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ABSTRACT. The rates of uptake of cadmium and zinc by the amphipod crustacean Orchestia gammarellus (Pallas) increase with decrease in salinity from 36.5 to 25"% NaC1, as expected from physicochemical changes in the ava~labilitiesof free metal ions. Between 15 and 2.5':~~
NaCl cadmium and zlnc
uptake rates plateau, and the cadmium uptake rate falls at 1 2 % NaC1. This pattern of change of uptake
rate with salinity change is not dependent on trace metal exposure concentrations, and cannot be
explained by uptake via any enzyme-driven uptake route. It is concluded that at low salinity the
amphipods effect one or more physiological responses that offset any increases in cadmium and zinc
uptake rates expected from physico-chemical increases in the availabilities of free metal ions at low
salinity. Such physiological responses a r e induced by changes in total osmolality, as opposed to inorganic salinity, a n d are not maintained on transfer from low to high osmolalitv. T h e physiological
response is not explicable only in terms of change of the uptake rate of calcium, nor only in terms of
change in apparent water permeab~litywhich may play a role at extremely low salinities. In low salinity the amphipods do excrete newly accumulated cadmium and zinc but this excretion does not explain
the lack of increase in net uptake of cadmium and zinc at low salinities The identification of the physiological response of 0. gammarellus reducing trace metal uptake at low salinity remains enigmatic,
and may turn out to be combinat~onof several effects.
KEY WORDS: Trace metal . Heavy metal . Cadmium . Uptake . Salln~ty. Osmolality
ability . Calcium pump . Orchestia . Amphipod crustacean

INTRODUCTION
Marine and estuarine crustaceans, like all aquatic
organisms, are bathed in a solution of trace metals,
including cadmium and zinc, at dissolved concentrations which decrease from estuaries, through coastal
seas, to the surface waters of open oceans (Bruland
1983). Trace metals are taken up and accumulated by
these crustaceans to high body concentrations (Rainbow 1987, 1988, 1993). Uptake takes place from food
sources in the alimentary tract but also from solution
across permeable surfaces such a s gills.
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Water perme-

Possible mechanisms for the uptake of trace metals
from solution have been reviewed by Simkiss & Taylor
(1989), and it is quite probable that more than one
uptake route is in operation (Rainbow & Dallinger
1993, Rainbow 1995), with different routes predominating according to species and ecological specialisation.
One model explaining many of the results of trace
metal uptake experiments with crustaceans (e.g.
Nugegoda & Rainbow 1988, 1989a, b, O'Brien et al.
1990) is that whereby the free metal ion, released from
complexation equilibria in solution, binds onto a carrier protein in the cell membrane and is transferred
passively into the epithelia1 cell and beyond by facilitated diffusion along a series of metal-binding ligands
of increasing affinity (Simkiss & Taylor 1989, Rainbow
et al. 1993, Rainbow 1995). Cadmium and zinc in sea-

88

Mar Ecol Prog Ser

water are complexed with inorganic ligands such as
chloride (e.g. CdCl', CdCl,', CdC13') (Zirino &
Yamamoto 1972, Mantoura et al. 1978, Rainbow et al.
1993). Any physico-chemical change reducing the
hydrophilic complexation of cadmium or zinc in seawater will increase the availability of the free metal
ion, and correspondingly increase cadmium or zinc
bioavailability according to this model. Thus the
uptake rate of cadmium or zlnc into a n exposed crustacean would rise, dependent only on the physicochemical change in the medium, beyond the physiological control of the crustacean itself. A reduction in
salinity necessarily reduces concentrations of chloride
a n d other inorganic ligands a n d would produce such
a n effect.
Another route for the uptake of dissolved cadmium
lnvolves its incorporation into calcium pumps (Wright
1977b, 1980, Simkiss & Taylor 1989, Rainbow 1995).
Unlike trace metals, major metal ions (e.g. Na', K',
Ca2+)do not have high affinities for organic llgands
(Nieboer & Richardson 1980) and require active transport pumps for movement against concentration gradients into and/or out of cells. Calcium is taken up,
apparently via gated channels, by chloride cells in the
gills of estuarine crabs, probably depending on energy
generated in a Na+/K+ ATPase system (Bottcher &
Slebers 1993, Towle 1993).The free cadmium ion has a
similar ionic radius (109 pm) to that of the calcium ion
(114 pm) (typical coordination number = 6 in each case;
see Huheey 1983), and it is inevitable that some cadmium will become 'accidentally' incorporated into the
calcium uptake route. The action of the calcium pump
is under the physiological control of the crab (Mantel
& Farmer 1983) (or equivalent crustaceans including
amphipods), and so the relative importance of this
route of cadmium uptake will vary with crustacean
species and physiological and ecological conditions.
Thus, a newly moulted crustacean may well have a n
enhanced calcium uptake rate to facilitate calcification
of its new cuticle. Similarly zinc may also become
incorporated into major ion pumps.
In particular, a n estuarine crustacean in reduced
salinity will increase its uptake rate of calcium a n d
other major ions. Crustaceans thus exposed to media
hypotonic to their body fluids respond to the increased
osmotic entry of water by increasing urine production;
in most crustaceans the urlne is is0toni.c to t.he blood
and therefore the increased expulsion of water leads to
a concomitant loss of major ions ( e . g Ca2') in the urine
(Mantel & Farmer 1983).This loss is balanced by active
uptake against concentration gradients in the gills.
Thus a decrease in salinity would cause increased
uptake of calcium, a n d therefore of cadmium if this
route of cadmium uptake is significant, irrespective of
any physico-chemical change in chloride complexation

