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ABSTRACT: The effect of salinity on cadmium uptake by brine shnmp Artemia franciscana was studied in chem~callydefined saltwater solut~ons.Shrimp were acclimated to di.fferent s a l i n ~ t ~ eand
s exposed to the metal in solutions of differing salinity and composit~onWithin each acclimation group, the
cadmium uptake decreased with Increasing salinity of exposure. Most of this variation was explained
by changes in the activity of the free metal ion. Among the acclimation groups, uptake increased with
increasing salinity of acclimation. Most of this variation was explained by changes in the permeability
of the shrimp. Uptake was not influenced by changes in the osmolarity or the concentration of any of
the major cations in the solution. The integration of both chemlcal and biological effects of changes in
salinity explains almost all variation in cadmium uptake by brine s h r ~ m p .

INTRODUCTION

The uptake and accumulation of cadmium by
aquatic organisms is a long-standing environmental
problem (Nriagu 1988, Nriagu & Pacyna 1988). The
chemical speciation of cadmium in saline waters with a
composition similar to that of seawater is dominated by
the formation of weak complexes with chloride. Only a
small fraction of the cadmium exists as the free metal
ion while most of the cadmium is found in chloride
complexes. In dilute solutions chloride complexation
becomes less and less important and the concentration
of the free metal ion increases with decreasing salinity
(Boyle et al. 1976, Mantoura et al. 1978, Turner et al.
1981).
Cadmium has no known biological function and the
internal body concentration is not regulated (Wright
1977a, Dethlefsen 1978, White & Rainbow 1982, 1986,
Rainbow 1985). The availability of cadmium to aquatic
organisms is determined by a number of environmental factors of which change in salinity is one of the
most important.
Aquatic organisms control the movement of water
and ions across the exchange surfaces by altering the
permeability of the body surface and/or by actively
regulating the influx and efflux of water and ions.
Acclimation of an aquatic organism to salinity involves
the alteration of the exchange surfaces (e.g. gill and

gut epithelium) in order to maintain the composition of
the internal environment within certain physiological
limits. Generally, the permeability of aquatic organisms is lower in low salinity than in high salinity environments. These physiological alterations in response
to changes in salinity have profound effects on the
movement of water and ions across the exchange surfaces (Gilles & Pequeux 1983, Mantel & Farmer 1983).
Several studies have shown an inverse relationship
between the salinity and the uptake or toxicity of
cadmium in aquatic organisms. This observation has
been explained in different ways including: (1) increased availability of cadmium at low salinity caused
by the increased free cadmium ion level (Sunda et al.
1978, Engel & Fowler 1979, De Lisle & Roberts 1988),
(2) increased influx of cadmium as a result of the
decreased osmolarity of the solution (Ceorge et al.
1978), and (3) competition of calcium and magnesium
with cadmium for similar uptake sites (Wright 1977b.
Wright & Frain 1981, Part et al. 1985).
The functionally different, but compatible, explanations for the effect of salinity on the uptake of cadmium
by aquatic organisms have created considerable
controversy concerning the processes controlling the
transport of the metal across the solution-body interface. To understand how these chemical and biological
processes influence the availability of cadmium to saltwater organisms it is necessary to determine the sepa-
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rate and combined effects of these different salinity
components on metal uptake. For this purpose we have
studied the effect of changes in salinity on the uptake
of cadmium by the euryhaline brine shrimp Artemia
franciscana in relation to the effects of salinity on the
chemical speciation of the metal, the osmolarity and
the concentrations of any of the major cations in the
solution.

