed after exposure. Moreover, these simulations
indicated that any bias in our estimates was always
<35%, and usually <20%.

The CFw has units of l g–1 (dry wt) and represents a
steady-state estimate of the efficiency at which mus-
sels concentrate dissolved metal from solution. It is
analogous to the trophic accumulation factor, TAF,
(equivalent to the CFf of Fisher & Reinfelder 1995) used
by Baines et al. (2005) to estimate efficiency of metal
accumulation from food. The relative standard errors
of the CFws were calculated by adding the relative
variances of the estimated parameters used in the cal-
culation and taking the square root.

Analysis of the effect of geographic source of the
population and temperature were determined using
simple ANOVA in JMP (Version 3.21, SAS Institute).
The categories for geographic origin were Arctic and
temperate, and for temperature 2 and 12°C. Interaction
effects were also included in the statistical models. Sig-
nificance of effects was tested using an F-test that
employed Type II sums of squares, which are not sen-
sitive to the order by which variables enter the model.
The uptake rate constant and absorption efficiency
were logarithmically transformed to normalize the
data and to eliminate heteroscedasticity. All p-values
for hypothesis tests are reported here. A critical thresh-
old p-value of 0.01 was used to assign statistical signif-
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icance. However, in the following results and discus-
sion we rarely discuss specific hypothesis tests, choos-
ing instead to focus on whether particular treatments
generally tend to cause detectable responses of consis-
tent magnitude and direction in response variables.

RESULTS

Less than 20% of metal was absorbed from solution
by the mussels over the exposure period in all experi-
ments. Uptake by the mussels was generally linear
over a 12 h exposure period, as shown for temperate
mussels in Fig. 1, although the uptake of 110mAg at
12°C slowed appreciably toward the end of the expo-
sure period. Thus, the initial uptake rate for Ag deter-
mined from the first 2 h of exposure was 2.4 (σ = 0.4)
times higher than the average for the entire 12 h
period. For both the Arctic and temperate mussels, the
uptake rate constants were largest for Ag and Zn and
lowest for Cd and Co, with Am being taken up at an
intermediate rate (Table 1). The ANOVA of all the data
indicated that these differences were highly signifi-
cant, accounting for 61% of the total variance (Table 2).
The ANOVA also revealed a significant effect of tem-
perature on the uptake rate constant (accounting for
13% of the variance), with uptake at 2°C being on

average 48% of that at 12°C. Significant
interaction effects indicate that the effect of
temperature differed among elements and
between the Arctic and temperate mussels.
ANOVAs run separately on each of the met-
als revealed that only for Cd, Co and Zn was
the effect of temperature on the uptake rate
constant significant, with the uptake rates at
2°C being 50 to 60% less than at 12°C
(Table 3). Population source was a statisti-
cally significant determinant of the uptake
rate constant, but only accounted for 2% of
the variance (Table 2). Ag showed a consis-
tent effect of population source on uptake,
with the constant being 48% less in Arctic
than in temperate mussels; for Cd, the effect
of population source depended upon temper-
ature (Table 3).

Measured filtration rates for the temperate
mussels were 721 and 1250 ml h–1 at 2 and
12°C, respectively, while the same values for
Arctic mussels were 653 and 976 ml h–1. Nor-
malizing uptake to filtration rate to determine
absorption efficiency removed much of the in-
fluence of temperature and population
source on uptake (Tables 2 & 3). Differences
among the metals were the main factor ex-
plaining variability in absorption efficiency,
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Table 1. Mytilus edulis. Uptake rate constants (ku) and absorption effi-
ciencies (AbE) for metals at 2 temperatures for 12 h uptake experiments. 