in the medium. Thus cadmium uptake is potentially
under physiological control. Incidentally it also follows
that physico-chemical changes in the medium that promote the percentage contribution of the free cadmium
ion to the unchanged total cadmium concentration
would also promote cadmium incorporation into the
calcium channel, even in the absence of any change in
the calcium concentration.
Thus at least 2 routes for the uptake of dissolved cadmium and zinc are available to crustaceans, passive
facilitated diffusion and access via active uptake routes
for calcium and other major ions which is likely to be of
more significance in a postmoult crustacean calcifying
its cuticle or in a n estuarine crustacean undertaking
osmoregulation. Inevitably, therefore, the 2 routes will
vary in their significance according to species and
habit. Certainly published evidence typically supports
the prediction of either model that decreased salinity
promotes cadmium and zinc uptake by crustaceans for example in the amphipods Orchestia gammarellus
(Rainbow et al. 1993) and Gammarus pulex (Wright
1980),in the caridean decapods Palaemon elegans and
Palaemonetes varians (Nugegoda & Rainbow 1989a,
b), a n d in the crabs Calljnectes sapidus (Hutcheson
1974), Uca pugilator (O'Hara 1973a, b) a n d Carcinus
maenas (Wright 1977a). Interpretations of which
uptake route is involved understandably vary. In the
case of evidence favouring involvement of the calcium
route, Wright (1977b) has shown that calcium concentration has an effect on cadmium uptake by C. maenas
independent of a salinity effect, and cadmium accumulation by the freshwater amphipod G. pulex is at least
partially accounted for by uptake via the calcium
pump (Wright 1980). O n the other hand physico-chemical speciation effects alone predict cadmium and zinc
uptake by 0. qammarellus over the salinity range 36.5
to 2 5 % (Rainbow et al. 1993). Studies on the uptake
rate of zinc by Palaemon elegans using hydrophilic
complexing agents and differential changes In salinity
and osmolality have shown that the activity of the free
metal ion under physico-chemical control in solutlon
predicts metal uptake rates and rules out a significant
uptake role for anv major ion pump (Nugegoda & Rainbow 1988, 1989a, b, O'Brien et al. 1990).
A further complication exists however. Both zinc and
cadmium uptake rates by Orchestia gammarellus increase with reduct~onin salinity down to 2 5 % ~in~correlation with the predicted, concentrations of the free
metal ions, but at 15% the uptake rate of each metal
equals that at 25% (Rainbow et al. 1993). This is unexpected by either model which would predict a n
increase in trace metal uptake rate with further
decrease in salinity as the free metal ion concentrations continue to rise (Rainbow et al. 1993).The graphs
of cadmium a n d zinc uptake against respective free
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metal ion concentration show a plateau (Rainbow et al.
19931, at first sight reminiscent of a saturation effect in
an enzyme mediated process (Simkiss pers. comm.).
This suggestion bears further investigation although
most data sets on the uptake of trace metals by crustaceans are interpretable in terms of passive facilitated
diffusion processes (e.g. Bryan 1966, 1968, White &
Rainbow 1984). Indeed Rainbow et al. (1993) interpreted the 2 graphs referred to above in terms of the
induction of a physiological response on the part of the
euryhaline amphipod to a threshold low salinity.
A number of estuarine crustaceans have a remarkable response to low salinity that might offer further
potential for physiological control over trace metal
uptake. Certain crustaceans such as Carclnus maenas
(Smith 1970) Gammarus duebeni (Lockwood & Inman
1973, Bolt 1983) and Palaemon longirostris (Campbell
& Jones 1990) show a decrease in apparent water permeability (AWP) in low salinity, probably reflecting
real changes in integumental permeability (Mantel &
Farmer 1983, Campbell & Jones 1990).
Indeed Chan et al. (1992) found apparently anomalous results in the effect of reduced salinity on cadmium and zinc uptake rates in Carcinus maenas. For
example, in crabs from a fully marine acclimated (Scottish) population exposed to labelled cadmium at 33, 25
and 15%0salinity, the cadmium uptake rate was highest in 33%";in Danish crabs from a population living at
ca 17 %O the cadmium uptake rate was highest at
Chan et al. (1992) proposed that the Scottish crabs
were showing a physiological response to low salinity
(possibly a change in AWP) counteracting the physicochemical promoter effect of reduced chloride complexation on cadmium uptake rate, whereas the Danish
crabs had already effected such a physiological
change and cadmium uptake rates followed physicochemical changes only (see also Rainbow 1995). The
zinc uptake results were interpreted similarly (Chan et
al. 1992).
This study sets out to examine further the interaction
of physiology and physico-chemistry on the rates of
uptake of cadmium and zinc by the amphipod crustacean Orcl~estiagammarellus. It addresses the possible saturation of trace metal uptake expected if an
enzyme system drives trace metal uptake, and measures changes in AWP and calcium uptake rate in an
attempt to correlate them with observed changes in
cadmium and zinc uptake rates under different
physico-chemical conditions. Much of the methodology is that described by Rainbow et al. (1993).Weeks &
Rainbow (1991)have shown that all zinc taken up from
solution at 33%" is accumulated by Orchestia gammarellus without excretion, and all crustaceans appear
to be net accumulators of dissolved cadmium (Rainbow
1987, 1988, 1993). The short-term rate of accumulation
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of labelled cadmium or zinc is therefore used as a measure of the absolute rate of uptake of either metal into
the amphipod.