MATERIALS AND METHODS

Brine shrimp. Dried Arternia franciscana cysts from
Great Salt Lake, Utah, USA, were purchased from San
Francisco Bay Brand, Newark, CA, USA. Cysts were
hatched in a funnel-shaped plastic container filled with
synthetic seawater (Wiegandt, Krefeld, Germany), and
aerated from the bottom. The hatching suspension was
illuminated by a fluorescent light tube. Hatching cyst
density was 5 g I-'. Artemia franciscana nauplii were
harvested after 36 h. The larvae were grown from
nauplii to adult in 150 1 plastic rectangular air-water
lift-operated raceways filled with synthetic seawater.
Brine shrimp were fed with a suspension of the dried
algae Spirulina sp. Shrimp reached maturity after 3 to
4 wk and were used before they were 8 wk old. The
methods for intensive culturing of brine shrimp have
been described by Sorgeloos et al. (1983).
Experimental procedures. Accumulation of cadmium during 3 h of exposure was used as a measure
for biological availability of the metal. Experiments
were conducted in a thermostated room at 25.0 k
0.5 "C. Fifteen days before an experiment was run
adult brine shrimp were collected from a batch
culture for salinity acclimation. They were gradually
acclimated to chemically defined solutions of differing
salinity over a 5 d period and kept at the final salinity
for the remaining 10 d (i.e.0.5, 1.0,2.0, 3.0, 4.0 X).On
the last day of the acclimation period shrimp were
transferred for l h to a saltwater solution containing
1 mM of 8-hydroxyquinoline-5-sulfonic acid. This
strong metal ligand, which is not acutely toxic to brine
shrimp, was used to remove metal bound to the external surfaces of the shrimp. For the remaining period
the shrimp were kept in clean saltwater to clear their
gut. The composition of 1 1 of the chemically defined
saltwater solution with a salinity of 4.0 % was 26.85 g
NaCl, 4.57 g Na2S0,, 0.777 g KC1, 0.196 g NaHCO,,
1.68 g CaC12.2H20, 12.32 g MgCl2.6 H 2 0 and 0.026 g
H3BO3. The medium was prepared by dissolving the
7 analytical grade products (Merck p.a.) in deionised
water. A dispersion of 0.1 mm01 1-' manganese dioxide was added to the seawater to remove metals present in the analytical grade reagents. After an equilibration period of 24 h, the dispersion was filtered