n: number of individual mussels assayed

Metal T Source n. ku (l g–1 d–1)             AbE (%)
(°C) Mean SE Mean SE

Ag 2 Arctic 10 0.63 0.024 0.39 0.014
Temperate 5 0.86 0.143 0.48 0.096

12 Arctic 10 0.52 0.010 0.24 0.004
Temperate 5 1.44 0.209 0.35 0.054

Am 2 Arctic 10 0.25 0.036 0.16 0.021
Temperate 5 0.17 0.011 0.17 0.015

12 Arctic 10 0.23 0.011 0.11 0.005
Temperate 5 0.40 0.047 0.17 0.014

Cd 2 Arctic 10 0.12 0.008 0.08 0.004
Temperate 5 0.11 0.017 0.08 0.014

12 Arctic 10 0.17 0.008 0.08 0.003
Temperate 5 0.38 0.038 0.12 0.008

Co 2 Arctic 10 0.08 0.005 0.05 0.003
Temperate 5 0.07 0.009 0.06 0.007

12 Arctic 10 0.16 0.008 0.07 0.004
Temperate 5 0.24 0.028 0.08 0.006

Zn 2 Arctic 10 0.46 0.050 0.28 0.028
Temperate 5 0.26 0.037 0.18 0.028

12 Arctic 10 0.58 0.041 0.27 0.016
Temperate 5 1.08 0.148 0.33 0.025

Fig. 1. Mytilus edulis. Uptake of 5 metals from the dissolved
phase into temperate mussels at 2 and 12°C during 12 h expo-
sure period. Data consist of time series for 12 different indi-

viduals and are compared with idealized linear uptake
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accounting for 68% of the total variance. Whereas
temperature could not explain a significant fraction of
the variability in the absorption efficiency, the inter-
action term with population source was significant.
Although population source had a significant effect on
its own, it explained only 1% of the variability in the ab-
sorption efficiency. The lack of strong effects of popula-
tion and temperature on absorption efficiency reflects
the fact that filtration rates and uptake rates varied sim-
ilarly with temperature and population source. The
element-specific ANOVAs do reveal some significant
effects of temperature and population source on the ab-
sorption efficiency. These differences were smaller, but
generally in the same direction as for the uptake rate
constants. The exception is Ag, for which the absorp-
tion efficiency was 50% higher at 2 than at 12°C.

Loss of metal from the mussels during depuration
was generally exponential, and models representing
exponential loss from 2 pools with different loss con-

stants generally fit the data best (Figs. 2 & 3, Table 4).
The exceptions were Ag in the temperate mussels at
12°C, which required a 3-pool model, and Am in the
Arctic mussels at 2°C, for which only a single pool was
required (Table 4). Loss rates were generally >100% d–1

for the rapidly exchanging pools, and <10% d–1 for the
slowly exchanging pools. The pool with the slowest
efflux rate always accounted for 60 to 100% of the
absorbed Am, Cd, Co and Zn. The exception was Ag in
the temperate mussels, for which the slowest turnover
pool only accounted for 23 to 48% of the absorbed
metal. The unusually small size of the slowest ex-
changing pool in this experiment was largely re-
sponsible for the significant effect of population source
in the ANOVA with all metals (Table 5). Significant dif-
ferences also existed between the Arctic and temper-
ate mussels for Am, Cd and Co, but these differences
were of mixed direction and were all modest in size
(<25%). Temperature had a significant but modest
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Table 2. Mytilus edulis. ANOVA results for all data on uptake rate constant ku and absorption efficiency (AbE). Effects are metal,
source (for geographic origin of mussels), temperature T (for experimental temperature) and interactions between these vari-
ables. The r2 values are for the model and are adjusted for number of parameters and degrees of freedom. Bold indicates 

effects significant at p < 0.01

Effect                                 df               —————— ku (l g–1 d–1) —————— ——————— AbE (%) ———————
r2 SS F-ratio p-values r2 SS F-ratio p-values

Total 129 0.87 19.58 51.3 <0.0001 0.84 14.73 43.29 <0.0001
Metal 4 0.61 12.03 169.66 <0.0001 0.68 9.98 161.290 <0.0001
Source 1 0.02 00.44 025.04 <0.0001 0.01 0.18 11.84 <0.0008
Metal × Source 4 0.01 00.24 003.39 <0.0100 0.01 0.14 02.34 0.058
T 1 0.13 02.62 147.62 <0.0001 0 0.05 03.02 <0.0847
Metal × T 4 0.03 00.54 007.62 <0.0001 0.04 0.55 08.93 <0.0001
T × Source 1 0.05 00.97 054.82 <0.0001 0.01 0.13 08.26 <0.0047
Metal × T × Source 4 0 00.09 001.31 <0.2700 0.01 0.10 01.64 <0.170<