MATERIALS AND METHODS

Orchestia gammarellus (Pallas) were collected from
the strandline on Great Cumbrae Island (55" 44' N;
4" 54' W), Firth of Clyde, Scotland, UK, between May
1992 and May 1994. In the laboratory they were maintained in 20 1 acid-washed covered plastic tanks with
gravel wetted with seawater at 33%",and fed on castup Laminaria digitata from Great Cumbrae Island
(10°C; 12 h 1ight:dark).
Experiments were carried out at 10°C in a fully aerated artificial medium of NaCl (Analar grade, BDH,
Poole, UK) in double distilled water with a pH of 6.8,
adjusted as necessary with 0.05 M NaOH (Analar
grade, BDH) or HCl (Aristar grade, BDH). This
medium could be made up to different salinities
(%Q NaC1) and the speciation of any added cadmium or
zinc modelled by modified versions of SPECIES (L. D.
Pettit) and SEAWATER (P. O'Bnen) computer programs (see Rainbow et al. 1993), based on equilibrium
data in the literature (Turner et al. 1981).
All experimental equipment including tanks and
amphipod holders were presoaked in 2 changes of
experimental media to offset adsorption effects (Rainbow et al. 1993). For each experinlent amphipods of a
similar size were chosen and rinsed briefly in double
distilled water. Typically experiments were carried out
in l 0 l acid-washed plastic tanks with at least 2 replicates of each treatment to avoid pseudo-replication,
each tank containing u p to 12 arnphipods individually
housed in perforated plastic containers (Toby 'Teaboys', Aldridge Plastics, Aldridge, UK). In no case was
there a statistical difference between replicates of
treatments and so replicate data have all been grouped
for statistical analysis. Data for any amphipods moulting or dying were excluded from data analysis, thereby
explaining the variation in numbers between experiments.
Amphipods exposed to radioactively labelled dissolved Cd or Zn were counted live at daily intervals for
between 4 and 6 d, giving a measure of 'new' (labelled)
metal accumulated (see Weeks & Rainbow 1991). Best
fit regression lines were fitted to data for individual
amphipods for Days 1 to 4, 5 or 6 inclusive as appropriate, the zero, zero point being excluded to allow for
adsorption of labelled metal onto the exoskeleton (see
White & Rainbow 1984, Nugegoda & Rainbow 1988,
1989a, Rainbow et al. 1993).Accumulation was always
linear, so any extra days of exposure simply gave a
more confident estimation of the regression coefficient.
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Regression coefficients (pg g-' d-l) represent metal
uptake rates of individual amphipods and replicate
individual uptake rates were grouped for statistical
analysis and calculation of means and standard deviations.
The radioisotopes '09Cd and 65Zn (Amersham lnternational plc, UK) were used as tracers, being added to
stock solutions of cadmium and zinc chlorides respectively (Analar grade, BDH) at the concentrations specified below. IwCd is essentially carrier-free, but total
dissolved labelled concentrations of zinc quoted take
into account the concentrations of added carrier zinc.
Each experimental amphipod was counted live for
1 min at the times detailed below in a Wallac Compugamma gamma counter, after being removed from
its container, rinsed in double distilled water and
placed in a small glass tube sealed with cling film. At
the end of an experiment, each amphipod was frozen,
dried to constant weight at 60°C and digested in concentrated nitric acid (Anstar grade, BDH) at 100°C.
Each digest was made up to a known volume with double distilled water and recounted for correction of the
counts which might be affected by geometrical size
effects. Corrected live counts were used as measures
of labelled metal per unit dry weight of amphipod, and
a minimum of 3 corrected live counts used in linear
regression analysis by least squares to calculate the
regression coefficient of each amphipod -the rate of
metal accumulation, or metal uptake. Where a metal
uptake rate is quoted, metal uptake was linear in time
(significant fit to the lineal- regression model) over the
period of the experiment.
Experiment 1. 24 amphipods, divided between 3
replicate tanks at each concentration, were exposed to
each of the following dissolved labelled Cd concentrations in 33%0NaCl (500, 250, 50 or 1.0 pg Cd I-', equivalent to 4.45, 2.22, 0.44 or 0.0089 pm01 Cd l-' for 6 d at
10°C. Individual amphipods were counted daily.
Experiment 2. Between 30 and 34 amphipods,
divided between 3 replicate tanks at each salinity,
were exposed to 50 pg 1-' (0.44 pm01 1-l) labelled Cd
for 4 d at 10°C at one of the following salinities: 36.5,
33, 30. 27.5, 25, 20, 15 or 1 2 % ~NaCl. Individual
amphipods had been taken from a salinity at 33'A
NaCl on Day 0, and were counted daily.
Experiment 3(a). 24 amphipods were taken from a
salinity at 3 3 L NaCl (Day 0), divided between 3 replicate tanks at each salinity and exposed to 100 vg 1-'
(0.89 pm01 1-') labelled Cd for 5 d at 10°C at one of the
following salinities: 36.5, 33, 30, 27.5, 25, 20 or 15%
NaC1.
Experiment 3(b). 24 amphipods were divided between 3 replicate tanks at each salinity, acclimated for
7 d at 15Yw salinity and then exposed to 100 pg I-'
(0.89 pm01 I - ' ) labelled Cd for 4 d , all at 10°C, at one of

the following salinities: 36.5, 33, 30, 27.5, 25, 20 or 15%0
NaC1. Individual amphipods were counted daily.
Experiment 4. 20 amphipods, divided between 2
replicate tanks for each treatment, were exposed to
50 1-19 1-' (0.76 pm01 I-') labelled zinc under one of
the following treatments for 4 d at 10°C: (1) 30% NaCl
(920 mOsm kg-'), (2) 20% NaCl (620 mOsm kg-'), (3)
1 5 %NaCl
~
(460 mOsm kg-'), (4) 20% NaCl + 61.6 g l-'
fructose added to change osmolality to 920 mOsm kg-',
the equivalent of 30% NaC1, and (5) 15% NaCl+ 30.8 g
1-' fructose added to change osmolality to 620 mOsm
kg-', the equivalent of 20%0NaCl. Fructose does not
complex with either cadmium or zinc at the concentrations added here, and increases osmolality without
changing salinity (inorganic content) of the medium.
Experiment 5. A 3-treatment protocol was developed in which amphipods were exposed to labelled
cadmium or zinc for 3 d (Treatment 1, Days 0 to 3) and
their metal uptake rates measured by daily live counting. The amphipods were then exposed for 3 d (Treatment 2, Days 3 to ?) to a medium without labelled
metal, before being exposed again to labelled metal in
Treatment 3 (Days 7 to 1 l ) , again with daily live counting. Between 20 and 30 amphipods, divided between 3
replicate tanks, were exposed at 10°C to (A) 100 pg 1-'
(0.89 pm01 1-') labelled Cd, or (B) 100 pg 1-' (1.53 pm01
1-l) labelled Zn in one of five 3-treatment protocols: (a)
33, 33, 33x0 NaC1, (b) 15, 15, 15%0NaCl, (c) 33, 33,
15%a NaC1, (d) 15, 15, 33%0NaC1, and (e) 15%0NaCl
plus fructose to raise osmolality to 1010 mOsm kg-'
(the equivalent of 33OA NaCI), 15Oh NaCl plus fructose
again, 33%0NaC1.
Experiment 6. 25 amphipods were exposed individually to 1 mM Ca as CaC12 at 10°C in each of the following salinities: 36.5, 33, 30, 20, 15 and 6%0 NaCl,
after being acclimated for 48 h to the same salinity. At
time zero amphipods were placed in individual 25 m1
liquid scintillation vials containing 25 m1 CaC1, at
1 mm01 Ca k g - ' spiked with 1 nCi ml-l 45Cadissolved
in NaCl at the appropriate salinity. Five amphipods
were removed after 1, 2, 3, 4 and 5 h. Individual
amphipods were rinsed briefly in NaCl solution of the
exposure salinity, dried to constant weight and
digested in concentrated nitric acid. Digests were
evaporated to dryness and the residue redissolved in
0.5 m1 1 M HN03. Then 2 m1 scintillation fluid (UltraGold X, Packard] was added and the 45Ca activity
counted on a Packard Tricarb 460 liquid scintillation
counter. Labelled calcium uptake rates (ng g-' h - ' ) of
each amphipod were calculated from best fit regression lines relating labelled calcium concentrations (ng
g-') to time (h).
Experiment 7. AWP was measured as the inverse of
the half-time of release of tritium-labelled water into
unlabelled medium from tritium-labelled amphipods,
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Flg. 1 Orchestia gammarellus. Mean ( + l SD) ( n )accumulated concentrations of
labelled Cd in amphipods exposed to dissolved labelled cadmium at concentrations of (A) 500 pg C d 1-' ( a ) ,250 pg Cd I - ' ( b ) , and 50 pg C d 1-' (c) and
(B) 50 p g Cd l-' (c),and 1 pg Cd l-l (d) for up to 6 d at 10°C in artific~alseawater
(33% NaC1). Lines drawn a r e best fit lines through the data presented but
uptake rates quoted are means ( + lSDI of individual uptake rates (Days 1 to 6)
calculated for each a m p h ~ p o dwith at least 3 data points