through a 0.2 ,urn membrane filter to remove the manganese dioxide from the solution (Van den Berg
& Kramer 1979). Solutions of lower salinity were prepared by dilution of the 4.0 % solution with deionised
water. In some series of experiments the metal chloride salts were totally or partially replaced by nltrate
salts which do not complex cadmium. In one of these
experiments the osmolarity of the solution was controlled by addition of sucrose to the solutions. The
osmolarity of the solutions was measured with an
osmometer which was calibrated with a stock solution
of sodium perchlorate (Advanced Instruments Laboratory osmometer).
The pH of the solutions was adjusted with HC1 or
NaOH as required and the media were aerated to
promote equilibration of gases with the atmosphere.
The dissolved oxygen concentration, the total dissolved
carbonate concentration, the hydrogen ion activity and
the redox potential were measured to ensure that equilibrium conditions had been established. Dissolved oxygen was measured with a polarographic oxygen electrode system (WTW OX191/E090). Total dissolved
carbon dioxide was measured with a gas-sensing CO2
electrode (Ingold 152323000), after acidification of the
water sample (pH < 4.8) in a sealed measuring vessel.
The hydrogen ion activity was measured with a glass
electrode (Ingold 104573002),and pH values expressed
on a free hydrogen ion scale (Millero 1986). Redox
potentials were measured with a wire type platinum
electrode (Ingold 105003077). Cadmium nitrate was
added to the test solutions from a 0.1 mm01 1-l cadmium
ion stock. In all series of experiments the total concentration of cadmium in the test solutions was 100 pm01 l-'.
Experiments were carried out in 0.5 1 plastic beakers.
Just before an experiment started ca 50 shrimp were
collected on a 250 pm screen, rinsed with clean medium,
and transferred to a beaker. After 180 min the beaker
was removed and a few m1 of the test solution were
placed in a plastic vial and stored frozen at -20 "C until
analysed for cadmium. The beaker was subsequently
emptied over a 250 l m screen. The collected shrimp
were rinsed with deionised water and divided into
5 plastic vials, dried for 24 h at 60 OC and stored in a
dessication box until analysed for cadmium. All experiments were run at least in duplicate using brine shrimp
from di.fferent batch cultures. For each treatment group
5 replicate samples were obtained. The dissolved oxygen concentration, the total dissolved carbonate concentration, the hydrogen ion activity, the redox potential
and the total dissolved cadmium concentration were
measured at the beginning and end of an experiment.
Generally, all measured values remained within 10 % of
the initial values.
Chemical modelling and ion selective potentiometry.
The equilibrium concentrations of the chemical species
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considered were calculated using the computer program SOLUTION (Blust et al. unpubl.), an adaptation of
the program COMPLEX (Ginzburg 1976). This speciation model allows the calculation of the composition of
solutions in equilibrium with gas and solid phases. The
model uses the ion-association concept which invokes
the existence of molecular species like free ions, lonpairs and complexes. A thermodynamic stability constant data base was built based on the data of Dickson &
Whitfield (1981)for the major components and the data
of Smith & Martell (1976, 1989) and Martell & Smith
(1982) for cadmium. For each ion-pair or complex
species considered the stability constants listed for
different ionic strengths were fitted to an interpolation
function that has the form of an extended Debye-Huckel
equation (Turner et al. 1981).Activity coefficients were
calculated using the relations given by Millero &
Schreiber (1982).The redox potential of the solutions
was calculated from the empirical relation pE = 17.6 pH (Baas-Becking et al. 1960). The thermodynamic
stability constants and concentration products at the
ionic strength of the saltwater solution for all cadmium
species included in the model are given in Table 1.
Case-specific input comprises the total concentrations of
the metals and ligands in the solution, the free hydrogen
concentration (pH),redox potential (PE),temperature,
and the gas and solld phases that are maintained in
equilibrium with the solution.
The results of the speciation calculations were verified by measuring the free cadmium ion concentration
with a cadmium ion electrode (Orion Model 94-48).
The electrode was calibrated for the range 0.1 to
10000 plvl free cadmium and 0.01 to 1 M ionic
strength. Sodium perchlorate was used as the background electrolyte for these calibrations.
Metal analysis. Cadmium was measured by graphite
furnace atomic absorption spectrophotometry using a
Perkin-Elmer 703 spectrophotometer fitted with a
heated graphite atomiser HGA-500 and a deuterium arc
Table 1 Thermodynamic stability constants and concentration
products for cadmium species K. thermodynamc stability
constant, Q concentration products at salinity 0.5 % and 4.0 'Yo
Species

Log K

Log Q
(S = 0.5 %)

Log Q
(S = 4.0 "0)
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background corrector The method of stabilised temperature platform atomisation was used (Slavin et al.
1983). Biological material was dissolved with concentrated nitric acid in a microwave oven and diluted with
deionised water to a 10 % nitric acid solution. Saltwater
solutions were diluted 10 times with a 10 ':c)nitric acid
solution to decrease the salinity. Matrix rnodificator
[200 pg (NH,)2HP0, + 20 pg Mg(N03)>per sample] was
added to the solutions and they were analysed against
matrix matched calibration standards (Blust et al. 1988).
Statistical analysis. All sets of data were tested for
homogeneity of variances by the log-anova test and for
normality by the Kolmogorov-Smirnov test for goodness of fit. Analysis of variance, single and multiple linear regression, and non-linear regression methods
were used for analysing the data. The T-method was
used to make multiple comparisons among pairs of
means with homogeneous variances. The Games &
Howell method was used to make multiple comparisons among pairs of means with heterogeneous variances. Significance levels of tests are indicated by asterisks according to the following probability ranges:
' 0.05 2 p > 0.01,
0.01 2 p > 0.001, " ' p 1 0.001.
Statistical methods used are outlined in Sokal & Rohlf
(1981) and Glantz & Slinker (1990).
"

RESULTS

Chemical speciation of cadmium
The complexation of cadmium in a chemically defined saltwater solution that does not contain organic
ligands is controlled by the concentration of chloride.
Changes in the hydroxide and carbonate concentration do not alter the speciation of the metal considerably. The calculations and measurements of the free
metal ion concentration are in good agreement. The
free metal ion is a minor species in waters of high
salinity and a major species in waters of low salinity.
With increasing salinity the difference between the
concentration and activity of the cadmium ion becomes
increasingly important. The results of the model calculations and the ion selective electrode measurements
concerning the effect of salinity on the speciation of
cadmium are summarised in Figs. 1 & 2.