Table 3. Mytilus edulis. Results of metal-specific ANOVAs on rate constants for uptake from dissolved phase (ku) and absorption
efficiencies (AbE). The 2 levels for source-population effect were Arctic and temperate, and the 2 levels for temperature effect
were 2 and 12°C. Effect size for geographic origin calculated as percentage difference according to [(Arctic
AbE)/(temperate AbE) – 1] × 100, and effect size for experimental temperature as [(2°C AbE)/(12°C AbE) – 1] × 100. Model r2

values adjusted for number of parameters and observations and presented as percentages; r2 values and p-values for ‘whole
model’ include all terms. Partial r2 values: percentage of total sums of squares accounted for by Type II sums of squares associated

with effect variable (see ‘Materials and methods’). Bold: model and effect values associated with p-values < 0.01

Element               Whole model                 —— Population source —— ——— Temperature ——— Interaction
r2 p Effect Partial p Effect Partial p Partial p

Uptake rate constant
Ag 68.4 <0.0001 –46 53.4 <0.0001 –16 04.3 0.058 17.8 0.0004
Am 17.9 0.044 –15 02.4 0.36 –36 18.7 0.016 13.0 0.042
Cd 78.1 <0.0001 –28 11.4 <0.0001 –55 63.5 <0.0001 23.6 <0.0001
Co 81.3 <0.0001 –17 02.9 0.043 –62 79.0 <0.0001 03.5 0.027
Zn 59.6 <0.0001 0–4 00.1 0.77 –58 57.2 <0.0001 24.2 0.0003

Absorption efficiency
Ag 53.4 <0.0001 –20 11.1 0.014 048 34.2 <0.0001 02.0 0.27
Am 8.2 0.16 –29 13.0 0.053 013 01.6 0.48 01.5 0.5
Cd 37.7 0.0015 –19 19.1 0.0062 –21 19.0 0.0063 19.1 0.0062
Co 57.7 <0.0001 –18 09.9 0.015 –33 41.9 <0.0001 00.7 0.48
Zn 21.6 0.025 012 02.5 0.35 –27 17.7 0.017 18.5 0.014
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Fig. 2. Mytilus edulis. Time series of metal loss from Arctic
mussels at 2 and 12°C. Data points are means of 4 to 6 repli-
cates ± SD; regression lines through data are double expo-

nential loss curves fitted to means

Table 4. Mytilus edulis. Parameters from depuration experiments after exposure to dissolved metals. Pool A: slowest exchanging pool;
Pool B: rapidly exchanging pool; Pool C: most rapidly exchanging pool for Ag in temperate mussels at 12°C. ke: uptake rate constant

Metal T Source n      ———— Pool C ———— ———— Pool B ———— ———— Pool A ————
(°C) Size (%)         ke (% d–1)                Size (%)         ke (% d–1)               Size (%)         ke (% d–1)

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Ag 2 Arctic 4 28.3 4.7 261 29 71.7 4.7 3.31 0.37
2 Temperate 3 61.1 1.7 259 44 38.9 1.7 5.06 0.53

12 Arctic 4 14.1 1.9 373 1690 85.9 1.9 6.76 0.71
12 Temperate 6 38 3.2 2529 170 38.7 3.8 136 08 23.3 1.8 4.98 0.79

Am 2 Arctic 4 19.9 2.4 243 88 80.1 2.4 2.80 0.19
2 Temperate 3 18.8 2.6 256 36 81.2 2.6 1.14 0.14

12 Arctic 4 1000.0 0 2.60 0.22
12 Temperate 6 31.3 1.6 517 73 68.7 1.6 2.98 0.26

Cd 2 Arctic 4 24.8 2.2 516 93 75.2 2.2 3.19 0.15
2 Temperate 4 05.8 1.3 564 1250 94.2 1.3 0.23 0.08