in a variation of the technique of Campbell & Jones
(1990).
Experiment 7(a).After a 72 h pre-exposure acclimation period at one of the following NaCl salinities: 6,
10, 15, 27.5, 30, 33, 35 and 40%0NaC1, 11 amphlpods
were subjected to tritium-loading for 24 h in tritiated
water (THO; specific activity = 5 pCi ml-' 3H) at the
same salinity. Each amphipod was rinsed thoroughly
with NaCl of the appropriate salinity, and placed (time
zero) in a conical flask containing 100 m1 of NaCl of
that salinity to effect unloading of THO.
Experiment ?(b). 5 batches of 11 amphipods were
individually pre-exposed to 2?.5%0 NaCl for 72 h,
before being loaded with tritium in THO (5 pCi ml-"
3H) again at 27.5%0NaC1. Each amphipod was rinsed
thoroughly with 27.5%0 NaCl and each batch of 11
amphipods unloaded individually in NaCl at one of the

following salinities. 10, 15, 27.5, 33
and 40%0NaC1.
For each experiment ahquots of 100 p1
were taken from the unloading flasks of
surviving amphipods after 2 , 4 , 8, 16, 30
and 60 min, and the concentration (C,)
of THO counted at each time ( t ) . The
flasks were then sealed with parafilm
(to prevent evaporation of THO) and left
overnight to ensure that the THO in the
specimen was in equilibrium with the
external medium, before a final aliquot
was taken to measure the final equilibrium concentration of THO (C,) in the
medium. All aliquots were counted for
tritium activity in a liquid scintillation
cocktail (UltraGold X, Packard) on a
Packard Tricarb 460 liquid scintillation
counter. The whole procedure was carried out at 10°C. To determine the halftime of unloading, log (C, - C,) was
plotted against tlme for each amphipod
and a regression line fitted to the data.
The time taken for half of body water
to be exchanged with the external
medium was calculated from the regression equation at X = logC, - 1092.
Experiment 8. 12 amphipods were
exposed to (A) l 0 0 pg l-' (0.89pm01 I - ' )
labelled Cd, or (B) 100 pg 1-'
(1.53 pm01 I-') labelled Zn at 1O0C in
each of 4 salinities: (a)33, (b)27.5, (c) 15
or (d) 6%0 NaCl for 3 d , before being
placed in the same salinity without labelled metal for a further 3 d . Individual
amphipods were counted live daily.

RESULTS
Experiment l
Fig. 1 shows the accumulation of radioactively
labelled cadmium by amphipods exposed to 4 concentrations of dissolved labelled cadmium for up to 6 d . At
all concentrations the labelled cadmium is accumulated
linearly, and uptake rates (measured as accumulation
rates) are given for each exposure. The lines drawn
(Fig. 1) are best fit lines through the data presented
whereas the figures quoted for mean cadmium uptake
rates are actually the means of individual uptake rates
(Days 1 to 6) calculated for each amphipod having
allowed for adsorption (Days 0 to l ) ,as indicated by the
intercept of the y-axis (White & Rainbow 1984, Nugegoda & Ralnbow 1988, 1989a, Rainbow et al. 1993).
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3
Free Cd pg/l

Fig. 2. Orchestja gammarellus. Changes in the mean (*l SDI rate of uptake
of labelled cadmium (pg g-l d - l ) by amphipods a s a function of free
labelled Cd2+ion concentration (pg I-') a s altered by changes in salinity 1%.
NaCI] when exposed to 50 pg 1-' total labelled Cd for 4 d at 10°C. Data for
salln~tiesbetween 36.5 and 20%0f ~ the
t regresslon line y = -0.017 + 0 . 0 3 4 ~
(r2= 0.93, p = 0.002). n = 24 to 29 at each salinity. Amphipods were transferred directly from 33% NaCl on Day 0

at 50 1-19 1-l total labelled cadmium, as opposed to 500 pg Cd I-', in an attempt to
investigate whether saturation of any enzyme-driven process is in evidence. The
opportunity was also taken to extend the
reduction in salinity down to 12% NaC1.
Cadmium uptake rates show great individual variability and increase with the free
CdZ+ion concentration in salinities down to
20%0NaC1. The cadmium uptake rate levels off between 20 and 15%0 NaCl in spite of
a rise in the free labelled Cd2+ion concentration released from chloride complexation from 3.5 to 4.6 pg Cd2+1-l. The labelled
cadmium uptake rate then drops at 12%0
NaC1, the free labelled Cd2' concentration
having risen further to 5.6 pg Cd2+1 - l .
The pattern of change of cadmium
uptake rate with salinity change between
36.5 and 15%0NaCl is thus the same at 50
and 500 pg Cd I-', and is therefore independent of the cadmium concentration,
total or free ion.

Uptake rates increase with cadmium exposure and it
1s relevant to note that cadmium uptake shows the
Experiment 3
expected proportional increase between exposures of
250 and 500 pg Cd I-'. Thus, cadmium uptake shows
A repeat experiment over 5 d at 100 pg 1-' total
no sign of saturation even at 500 pg 1-' total cadmium
labelled cadmium (Fig. 3) confirms the pattern estab(18.7 pg I-' free Cd2+ ion). Jf cadmium uptake were
lished at 500 pg Cd 1-' (Rainbow et al. 1993) and 50 pg
to be interpreted in terms of a saturable
enzyme-powered mechanism, then this
0.4 amount of cadmium is insufficient to saturate
the system. A plot of cadmium uptake rate
against metal concentration (both in log
g 0.3 scales) is in fact linear and confirms to the
Freundlich expression y = 0 . 0 0 2 1 7 ~(r2
~ .=~ ~ ~$
=
0.986), the coefficient (0.931) approaching 1
indicating that metal uptake is essentially
passive under these physico-chemical conditions without an enzyme-driven component.
Fig. 1 also shows that lower exposures of 50
o.l or 100 pg 1-' total cadmium would provide
uptake data measurable in the time period,
1 61
138.51
with adsorption being saturated within Day 1
(note back extrapolation of lines to intersect
0.0
I
the y-axis - see Rainbow et al. 1993) and not
0
1
2
3
4
5
6
7
8
9
therefore obscuring uptake and accumulation
free Cd ugll
of cadmium into the body.

5

0.

l

Experiment 2

Expt 2 (Fig. 2 ) repeats the experiment carried out by Rainbow et al. (1993) but over 4 d

'

!