Cd"
CdCl'
c ~ c I ~ O

CdC13CdCl.,?CdS04"
~d(S0,)~~CdOH+
Cd(OH)2"
CdC03"

Salinity acclimation and cadmium uptake
To determine the effect of the salinity of acclimation
and salinity of exposure on the uptake of cadmium by
brine shrimp, 5 groups of organisms were acclimated
to 5 different salinities during a 14 d period (i.e. 0.5,
1.0, 2.0. 3.0 and 4.0 %). After the acclimation period
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groups. For the same salinity of exposure, uptake of
cadmium increased with increasing salinity of acclimation. The results of the experiments with the 0.5 and
4.0 O/o acclimation groups are summarised in Fig. 3.
These results are representative for the results obtained with the other acclimation groups. The results of
the correlation analysis summarised in Table 2 show
that there is always a highly significant correlation between the change in salinity (and the covarying factors
such as the ionic strength and osmolarity of the solution), changes in the activity or concentration of the
free metal ion, and the uptake of cadmium by the brine
shrimp. The results summarised in Fig. 4 show that uptake of cadmium by brine shrimp exposed to the salinity of acclimation decreased with increasing salinity.
1

2

SALINITY

Salinity components and cadmium uptake
%

To determine and separate the effects of the different salinity components
changes in metal
speciation, solution osmolarity and composition) on the
1 0 - 3 . 4 8 ,t, ,..-)
uptake of cadmium by brine shrimp, different experiments were performed using specimens acclimated to
a salinlty of either 0.5 or 4.0 'X,.
organisms from each group were transferred for 3 h to
solutions of differing salinity (i.e. 0.1, 0.2, 0.3, 0.4, 0.5,
To determine the effect of complexation on uptake,
shrimp were exposed to solutions with different
1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 %) to which 100 FM of
cadmium was added. For each of the 5 different acclichloride concentrations in which the salinity was kept
mation groups the uptake of cadmium decreased
constant by replacing chloride with nitrate. Comrapidly with increasing salinity of exposure but there
plexation of cadmium with nitrate is neglible so that
were marked differences among the acclimation
replacement of chloride with nitrate increases free
metal ion activ~ty or concentration
100
100
while salinity of the solution remains
constant. The results summarised in
90
Fig. 5 show that complex formation
Z
decreased cadmium uptake in both
8
0
2
the low and high salinity acclimation
70
10
groups. In both cases the linear assoI
ciation between changes in the cono 60
Q
centration or covarying activity of the
U
5
0
free
metal ion and uptake of cadmium
W
W
is
highly
significant (salinity 0.5 ' K ,
E 40
r'
= 0.792", n = 7; salinity 4.0 ' X ) ,
1
k
z 30
r2 = 0.987' ", n = 14). Comparison of
W
U
the results of the effect of changes in
@=
20
W
salinity
(Fig 3) with the results of
(1
10
changes in chloride concentration at
constant salinity (Fig. 5) show that not
0
0
all of the variation in metal uptake
1
2
3
4
0
1
0
with salinity 1s explained by the
SALINITY
%
complexation effect.
Fig. 2. ( a ) Free cadmium lon concentration as a funct~onof the salinity of the
To determine the effect of the ionic
solution. ( 0 )Measured free cadmium ion concentrations; solid line: modelled
strength
and osmolarity of the solution
free cadmium ion concentration (pH = 8.0 to 8.2, p 0 2 = 10-069atm,pCOz =
0" the uptake of cadmium, shrimp
1 0 - ' ~ ~ a t, m(. b) .). Modelled free cadmium ion concentration and activity a s a funct ~ o nof the salinity of the solution (pH = 8.1. PO, = 10.069
atm, p C 0 2 = 10 "%tm)
were exposed to solut~onsof differing
Fig. 1 Speciation model of cadmium a s a function of the
salinity of the solution (pH = 8.1, p 0 2 = 10-06' atrn, pCOz =