12 Arctic 4 29.7 3.7 290 60 70.3 3.7 3.98 0.38
12 Temperate 3 18.8 4.4 150 41 81.2 4.4 0.73 0.38

Co 2 Arctic 4 27.3 2.3 488 2350 72.7 2.3 2.54 0.42
2 Temperate 3 38.6 4.2 102 13 61.4 4.2 2.93 0.31

12 Arctic 4 14.5 1.6 178 37 85.5 1.6 3.78 0.22
12 Temperate 6 32.8 1.7 715 001.4 67.2 1.7 3.22 0.46

Zn 2 Arctic 4 19.6 1.3 186 30 80.4 1.3 4.78 0.42
2 Temperate 4 20.7 1.5 242 33 79.3 1.5 1.14 0.35

12 Arctic 4 26.1 5.9 77 20 73.9 5.9 7.78 1.19
12 Temperate 3 37.7 2.2 89 12 62.3 2.2 3.56 0.65

Fig. 3. Mytilus edulis. Time series of metal loss from temper-
ate mussels at 2 and 12°C. Data points are means of 3 to 6
replicates ± SD. Regression lines through data are double 

exponential loss curves fitted to means
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effect (23%) only on the proportion of Co located in the
slowest turnover pool.

Efflux rate constants of absorbed metal from the
slowest turnover pool (Table 4) were generally highest
for Ag, followed by Zn, Co, Am and Cd, based on least-
squares mean estimates of the ANOVA of all metal
data. Differences among the elements were again the
most important source of variability in efflux rate con-
stants (Table 5). Population source was also important
for Cd and Zn for which loss rates were 6.5 and 1.7
times slower in temperate mussels than in Arctic mus-
sels. There was almost no effect of population source
on the efflux rates of the other elements. Temperature
also had a significant effect on efflux rates, accounting
for 10% of the variance (Table 5). Efflux rates were
consistently 20 to 50% slower at 2°C than at 12°C,
although the difference was only significant in 2 of the
metal-specific ANOVAs due to the relatively low
statistical power in those analyses (Table 6).

The distribution of radiolabel between shell and soft
tissues differed among the metals but did not vary with

time during the exposure period (Fig. 4). Nearly 90%
of the Ag was associated with soft tissues during the
exposure phase, whereas the other metals ranged from
50 to 60% in the soft tissues. The distribution of metal
between shell and soft tissues changed over the course
of depuration in the temperate mussels at 12°C (Fig. 4).
The fraction of Ag in soft tissues declined from 70%
after 0.5 d to about 30% after 12 d of depuration. Over
the same period the fraction of Am and Co in soft tis-
sues also declined, but less steeply, from 40 and 25%,
respectively, to 15%. In contrast, the proportion of Zn
increased from 60 to 80% and the fraction of Cd in soft
tissues from 67 to about 95%. For most of the metals,
the final fraction of radiolabel in soft tissues at the end
of an 8 d depuration was higher at 2°C than at 12°C
(Fig. 5), but Am showed no such effect. Ag (50 to 25%)
and Zn (65 to 40%) exhibited the largest differences in
absolute terms, while Cd (90 to 80%) and Co (20 to
10%) exhibited more modest differences.

The CFw values for each metal varied relatively little
on average for any mussel population (Fig. 6). This
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Table 5. Mytilus edulis. ANOVA results for all data on size of internal radiotracer pool with slowest turnover (Pool A from Table 4),
and efflux rate constant, ke. Effects are metal, source (for geographic origin of mussels), temperature, T (for experimental
temperature) and interactions between these variables. The r2 values for ‘Total’ are for the model and are adjusted for number of
parameters and degrees of freedom; those for individual effects are partial values calculated by dividing effect SS by total SS. 