,:ig 3 Orchestja gammarellus. Changes in the mean [ * l SDI rates of
uptake of labelled cadmium (pg g - ' d - ' ) by amphipods as a functlon of
the labelled Cd2+ ion concentration (pg I-') as altered by changes in
salinity 1% NaCl] when exposed to'100 pg I - ' total labelled Cd for 5 d at
10°C. Data for salinities between 36.5 and 25% fit the regression line y =
-0 034 + 0 . 0 5 3 ~(r2 = 0.93, p = 0 008). n = 18 to 22 at each salinity.
Amphipods were transferred directly from 33% NaCl on Day 0
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take rates at 33%" NaCl in comparison with
non-acclimated amphipods.

Experiment 4

Table 1 gives results of experiments measuring the uptake rates of zinc from 50 pg Zn
1 - ' at 3 sahnities (30, 20 and 15% NaCl), but
also under 2 conditions in which fructose has
1151
been added to change the total osmolality of
the
solution without a concom~tantchange in
0 ( a ) w l l h o u l accllrnatlon
the
salinity and concentration of inorganic
(b) w i t h accllrnallon
ions including chloride. Induction of any
1
'
physiological effect at low salinity reducing
0
1
2
3
4
5
8
7
8
8
trace metal uptake, as has been inferred
free Cd ugil
from the experiments above, should be
caused by changes in osmolality only.
Fig. 4 . Orcheslia gammarellus. Mean ( r 1 SD) rates of uptake of labelled
As expected from the interpretation above,
cadmium by amphipods as a functlon of free Cd2+ion concentrat~ona s
zinc uptake rates a r e equal at 15 and 20%0
altered by chanqes in sallnity [% NaCI] when exposed to 100 pq I - ' total
labelled ~d at 1 0 " ~~ m ~ h i i o we]-e
d s either ( a ) transferred d~r'ctl~from
NaC1, b o t h being significantly higher than
33% NaC1 on Day 0 (n = 18 to 22), or ( b ) accllmated to 15% NaCl for 7 d
that at 30%"N ~ c At
~ ,20%0N ~ C Iincreased
,
before transfer on Day 0 ( n = 14 to 22)
molality to match that at 30% NaCl has had
no effect on zinc uptake rate (compare treatments 2 and 4 ) - to be expected if no physiological response is as yet switched on at 20%0NaC1. At
Cd 1-' (Expt 2). As at 500 p g Cd lV1 the levelling off
occurs between salinities of 25 and 20%0NaCl. There is
15% NaCl on the other hand the increased osmolality regreat individual variability apparent at all 3 cadmium
sulting from the presence of fructose has had a n effect.
exposures, and it is likely that the exact point of levelThe zinc uptake rate is higher at 15%0NaCl if fructose is
ling off is similarly variable between batches of
present (treatments 3 and 5);i.e. the decreased osmolala m p h ~ p o d sused in expenments.
ity associated with 15%0NaCl (in the absence of fructose)
This experiment also attempted to define the effect of
has initiated the physiological response which now
acclimation of the amphipods on the patterns observed
counteracts the effect of speciation changes promoting
above. The amphipods depicted in Fig. 3 were transzinc uptake.
ferred to the salinity quoted directly from a
salinity of 33%0NaCl at Day 0, the start of
Table 1. O r c h e s t ~ ayammarellus M e a n uptake rates of Zn ( * 1 SD) from
50 pg Zn 1.' ~n 5 treatments of osmolality/salinity, a n d selected statistical
the 5 d experiment. Given that the initiacomparisons of treatments by ANOVA (ns. p > 0.05)
tion of the proposed physiological response occurs within 4 d in the above
Treatment
Sal~nlty
Osmolahty
Free Zn2' Zn uptake rate n
experiments, a n equivalent batch of am(:INaCI)
,,
(mOsm kg-')
(pg 1.')
( p g Zn g-' d-l)
phipods was acclimated to 15%0NaCl for
7 d before transfer on Day 0 to the experi920
35.0
1.25 r 0.19
20
1
30
mental salinity for exposure for 4 d to
620
38.8
1 7 5 i 0.39
20
2
20
19
4 60
40.5
1 7 5 r 0.40
3
15
100 pg 1-' total labelled cadmium. Fig. 4
160r0.18
18
4
20 plus fructose
920
38 8
shows a comparison of the labelled cad2.18 r 0.37
20
620
40 5
5
15 plus fructose
mium uptake rates of the acclimated and
non-acclimated amphipods.
The results of the comparison in Fig. 4
Compansons by ANOVA:
F
df
P
are difficult to interpret given their wide
variability (note large values of n ) , but
appear to show no consistent differences.
It appears therefore that acclimation to
15"& NaCl for 7 d has not caused a permanent physiological change such as
might cause a decrease in cadmium up-
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Experiment S
Given the variab~lity between trace metal uptake
rates of individual amphipods, particularly between
batches of amphipods, a new protocol was developed
whereby the metal uptake rates of the same amphipods would be measured under different physicochemical conditions (see 'Materials a n d methods').
Fig. 5 a n d Table 2 give the results of experiments
wherein amphipods were exposed to 100 yg 1-'

33ppl NaCI

J

2

Fig. 5. Orchestia gammarellus
Mean (*l S D ) concentrations of labelled Cd accumulated by amphipods exposed to 100 pg 1-' total
labelled Cd in Treatment 1 (Days 0
to 3) (uptake rate A) and Treatment 3 (Days 7 to 11) (uptake rate
B), the intervening treatment
(Days 3 to 7) containing no added
labelled Cd (details as in Table 2 ) .
Lines drawn are best fit lines
through the data presented but
uptake rates quoted are means
(*l SD) of ind~vidualuptake rates
calculated for each amphipod.
ns: not significant

labelled C d for 3 d under one set of physico-chemical
conditions (Treatment 1) and cadmium uptake rate
measured; the amphipods were then exposed to a second treatment without labelled C d (Days 3 to 7),and
finally to a third treatment (Days 7 to 11) with labelled
cadmium for measurement of the new cadmium
uptake rate.
The first 2 comparisons (Fig 5a, b) confirm (Table 2)
that the protocol is acceptable; there is no difference between uptake rates measured under ident~calphys~co-
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Table 2. Orchestia gammarellus. Comparisons by ANOVA of mean Cd uptake rates (*l SD) of amphipods exposed to 100 pg Cd
I-' in Treatment 1 (Days 0 to 3) and Treatment 3 (Days 7 to 1l ) , the intervening Treatment 2 (Days 3 to 7) containing no added Cd.
Addition of fructose to 15% NaCl increases osmolality from 460 to 1010 mOsm kg-', equivalent to that of 33% NaCI. ns: p > 0.05
Treatment 1