5
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Table 2. Artem~afranclscana L ~ n e a rcoefficients of deterniination (r2,n = 12) between salinity, free cadmium ion activity
or free cadmium ion concentrat~ona n d cadmium uptake by
brine shrimp in different sdlinity groups
Salinity
0.5

"(3

1.0 '%,
-

-

SALINITY

%

Fig. 3. Artemia franciscana. Effect of the salinity of exposure
in a chloride-dominated solut~onon uptake of cadmium over
a 3 h period for the 0 5 and 4 0 % acclimation groups (CdT=
100 FM, pH = 8.0 to 8.2, p 0 2 = 10-"""atm, p C 0 2 = 10-'"'"atm,
solution contains c h l o r ~ d e )Means with SD for 5 replicates are
significantly d~fferent for both the 0.5 and 4.0 %) groups,
p < 0.01

Uptake and:
Salinity 0.540"
c d ? ',,,. 0.932"'
Cd",,,,
0.969"'

2.0 'X,
-

0.480"
0.966"'
0.935"'

-

0.549"
0.990"'
0.955"'

3.0
-

?tt

-

0.596"
0.998"'
0.965"'

4.0 'X)
P

P

0.502"
0.968"'
0.900"'

shrimp were exposed to solutions of differing cation
composition and constant salinity. For preparation of
these solutions the concentration of the salts was
altered so that the speciation of cadmium and the
osmolanty of the solution remained constant. The
results summarised in Fig. 8 show that changes in the
concentration of calcium do not influence the uptake of
c a d n ~ i u nin~ both salinity groups. Similar results were
obtained with all other major cations either tested
separalely or in combination.

Modelling of cadmium uptake

salinity with very low complexation capacity. For this
purpose all chloride was replaced with nitrate. Under
these conditions the concentration of the free metal ion
is close to the total metal concentration (80 to 90 %) and
does not vary appreciably with salinity. However, since
the activity of the free metal ion depends on the ionic
strength of the solution, the activity and concentration of
the free metal ion do not covary under these circumstances. In half of these experiments sucrose was used
as an osmolyte to keep the osmolarity the same as the
osmolarity of the solutions of acclimation. The results
summarised in Figs. 6 & 7 show that the uptake of
cadmium decreases with increasing salinity in both the
low and high salinity group and that this effect does not
depend on the osmolarity of the solution. In both cases
the linear association between changes in the activity of
the free metal ion and the uptake of cadmium is always
better than the association between changes in the
concentration of the free metal ion and the uptake of
cadmium (salinity 0.5 %: nitrate, Cd2+,,, r2 = 0.760"',
Cd2',,,, r2 = 0.089"", n = 13; sucrose, r2 = 0.927"', r2 =
0.727', n = 6; salinity 4.0 %: nitrate, r2 = 0.979"',
r2 = 0.414', n = 13; sucrose, r2 = 0.872"', r2 = 0.253',
n = 13).
To determine the effect of changes in the concentration of sodium, potassium, calcium and magnesium
and combinations of either sodium and potassium or
calcium and magnesium on the uptake of cadmium,

Together these results show that 3 factors are important in determining the availability of cadmium to

SALINITY

%

Fig. 4. Artemla franciscana. Effect of the salinity of acclimation on uptake of cadmium over a 3 h period for the 0.5, 1.0,
2.0, 3.0, 4.0 ':L acclimation groups (CdT= 100 PM,
p H = 8.0 to
8.2, pO, = 10-""" atm, pCOz = 1 U ' " ' atm). Means with SD for
5 replicates a r e s~gnificantlydifferent, p < 0.01
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Fig. 5. Artemia franciscana. Effect of chloride at constant
salinity of exposure on the uptake of cadmium over a 3 h
period for the 0.5 and 4.0 % acclimatlon groups (CdT =
100 PM, pH = 8.0 to 8.2. p 0 2 = IO-"."~atm, pCOz =
10-3.48 atm, solution contains chloride and nitrate). Means
with SD for 5 replicates are not significantly different for
the 0.5 % group, p > 0 05, and significantly different for the
4.0 % group, p < 0.01