Other details as for Table 2

Effect                                   df                —————— Pool A size ——————                 ——— Efflux rate constant, ke ———
r20 SS.0 F-ratio p-values r20 SS.0 F-ratio p-values

Total 61 0.92 28025 47.6 <0.0001 0.73 0.0328 12.6 <0.0001
Metal 4 0.27 7470 64.3 <0.0001 0.31 0.0100 22.9 <0.0001
Source 1 0.13 3684 126.9 <0.0001 0.14 0.0047 42.7 <0.0001
Metal × Source 4 0.28 7844 67.5 <0.0001 0.16 0.0051 11.6 <0.0001
T 1 0 54 1.8 0.1800 0.10 0.0034 31.1 <0.0001
Metal × T 4 0.04 1169 10.1 <0.0001 0.04 0.0012 2.6 0.0420
T × Source 1 0.05 1483 51.1 <0.0001 0.01 0.0002 1.9 0.1700
Metal × T × Source 4 0.02 607 5.2 <0.0001 0.05 0.0016 3.6 0.0110

Table 6. Mytilus edulis. Results of metal-specific ANOVAs on size of slowest turnover internal pool of metal and efflux constant. 
Further details as for Table 3

Element               Whole model                —— Population source —— ——— Temperature ——— Interaction
r2 p Effect Partial p Effect Partial p Partial p

Pool size
Ag 95.6 <0.0001 153 75.7 <0.0001 01 00.0 0.82 07.3 0.0002
Am 90.8 <0.0001 020 35.9 <0.0001 –4 02.2 0.48 41.2 <0.0001
Cd 71.8 0.0006 –17 50.3 0.0004 12 18.0 0.012 03.6 0.21
Co 76.3 <0.0001 023 58.6 <0.0001 –120 23.2 0.0016 03.3 0.16
Zn 45.9 0.02 009 12.7 0.1 17 00.0 0.017 08.5 0.17

Efflux rate constant for largest pool
Ag 33.7 0.04 000 00.0 0.99 –29 22.1 0.038 24.1 0.032
Am 63.4 0.001 031 15.6 0.02 –30 26.1 0.0049 39.7 0.0011
Cd 91.1 <0.0001 646 85.9 <0.0001 –28 03.7 0.034 00.2 0.59
Co 07.7 0.28 003 00.2 0.84 –22 18.0 0.1 07.0 0.29
Zn 74.1 0.0004 167 49.9 0.0003 –48 23.8 0.0043 00.3 0.71
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reflects the fact that uptake from the dissolved phase
and efflux from the mussel were correlated, with Ag
and Zn displaying high uptake and efflux, while Am
and Cd exhibited relatively low uptake and efflux.
Temperature had no discernible effect on CFw values;
slightly higher uptake at higher temperatures was
almost exactly balanced by faster losses. However, for
2 metals there were large differences among the 2
populations: Cd and Zn were 15- and 2.6-fold more
efficiently accumulated by temperate mussels than by
Arctic mussels (Fig. 6). 

DISCUSSION

The relative magnitudes of the uptake rate constants
for various metals presented here were similar to those
previously observed (Wang et al. 1996). Ag was taken
up most efficiently, possibly because of its tendency in

seawater to form chloro-complexes that may cross
membranes (Reinfelder et al. 1998). As in past studies,
Zn, a metal that has many biological uses within
organisms, was taken up next fastest, while Am and
Cd were taken up at intermediate rates and Co at the
slowest rate. The absolute values for uptake rates of all
metals in temperate Mytilus edulis at 12°C were gen-
erally comparable with earlier findings for temperate
M. edulis studied at 15°C (Table 7), but absorption effi-
ciencies were lower in this study than previous find-
ings (Table 7). These differences are probably attribut-
able to differences in filtration rates between the
different studies. Differences in the distribution of Zn
in the soft parts of mussels from different experiments
on metal distribution (Figs. 4 & 5) may be due to the
different physiological states of the mussels (fall vs.
spring collections). For example, the mussels in the
experiments depicted in Fig. 5 may have been build-
ing-up reproductive tissues in preparation for the late-
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Fig. 4. Mytilus edulis. Time series of distribution of metal between soft tissues and shell during (A) radioactive exposure period
and (B) depuration period in temperate mussels at 12°C. Initial time points in (B) are final time points at 9 h in (A). Data points are 

means ± SE for different sets of 3 to 4 individuals. Mussels were collected in November 2003

Fig. 5. Mytilus edulis. Percent total body burden of metal in
soft tissue at end of 8 d depuration for temperate mussels at
2 and 12°C. Data points are means + SE for 5 individuals.