33"& NaCl
15% NaC1
33 960 NaCl
15% NaCl
15% NaCl
plus fructose

Treatment 2

33% NaCl
15560NaC1
33 "ANaCl
15%0NaCl
15% NaCl
plus fructose

Treatment 3

33'L NaCl

157LNaC1
15 'LNaCl
33% NaC1
33% NaCl

Cd uptake rates (pg g - ' d-l)
Treatment 1
Treatment 3

n

0.150 i 0.026
0.281 i 0.065
0.139 i 0.029
0.319 i 0.061
0.313 + 0.072

8
10
9
7
11

chemical conditions. The third and fourth comparisons
(Fig. 5c, d ) confirm the now expected difference between cadmium uptake rates at 33 and 15%0NaCl, irrespective of order of exposure. The final comparison
(Fig. 5e) compares physico-chemical conditions of equal
total osmolality but different salinity. There is a significant difference between cadmium uptake rates of amphipods exposed to 33%oNaCl and those exposed to a
different salinity 15%0NaCl but the same osmolality
(1010 mOsm kg-') caused by the addition of fructose.
Fig. 6 and Table 3 show the results of similar experiments in which amphipods were exposed to 100 pg 1-'
labelled Zn. As expected, exposures under the same
physico-chemical conditions produced no differences
in zinc uptake rates (Table 3), confirming that the extra
handling did not change rates being measured, thereby
validating the protocol. In contrast to the case of cadmium (Table 2 ) , the change from 33 to 15%0NaCl did
not produce a significant change in zinc uptake rate,
nor did the change from 15 to 33%0NaCl (Table 3).

Experiment 6
Fig. 7 shows the effect of decreasing salinity on the
uptake of calcium by Orchestia gammarellus from
1mM (ca 2 g kg-') calcium. This calcium concentration

0.132 2 0.020
0.235 + 0.044
0.185 + 0.036
0.162 + 0.037
0.129 * 0.019

F

ANOVA
df

P

2.37
3.40
9.18
34.1
82.0

1,14
1,18
1,16
1,12
1.20

ns
ns
~0.01
<0.001
<0.001

is one-tenth of that of seawater in order to ensure a
minimal effect of calcium on total salinity and to stimulate the activity of any calcium pump.
The calcium uptake rate increases with decreased
salinity.

Experiment 7
The half-time of release of tritium-labelled water
into unlabelled medium from tritium-labelled amphipods is an inverse measure of AWP. Thus a high halftime indicates a low AWP.
Table 4A gives the A W P of amphipods pre-exposed
and loaded with tritium (1d ) in the same salinity as the
medium in which the A W P was measured. Interindividual variability is high, but A W P did not change between 10 and 33%0NaCl although it was reduced at
very low (6%0NaCI) and high (37.5%0NaCl) salinities.
In amphipods pre-exposed and loaded with tritium
in 27.5%0NaCl (Table 4B),there was little change in
A W P in media of salinities between 10 and 40%0.It
therefore appears that changes in AWP are not themselves sufficient to explain the negative physiological
effect countering any physico-chemical and major ion
uptake rate promotion of trace metal uptake at salinities below 20%oNaCl.

Table 3. Orchestia gammarellus Compansons by ANOVA of mean Zn uptake rates (21 SD) of amphipods exposed to 100 p g Zn
1-' In Treatment 1 (Days 0 to 3) and Treatment 3 (Days 7 to 1l ) ,the intervening Treatment 2 (Days 3 to 7) containing no added Zn.
Addition of fructose to 15%aincreases osmolality from 460 to 1010 mOsm kg-', equivalent to that of 33%"NaCl. ns: p > 0.05
Treatment 1

33 % NaCl
15%
33 %0
15%
15%0
plus fructose

Treatment 2

33% NaCl
15%
33%
15960
15%"
plus fructose

Treatment 3

33 ?&NaCl
15%
15%0
33 "Xa
33 %O

Zn uptake rates (pg g - ' d-l)
Treatment 3
Treatment 1

*
*
*

1.34 0.23
2.13 0.49
1.59 0.33
1.94 i 0.49
1.92 i 0.59

1.21 + 0.13
1.98 + 0.23
1.44 ? 0.45
1.88 + 0.45
1.50 + 0.23

n

10
10
12
12
10

F

ANOVA
df

P

2.59
0.68
0.88
0.12
4.46

1,18
1,18
1.22
1,22
1,18

ns
ns
ns
ns
<0.05
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Experiment 8

Clearly it is necessary to seek another physiological
explanation of the apparent reductions in cadmium
and zinc uptake rates at salinites bel.ow 20% NaCl A
possible clue lies in the data presented in Figs. 5 & 6.
It is known that Orchestia gammarellus does not excrete zinc taken up from solution at 33% NaCl (Weeks
& Rainbow 1991). Thus the pattern of accumulation of
labelled zinc in Fig. 6a can be explained as follows:

9101112

Fig. 6. Orchestia gammarellus.
Mean ( ? l SD) concentrations of
labelled Zn accumulated by
amphipods exposed to 100 pg lF1
total labelled Zn in Treatment 1
(Days 0 to 3 ) (uptake rate A ) and
Treatment 3 (Days 7 to 11) (uptake rate B ) , the Intervening
Treatment 2 (Days 3 to 7) containing no added labelled Zn (details
as in Table 3 ) . Lines drawn are
best fit lines through the data
presented but uptake rates
quoted are mean ( + l SD) of individual uptake rates calculated
for each amphipod ns: not significant

Days 0 to 1 Adsorption of labelled zinc onto the exoskeleton (estimated by back extrapolation of accumulation line to be ca 7 pg g.' - see Rainbow et al. 1993)
plus uptake (equivalent to accumulation) into the body
(1.34 pg g - I d - ' ) .
Days 1 to 3: Uptake (accumulation) into the body
(1.34 p g g - l d-l).
Days 3 to 7: Desorption of some adsorbed zinc into
unlabelled medium (ca 3 pg g-l).
Days 7 to 11 Resaturation of adsorption of zinc plus
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Table 4. Orchestia gammarellus. Apparent water permeability (AWP) as measured by half-time of tritiated water exchange (unloading) into tritium-free medium, after different
treatments of pre-exposure (72 h) and loading (24 h)
Pre-exposure Loading
Unloading
Half-time
mean i l SD
(72 h)
(24 h)
salinity
salinity (X.) salinity ("L)
(L)
(min)

n

-

(A) Same salinity throughout

6
10
15
27.5
30
33
35
40

6
10
15
27.5
30
33
35
40

(B) Pre-exposure
27.5
27.5
27.5
27.5
27.5

and loading at 27.5%0
10
27.5
15
27.5
27.5
27.5
27.5
33
27.5
40

*

20.7 5.6
22.1 2 6.6
23.9 i 6.7
19.5 i 3.3
24.3 10.4

*

continuing uptake (accumulation) into body (1.21 pg
g-' d-l), there being no significant difference in zinc
uptake rates between Days l to 3 and 7 to 11 (Fig. 6a).
A similar explanation would hold for cadmium
(Fig. 5a).
However the pattern is clearly altered at 15% NaCl
for both zinc (Fig. 6b) and cadmium (Fig. 5b). A com-
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Fig. 7 Orchestia gammarellus. I\/lean rate of uptake of calcium (ng g'' h-' ? 1 SD. n = 5) of amphipodsexposed to 1mM
Ca2+in media of a range of salinities (%NaCl) at 10°C