0 Sal 0.5 %
S a l 4.0 %

-

-

2
SALINITY

%

Fig. 6. Artemia franciscana. Effect of the salinity of exposure in a nitrate-dominated solution on the uptake of cadmium over a 3 h period for the 0.5 and 4 0 % acclimation
groups (CdT = l00 PM, pH = 8.0 to 8.2, p 0 2 = 10-OWatrn,
p c o 2 = l ~ - atm).
~ . Means
~ ~ with SD for 5 replicates are
signlflcantly different for both the 0.5 and 4.0 O/O groups,
p < 0.01

%

Fig. 7 Artemia franciscana. Effect of the salinity of exposure at constant osrnolarity on the uptake of cadmium over
a 3 h period for the 0.5 and 4.0 % acclimation groups (CJT
= 100 PM, pH = 8.0 to 8.2, pO, = 10-06%tm, pCOl =
10-348atrn, solution contains nitrate and sucrose). Means
with SD for 5 replicates are not significantly different for
the 0.5 % group, p > 0.05, and significantly different for the
4.0 "h group, p < 0.01

brine shrimp. There is the effect of changes in the
activity of the free cadmium ion with changes in salinity and there are the effects of the sallnity of acclimation and exposure on the translocation of the metal
across the solution-body interface.
Metal influx does not increase linearly with the
activity of the free cadmium ion over the entire range
of activities. However, the decrease in metal uptake
at the highest free metal ion levels is reasonably well
described by a simple nth-order power reaction rate
equation (i.e. simple Michaelis behaviour). Likewise,
the effect of the salinity of acclirnation and the effect
of the salinity of exposure on metal uptake can be
described by the product of 2 nth-order power equations. Metal influx is then proportional to the product
of the terms describing the effect of the variation in
the free metal ion activity, the salin~tyof exposure
and the salinity of acclimation (i.e. Cd2+,,,k . Salexp' .
SalaClm).
To relate this product to metal uptake, it is
necessary to Introduce a coefficient of proportionality
(CO which relates the activity of the metal ion in the
solution to the concentration of the metal in the
~~~l~~~~~~ the minute amount of metal
present in clean organisms, the equation for the
concentration of cadmium in the organisms (Cdshnmp)
becomes: Cdshnmp = C, (cdZcaek. Salexp'. SalaClm).
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CALCIUM CONCENTRATION
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Flg 8. A r t e m a franclscana. Effect of calclum at constant
salinity of exposure on uptake of cadmium over a 3 h perlod
for the 0.5and 4.0"/o acclimation groups (CdT= 100 PM, p H =
8.0to 8.2,p 0 2 = 10-06gatm, p C 0 2 = 10-748
atm, solution
contains chloride). Means with SD for 5 replicates a r e not significantly different for both the 0.5and 4 0 % groups, p > 0.05

Table 3.A r t e m ~ afranciscana. C a d m ~ u muptake, pooled data
non-l~nearregresslon. B: partial regresslon coefficients, SE:
standard error of partlal regression coefflc~ents,L , , L, confldence l l m ~ t sfor partial regression coeff~clents A c t ~ v ~ t ~
a rees
In ymol 1.' for cadmium In solut~onand concentratlons in
pm01 g ' for cadmlurn In shrimp
Vanable

SE

B

LI

(a) Cd,,,,,, = Cl (Cd2+,,,') (R2= 0.578"', n = 125)
Coeff~clent
0.262"
0 087
0.089
k-exponent
0.766"' 0.097
0.573
(b) Cd,, ,,,, = Cl (Cd2',,,'

Coefficient
k-exponent
I-exponent

L2

0.435
0.959

. Sal,,,') (R2 = 0.620"', n = 125)

0419"
0 581"'
-0 171"'

0.124
0 094
0 047

0 173
0 396
-0 263

Applying this equation, analysis of the pooled results
shows that most variation in cadmium uptake is
explained when the availability of the metals is
determined by the activity of the free metal ion in
the solution and that the rate of metal uptake increases with the salinity of acclimation and decreases with the salinity of exposure. Results of the
non-linear regression analysis are summarised in
Table 3 and Fig 9.

DISCUSSION

-iiiii+r+i
I
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0665
0 766
-0 079

Cdshrimp
= C, (Cd2+aclk.
Salacl"')( R =~ 0.863"', n = 125)
Coeff~cient
0 138"'
0.027
0.085
0.191
k-exponent
0 866"'
0.056
0.754
0.978
m-exponent
0 466"'
0 038
0.391
0.541
(C)

(d) Cd,,,,,, = C, ( ~ d " , , , ' . Sal,,,'. Salacl"')(R2 = 0.937"'.
n = 125)
Coeffic~ent
0 165"'
0.025
0115
0215
k-exponent
0.571"' 0.036
0 500
0 642
I-exponent
-0 338"'
0.015 -0 367
-0 309
m-exponent
0 506"'
0.027
0 454
0 558