Mussels were collected in March 2003

Fig. 6. Mytilus edulis. Mean (+SE) concentration factor from
water. CFw values (calculated as ku/ke, where ku = uptake
rate constant and ke = efflux rate constant) are for 5 metals in 

Arctic and temperate mussels at 2 and 12°C
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spring spawning, whereas the mussels in the experi-
ments in Fig. 4 were probably not doing so. However,
the distributions of other metals were generally com-
parable between the experiments. The physiological
turnover of both Ag and Zn (but not Am) in mussels has
been shown to vary with season, indicating that
spawning and other processes can affect retention of
these protein-associated metals (Dahlgaard 1986).

Recycling and reduction of filtration rates over time
during exposure to particle-free water during long
radiolabeling periods may lead to an underestimation
of metal uptake rates from the dissolved phase. How-
ever, we found that uptake was generally linear over a
12 h period for all metals except Ag at 12°C. A decline
in pumping rate by the mussels could not have caused
the non-linearity seen in Ag, since no other metal
showed this trend in mussels that were exposed to
other isotopes simultaneously with Ag. 

Variability in rates of metal uptake from the dis-
solved phase at different temperatures and, to a lesser
degree, for different populations, is primarily a func-
tion of mussel filtration rate. Average uptake rates for
metals at 12°C were at most 50% larger than uptake at
2°C. As expected for properly acclimated mussels
(Widdows 1973, Bayne & Newell 1983, Jørgensen
1990) filtration rates were also about 50% higher at
12°C than at 2°C. As a consequence, there was no
effect of temperature on absorption efficiencies be-
cause the uptake rate constants and filtration rates
almost exactly cancelled each other. This poses the
possibility that successful modeling of metal uptake
from the dissolved phase at different temperatures
requires mainly that the response of filtration rates to
temperature be understood. Once variability in filtra-
tion rate is understood, uptake rates can be estimated
using the metal-specific absorption efficiencies that are
fairly stable across diverse experimental conditions.

Modeling of the depuration parameters indicated
that there was a large fraction (61 to 77%) of 110mAg
taken up into internal pools that turned over more than
once per day in temperate mussels. The other metals
typically displayed lower body burdens in these
rapidly exchanging pools (Table 4). Wang et al. (1996)
similarly observed that 82% of the Ag taken up by
temperate M. edulis over a 12 h period at 15°C was
deposited in rapidly exchanging pools, significantly
higher than for other metals in their study. Metal efflux
rates from the slowest exchanging pools in the soft
parts of the temperate M. edulis measured herein are
compared with those found in earlier studies in
Table 7. Generally, the efflux rates obtained herein for
temperate mussels at 12°C were comparable to results
of Fisher et al. (1996). Note that, with the notable
exception of Cd, the efflux rates from soft parts that we
observed were higher than from whole mussels
observed previously (Table 7); this difference is due to
the fact that metals that are accumulated from the dis-
solved phase are typically retained more effectively by
shells than by soft parts (Fisher et al. 1996).

As long as filtration rates stay constant, use of longer
labeling periods may actually be preferable to use of
short-term labeling. The longer period of exposure to
radiolabel may allow better labeling of the slowly ex-
changing pool (with slower turnover) and better esti-
mation of uptake into this pool without the interference
of the faster turnover pools. Successfully estimating
flow into the slowly exchanging pool is important
because it is likely to comprise the largest fraction of
metal taken in from the dissolved phase in mussels.
The size of this fraction is apparent from the depura-
tion results in Table 4. The depuration curves for Am,
Cd, Co and Zn imply that >60% of the radiolabel is in
the slow turnover pool. The actual fraction of metal in
the slowest exchanging pool was probably much
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Table 7. Mytilus spp. Comparison of mean uptake rates (ku, l g–1 d–1), absorption efficiencies (AbE, %), distribution in mussel soft
parts at onset of depuration (% s.p.), and efflux rates (ke, % d–1) of metals in mussel soft parts following absorption from dissolved
phase reported in 4 studies; only mussels from temperate waters are compared. Efflux rates are from slowest exchanging pools in 

soft parts.  –: not determined

Metal        Present study, 12°C             Fisher et al. (1996), 15°Ca           Wang et al. (1996), 15°Cb Wang & Fisher (1997), 15°Cc