parison between accumulated labelled metal concentrations on Days 3 and 8 suggests that more accumulated metal has been lost than is accountable by desorption alone (note the fa~lure of resaturation of
adsorption to return body metal concentrations to
Day 3 values, cf. Figs. 5a & 6a). It seems possible therefore that the amphipods actually excrete accumulated
metals at 1 5 %NaCl,
~
known not to be the case at 3 3 %
NaC1. If this was so, then accumulated metal concentrations would no longer be a measure of absolute
uptake at low salinities.
This experiment was therefore designed to test
whether accumulated cadmium and zinc concentrations could be excreted at low salinities. Figs. 8 & 9
show patterns of metal accumulation and loss at a
range of salinities. The patterns of both cadmium and
zinc accumulation at 33x0 NaCl indicate desorption
only, as expected, whereas at 15% NaCl the continuing decreases in cadmium (Fig 8c) and zinc (Fig. 9c)
between Days 3 and 5 do suggest that excretion is also
occurring. The pattern for cadmium at 27.5%0NaCl
(Fig. 8b) indicates desorption only, as probably does
that for zinc (Fig. 9b). Enigmatically, neither pattern at
6 % NaCl provides any suggestion of excretion (Figs. 8
& 9).

DISCUSSION

The first 3 experiments on cadmium uptake by the
amphipod Orcl~estiagammarellus confirmed that the
effect of salinity on the uptake of cadmium observed
by Rainbow et al. (1993) was not a manifestation of the
saturation of an enzyme-powered uptake system.
Rainbow et al. (1993) had exposed 0. gammarellus to
500 1-19 1-' total cadmium and 100 pg 1-' total zinc at a
range of salinities and had shown a levelling off of the
uptake rate of each metal between 25 and 1 5 % ~This
.
levelling off is unexpected if the trace metal uptake
rate is controlled physico-chemically by the concentration of the dissolved free metal ion, in each case still
increasing between 25 and 15%0(Rainbow et al. 1993).
It could be argued that in each case the availability
of the free metal ion (increasing with decreasing inorganic complexation) had reached such a value (ca 28
pg Cd2+1-' and ca 70 pg Zn2+1-' -see Figs. 5 & 6 of
Rainbow et al. 1993) as to saturate an enzyme-driven
uptake system. The cadmium uptake experiments described here refute this argument, not least the coefficient in the Freundlich expression which is close to 1.
In Expt 1, cadmium uptake rates by Orchestia gammarellus continued to increase proportionately between total exposures at 200 and 500
]-' total cadmium (9.3 and 18.7 pg Cd2+1-' respectively), from 0.46
to 0.77 pg Cd g - ' d-' (Fig. 1). Nevertheless apparent
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cium), and that the rate of uptake of this metal has
reached a maximum at a salinity between 20 and 15%.
Thus within an experiment the constant (maximum)
uptake rate of M would prevent further increase in the
Cd uptake rate, although higher Cd uptake rates are
possible at any given salinity if the Cd2+:Mratio is
changed. However, even if the uptake rate of M
reached a maximum within a particular experiment.
the Cd uptake rate should still increase on further
reduction of salinity. It is the Cd2+ion that is of similar
ionic radius to Ca2+and, even at a constant Ca2+uptake
rate, physico-chemical speciation changes would alter
the Cd2+:ca2+ratio providing for an increased Cd

saturation of the rate of uptake of labelled cadmium
occurred at only about 0.14 pg Cd g-l d - ' when the
amphipods were exposed to only ca 4 p g Cd2+1-' in a
total exposure of 50 pg Cd 1-' at 20"& NaCl (Fig. 2,
Expt 2), and at about 0.24 pg Cd
d. ' upon exposure
to ca 5.5 pg Cd2+1-' in 100 pg Cd 1-' at 25% NaCl
(Fig. 3, Expt 3). Thus the amphipods are clearly capable of taking up cadmium a t a greater rate than the
apparently saturated rates indicated in Figs. 2 & 3.
Thus the availability of free Cd2+ion has not saturated the system for taking up cadmium. It does remain
possible that the cadmium is following the enzymedriven route of another (major?)metal ion M (e.g. cala) 33 PPT NaCl
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uptake rate at a fixed Ca2+uptake rate. Thus the Cd
uptake rate should not level out. Furthermore, given
the differential effect of low salinity on cadmium and
zinc speciation in NaCl (Rainbow et al. 1993),cadmium
and zinc uptake rates would both increase with
reduced salinities but at different rates if both were following the now maximized rate of uptake of M. Simply, Cd2+:Mand Zn2+:Mchange differently as salinity is
reduced. Neither the pattern of change of uptake rate
of cadmium with low salinity (Rainbow et al. 1993, this
study) nor that of zinc (Rainbow et al. 1993)follows that
expected from the argument above, nor are the patterns for the 2 metals different from each other.
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A second point to note is the decrease in Cd uptake
rate at 12%0 (Fig. 2). This observation is inconsistent
with a saturable enzyme mechanism which demands a
constant, or probably increasing, rate of Cd uptake at
low salinities. It could be argued that the toxic metal
cadmium may under these circumstances be having a
direct toxic effect on the relevant enzyme itself (see
Viarengo et al. 1994) and has caused a loss of enzyme
activity during the uptake of M and incidentally cadmium. This argument again is not convincing given
that no decrease in postulated enzyme activity is
apparent in Fig. 6 of Rainbow et al. (1993) when
amphipods were exposed to 500 pg 1-' total cadmium