Overall, 3 processes a r e important in determining the
effect of salinity on the uptake of cadmium by brine
s h n m p . The effect of changes in the activity of the free
cadmium ion is important in determining the fraction of
the metal in solution which is available for uptake. Acclimation and exposure to different salinities appear important in determining the permeability of the shrimp.
The brine shrimp is an euryhaline hypo-hyperosmotic regulator. Adult shrimp take up water by
drinking and excess ions a r e removed through the
gills. The brine shrimp can regulate its internal
environment over a very wide range of external conditions. It maintains its internal osmolarity below that
of the medium in environments above 250 mosm, but
maintains its internal osmolarity above that of the
medium at lower levels. This means that the brine
shrimp possesses mechanisms for both hyposinotic and
hyperosmotic regulation. In hypo-hyperosmotic animals the energetic demands of osmotic regulation may
be reduced by lowering the osmotic gradient between
organism and environment and by limiting permeabilities to water a n d salts in dilute environments
(Croghan 1958a, b , c ) .
Within each acclimation group uptake of cadmium in
brine shrimp increased with decreasing salinity of
exposure. Anlong the acclimation groups uptake
decreased with decreasing salinity of acclimation.
Uptake at the salinity of acclimation was maximum at
the lowest salinity a n d minimum at intermediate
salinities. The effect of salinity on the uptake of
cadmium is therefore the combined result of the effect
of the salinity of acclimation on the permeability of the
shrimp and the effect of the salinity of exposure on the
availability of the metal. However, it is important to
recognise that the magnitude of reduction in permeability following transfer to low salinity may be overestimated if the shift in electrical gradient is not taken
into account. The trans-epithelia1 potential of hypoosmotic regulators is strongly negative after transfer of
the animal to low salinity. Thus the transfer of cations
(influx a n d efflux) is altered independent of a n intrinsic
change in permeability (Mantel & Farmer 1983).
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effectiveness with which it influences
an equilibrium in which it is a
participant. In freshwater solutions
where ionic strength is minimal the
activity coefficient approaches unity.
Under such circumstances the activity
and molarity of a species are almost
the same. As the ionic strength increases, however, an ion loses some
of its effectiveness and its activity
coefficient decreases (Whitfield &
Turner 1979).
The effect of salinity on the availability of cadmium to an aquatic animal should not be directly compared
with the effect of salinity on the accumulation or toxicity of cadmium in the
-1
animal. The availability of a metal is
PREDICTED C A D M I U M C O N C E N T R A T I O N p m 0 1 g
the fraction of the total concentration
the medium that can be taken
Fig. 9. Artemia franciscana. Predicted versus measured concentrations of cadby an animal. The initial step in metal
mium in shrimp for 2 uptake models: (a) Cdshnmp
= C, (Cd2+actk),
R2 = 0.578'".
n = 125 and (b) Cdrbnmp= C, (Cd2vF,c,k
. Sal,,,'. SalaClm),
R2 = 0.937"', n = 125
uptake involves the translocation of
( . ' . p S 0.001)
the metal across the solution-body interface from the external to the internal environment formed by the cells of the exchange
The availability of cadmium to the brine shrimp
depends on the free cadmium ion level in the solution.
surfaces (i.e. gill and gut epithelium). The transSeveral studies have indicated that the availability of
location of the metal across the solution-body interface
cadmium depends on the free metal ion activity or
is considered to be a facilitated process. The transport
concentration of the solution (Sunda et al. 1978, Engel
of the metal from the exchange epithelium to the blood
& Fowler 1979, De Lisle & Roberts 1988). Most of these
from where it is carried to other parts of the body is
studies have not experimentally considered the funcconsidered to be an active process (Verbost et al. 1987,
tional difference between these 2 related factors.
1988, Foulkes 1989).The apical, basolateral and basal
Present results show that the availability of cadmium