ku AbE % s.p. ke ku AbE % s.p. ke ku AbE % s.p. ke ku AbE % s.p. ke

Ag 1.44 0.35 68 4.98 – – 55 4.72 1.79 1.53 – 1.5 – – – –
Am 0.40 0.17 25 2.98 – – 34 3.21 0.40 0.34 – 2.3 – – – –
Cd 0.38 0.12 68 0.73 – – 56 1.81 0.37 0.31 – 2.1 0.58 0.18 – 3.24
Co 0.24 0.08 40 3.22 – – 51 4.10 0.12 0.11 – 2.3 0.15 0.05 – 3.26
Zn 1.08 0.33 60 3.56 – – 38 2.05 1.04 0.89 – 1.5 1.46 0.47 – 1.41

aMytilus galloprovincialis, 6 cm shell length, following 16 h exposure period; efflux rates are means from mussel soft parts
depurated in the lab and in the field

bM. edulis, 3 to 3.5 cm shell length, following 12 h exposure period; efflux rates are for whole mussels
cM. edulis, 2.5 cm shell length, following 1 h exposure period; efflux rates are for whole mussels
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larger. The amount of radiolabel in the slowest ex-
changing pool, R’, at equilibrium when efflux, E, is
equal to uptake, U, can be estimated by rearranging
the equation U = E = ke × R’. Because the maximum
turnover rate of radiolabel in the slowest exchanging
pool was ~8% d–1 (for Zn in the Arctic mussels at 12°C),
R’ is predicted to be 12.5 times the amount of radiola-
bel taken up daily. Thus, for every isotope we tested,
the amount of radiolabel taken up into the slowest
exchanging compartment over 0.5 d of exposure
amounts to only 1/25th or 4% of the expected pool size
at equilibrium.

Both influx and efflux of metals into/out of mussels
was temperature-dependent, suggesting that meta-
bolic rates directly influence these processes by affect-
ing pumping rates and metabolic turnover of metal
absorbed in mussel tissue. This is consistent with the
observations of Wang & Fisher (1997), who showed
that these rates, normalized to the weights of Mytilus
edulis, were inversely related to the size of individual
mussels; i.e. smaller mussels with higher weight-
specific metabolic rates displayed higher metal uptake
and turnover rates. The increase in the uptake rate
constant with increasing temperature that we ob-
served was offset by equivalent increases in the efflux
of metal from the mussels. As a consequence, the net
accumulation of metal from the dissolved phase was
not related to temperature. This contrasts markedly
with the effect of temperature on bioaccumulation of
metal from food (Baines et al. 2005). The assimilation
efficiency of metal from food at 2°C is significantly
higher, and the efflux rate constant for loss from the
body is lower. Even though the filtration and ingestion
rates are slower at 2°C that at 12°C, the trophic accu-
mulation factor ranged from about 2-fold higher at 2°C
for Zn to about 9-fold higher for Ag (Baines et al. 2005).
Thus, at lower temperatures food becomes relatively
more important as a pathway for the introduction of
metals into M. edulis, and the dissolved phase be-
comes less important, particularly for Ag and Am. Such
a shift in importance of the pathways of metal transport
into mussels could significantly alter predicted rela-
tionships between suspended solid concentrations and
contaminant loads (Wang et al. 1996).

The ability to bioconcentrate dissolved Cd and Zn
differed markedly between the Arctic and the temper-
ate mussels, regardless of temperature, and this was
primarily due to large differences in efflux rates for
these metals. The cause of this difference between
populations is unknown, and it is not clear whether this
represents the symptom of some broad adaptation to
life in temperate as opposed to Arctic regions. The
high retention of metals in temperate mussels could
relate to either a disproportional abundance of binding
agents, such as metallothioneins, or a propensity to

deposit the metal in insoluble form within tissues
(George 1990, Mason & Jenkins 1995) in the temperate
mussels, although these were not directly measured in
our experiments. In any case, it is apparent from the
Cd and Zn data that the tissue concentrations of these
metals in temperate mussels may not be appropriate
for understanding patterns of contamination in Arctic
mussels.
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