100
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at 25 and 15'L. The cadmium uptake rate (ca 6 1-19 Cd
g - ' d - l ) 1s far higher than those reached h.ere in either
Fig. 2 (ca 0.14 pg Cd g-l d-l) or Fig 3 (ca 0.24 pg Cd g-l
d - l ) without any apparent toxlc effect dependent on
Cd2' concentration.
It is concluded therefore that the graphs presented
for the effect of salinity change on Cd uptake rate do
not themselves provide convincing evidence for an
uptake mechanism driven by an enzyme with saturable kinetics. The same conclusion is reached here
as was reached by Rainbow et al. (1993):at low salinities (below 25"A but variably between amphipods)
there is a physiological response on the part of the
amphipod counteracting increases in the uptake rate
of cadmium (and by extension zinc) promoted by
physico-chemical changes in free metal ion concentration caused by reduced inorganic complexation.
Expt 3 also investigated the effect of acclimation to
low salinity (15%" NaC1) on such a physiological
response. Since the experiments depicted in Figs. 2 & 3
were carried out over 4 d. the physiological response at
low salinity must be at least initiated within this period.
~
was therefore
A period of 7 d acclimation to 1 5 0 NaCl
chosen to at least initiate and by intention complete
any physiological response. If for example the physiological response were to be in the form of a long-term
change in AWP, then this should be reflected in differences between cadmium uptake rates of acclimated
and non-acclimated amphlpods at different salinities.
As shown in Fig. 4 there appears to be no such 1.ongterm physiological change persisting on transfer back
from low salinity to high salin~ty.Similarily Rainbow et
al. (1993) found that 72 h acclimation of Orchestia
gammarellus to 50% seawater (16.5% NaC1) did not
affect the subsequent uptake rate of cadmium or zinc
from either 100 % or 50% seawater.
Expt 4 , measuring the uptake rate of zinc at different
osmolities and salinities, confirms that the physiological response is a response to low osmolality independently of physico-chemical changes resulting from
changes to salinity (inorgan~cion concentrations).
The use of the 3-treatment protocol (Expt 5) allowed
further separation of the effects of salinity and osmolality on trace metal uptake rates. In the case of cadmium
(Table 2), the addition of fructose to a medium of 15%
salinity confirmed that the increased rate of Cd uptake
at low sa.lini.ty can be explained by physico-chemical
changes, as opposed to changes in calcium pump
activ~tybeing the cause of changes in cadmium uptake
rate. The latter would respond to osmolality changes
and no such response was observed; in the final comparison in Table 2, there was no difference in osmolality across the 3 treatments, but there was a clear difference in cadmium uptake rates, unexpected from
calcium pump incorporation yet explicable by differ-

ences in free cadmium ion availability to a facilitated
diffusion transfer system.
The results for zinc (Table 3) are less convincing In
this experiment there were unexpectedly no signiflcant differences between zinc uptake rates at 15 and
33"k NaCl (compare Table 1). The effect of reduced
salinity on the complexation of zinc is admittedly much
less than that on the complexation of cadmium (Rainbow et al. 1993) leading to a smaller physico-chemical
effect at low salinity, but the inconsistency between
experiments is frustrating. The significant difference
between zinc uptake rates in the final comparison of
Table 3 is nevertheless consistent with that seen for
cadmium (Table 2).
As expected the uptake rate of calcium by Orchestia
gammarellus increases with decreased salinity. Interestingly the calcium uptake rate appears to level off between 1 5 % and
~ 20%0NaCl, as do cadmium and zinc
uptake rates. The rate of calcium uptake may be responding to the same physiological effect. Alternatively
it could be argued that the zinc and cadmium uptake
rates directly follow the calcium uptake rate. Given the
discussion above concerning cadmium uptake following the enzyme-driven uptake of another metal such as
calcium, it is hard to be convinced bl Lhisargument,
particularly since the calcium uptake .ate rises again at
In contrast, the cadmium iotake rate falls
6 % NaCl.
~
again at 12% NaCl (Fig. 2) and it is 'ficult to ascribe
this to a toxic effect of cadmrum (see auove).
A change in AWP upon exposure to low salinity was
a strong candidate to explain the physiological
response seen in the effect of reduced salinity on cadmium and zinc uptake rates (see also Chan et al. 1992.
Rainbow et al. 1993). The results shown in Table 4,
however, rule against changes in AWP being the
explanation in Orchestia gammarellus, although they
may play a role when salinities fall as low as ~ Y w .
The final experiment casts some light on another aspect of the physiology of trace metal a.ccumulation in
Orchestia gammarellus. It does appear that at 15%
NaCl but not at 33 or 27.52, NaCI, the amphipods
might be excreting accumulated cadmium and zinc.
The extent of such excretion, however, is not sufficient
to explain all of the drop from the expected cadmium
uptake rate when the amphipods are exposed to 100 pg
Cd 1-' at 15% NaCl (Fig 3). If the labelled cadmium
uptake rate had continued to increase linearly in proportion to the free Cd ion concentration between 25
a.nd 15OANaCl (Fig.3 ) ,the expected u.ptake rate would
have been about 0.44 1-19 Cd g-l d - ' as opposed to
about 0.28 pg Cd g - ' d - ' observed, a shortfall of about
0.17 pg Cd g-' d-l. I f Fig. 8c does show excretion, then
the fall in accumulated labelled Cd between the fourth
and sixth points is about 0.20 pg g in 2 d. Such an excretion rate is less than the daily shortfall above.
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Other possible physiological responses are changes
in absolute or relative rates of gill (pleopod) ventilation
and blood perfusion through the gills, which may
change with salinity. I t is, however, unlikely that these
will affect metal uptake (Depledge & Rainbow 1990).
Seawater passing over a respiratory surface will lose
only a minute amount of its dissolved trace metal load
during transit. Similarly the increase in the metal concentration of the blood during perfusion will also be
minute. Thus any alteration in ventilation and perfusion rates is unlikely to affect the trace metal concentration gradient across the respiratory surface.
In conclusion therefore, several effects appear to
interact to affect the uptake rates of zinc and cadmium
by 01-chestia gammarellus. Firstly there is a physicochemical effect on metal speciation a t all salinities,
with consequences for the incorporation of the free
metal ion (promoted by low salinity) into both facilitated diffusion transport active pathways but also into
any active pumps transporting major metal ions via
changes in Cd2+:Mor Zn2+:Mratios.
Secondly trace metal uptake rates may be affected
by the rate of activity of active pumps for major ions
such as calcium, changing with salinity but also with
individual physiologies, not least stage of the moult
cycle. Such major ion pumps would promote the
uptake of trace metals at reduced salinity but do not
themselves offer the only route for metal uptake. There
is little evidence for this particular route being of significance in Orchestia gammarellus under the conditions examined here, but this significance may change
under different physiological a n d ecological conditions.
Thirdly a physiological effect comes into action in
Orchestia gammarellus at salinities below 20% reducing cadmium and zinc uptake. This physiological
response is not simply a change in apparent water permeability for, in this amphipod, AWP changes are only
significant at extremes of the salinity range. Nor can
the physiological effect be completely explained by the
inaccuracies of using net accumulation of metal as a
measure of absolute uptake of metal at 150/00.Excretion
of cadmium at 100 pg Cd 1-' in a medium of 1 5 % did
~
not match the shortfall in the cadmium uptake rate
expected from speciation effects.
The identification of the physiological effect therefore remains enigmatic, but it is possible that it will
turn out to b e the net effect of a combination of physiological responses.
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