membranes of transporting epithelia are functionally
depends on the activity rather than on the concentradifferent. Therefore the direct effect of environmental
tion of the free metal ion. However, since activity and
conditions on metal transport across the solution-body
concentration are closely related, the functional differinterface are not the same as the effects on the other
ence between these 2 factors is only apparent in the
parts of the transport system (Williams 1983).
low salinity region where changes in activity and conTo explain the effects of environmental processes on
centration are most pronounced. It has been shown
the availability, uptake and accumulation of metals it is
that several other factors which vary with salinity such
important to separate these different steps. It is well
as the osmolarity (George et al. 1978) and composition
established that changes in the chemical speciation of
(i.e. calcium and magnesium concentration) of the sothe metal (i.e. changes in the activity of the free metal
lution influence the uptake or toxicity of cadmium in
ion) have a direct effect on the translocation of the
metal from the external to the internal environment of
aquatic organisms (Wright 1977a, b, Wright & Frain
1981. Part et al. 1985). However, present results indithe epithelium. Changes in the concentration of the
cate that changes in the concentration of the major ions
major cations (i.e. calcium and magnesium) do not
or osmolarity of the solution do not appear to alter the
appear to alter the translocation of cadmium across the
uptake of cadmium to the brine shrimp. Within each
solution-body interface in brine shrimp. These results
acclimation group changes in the activity of the free
seem in contrast with the well-established interactions
cadmium ion with changes in the salinity, chlorinity or
between calcium and cadmium, which are the result
osmolarity of the solution explain almost all of the vanof both divalent cations having similar ionic radii
ation in cadmium uptake observed. Metal availability
(Williams 1981). There are several mechanisms by
is related to the activity rather than the concentration
which calcium may alter the uptake of metals by
of the free metal ion in the solution because the
aquatic organisms: (1) calcium-dependent changes in
activity coefficient of a species is a measure of the
the permeability of the epithelia1 structures, causing a
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decrease in metal uptake as calcium concentration increases; (2) competition for binding sites on the apical
membrane surfaces between calcium and divalent
metal ions; and (3) decreased metal transfer from the
epithelium to the blood with increasing intracellular
levels of calcium (Hull 1985, Van OS 1987).
The results concerning the effect of the salinity of
acclimation and the composition of the solution do not
show a decrease in cadmium uptake with a n increase
in the concentration of calcium or any of the other
major cations. In saltwater animals the effect of calcium a n d magnesium on metal uptake does not appear
to influence metal uptake directly. This is exemplified
by several studies dealing with the effect of calciiim
and magnesium on the uptake, retention and transfer
of cadmium in exchange epithelia of aquatic organisms (Part & Svanberg 1981, Part et al. 1985, Verbost et
al. 1987, 1988).These studies have demonstrated that
calcium increases the retention of cadmium in the
epithelia and decreases the transfer of cadmium to the
blood. Hence it is unlikely to observe a n effect of
calcium on total metal uptake in short-term studies,
where the translocation of the metal across the
solution-body interface influx is the most important
process. Under these conditions only measurement of
the retention of the metal in the epithelia or the
transfer of the metal to the blood may reveal an effect
of calcium on cadmium transport. It is, however, more
likely to observe a n effect of calcium on cadmium in
more long-term studies of metal toxicity or accumulation where processes such as metal retention a n d
transfer to the blood become more important in determining metal uptake (Pascoe et al. 1986, Wicklund &
Runn 1988, Stephenson & Mackie 1989).
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