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A sensitive and precise bioassay has been developed, using the colonial hydroid
Campanularia flexuosa, for measuring the sublethal effects of marine contaminants
in terms of the inhibition of colonial growth rate. A single clone can be cultured simply
in the laboratory for indefinite periods. Thresholds of sensitivity to three metals in
11-day experiments were Hg2+ 1-6-1-7/tg/1, Cu2+ 10-13/<g/l, Cd2+ 110-280 /ig/l.
Observations on the development of the hydroid's response with time shows that
sensitivity increases linearly at first, but during the second week the metals have a
transitory stimulatory effect on colonial growth rate which is known as the Arndt-
Schulz Effect.

I N T R O D U C T I O N

We frequently require sensitive bioassay techniques with which to study the effects
of marine contaminants at environmentally realistic concentrations. Unfortunately, it
is difficult to achieve sensitivity and precision in an organism amenable to indefinite
periods of laboratory culture. Results from different laboratories are often extremely
variable: LC50 values for the same substance, using the same organism, may differ by
two or even three orders of magnitude (Wilson, Cowell & Beynon, 1975). Moreover,
some of the most sensitive bioassay organisms require nutrient media, which may alter
the availability and toxicity of metals by complexing them (Jones, 1964; Kamp-Nielsen,
1971; Hannan & Patouillet, 1972) and often contain metal impurities at significant
levels (Albert, 1968; Steeman Nielsen & Wium Anderson, 1970). The object of the work
reported here has been to develop a technique by which these problems might be
minimized or avoided. Hydroids were chosen as bioassay organisms for a variety of
reasons. They are tolerant but sensitive to small variations in their chemical environment.
Techniques for growing hydroids are simple and they can be cultured under conditions
of near optimal temperature, salinity and food supply, thus minimizing the errors
frequent in bioassay work arising from variations in the history of the test organisms,
their size, sex or physiological state. An important source of variability in all work
with organisms is that inherent in the genetic material, but with hydroids this can be
avoided by the use of a single clone.

Since the pioneer work of Rees & Russell (1937) hydroids have been cultured by a
number of people; for example, in America by Crowell (1957), Fulton (1962) and
Braverman (1974) and in Germany by Hauenschild (1954), Kinne (1965), Werner
(1968) and Karbe (1972). Despite small variations, their culture techniques are similar;
colonies are grown attached to glass slides, initiated by subculturing from a parent
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colony and are usually fed with Anemia salina nauplii. Asexual reproduction of individuals
results in an exponential pattern of growth in numbers of colony members that is typical
of all colonial animals (Stebbing, 1971). The technique used here differs from those
used previously only in scale, so that colonies can be grown for long enough periods
and with sufficient replication at each treatment.

It is intended to use the method in three ways: first, to investigate the relative effects
of toxic contaminants at environmental concentrations; secondly, to study the indigenous
characteristics of sea water that modify metal toxicity and, thirdly, to measure the
biological quality of sea water samples. In this paper the technique will be described
in detail and an account given of experiments designed to test the technique using
sublethal concentrations of mercury, copper and cadmium.

METHODS
Culture technique

Several species of hydroid were tried before one suitable for this work was found. Hydractinia
echinata, Podocoryne cornea and Dicoryne conferta all proved difficult to subculture or grew too
slowly. In June 1973 a clone of Campanularia flexuosa (Hincks, in Alder, 1856) was isolated from
a pylon off Cremyll Hard in the River Tamar. It proved possible to subculture this species
with better than 95 % success and growth was fast; colonies grow from about 4 to 150 individuals
in 2 weeks. They are grown on glass plates (1 dm2) and are subcultured by first removing stolons
and uprights (which bear the hydranths, buds and gonozooids) from parent colonies. Healthy
uprights with three or more hydranths are separated, together with a length of stolon. Initially
the explant is held in position against the centre of the plate by a monofilament nylon thread
tied tightly around it. Attachment and early growth is rapid and the nylon threads are removed
after three days. Racks, holding seven plates, are kept in 2 1 glass boxes maintained at 20 °C in
water baths. Each glass box is aerated with air first passed through activated charcoal and then
a cotton-wool filter. The tanks are covered with Perspex sheets to exclude dust.

Stock colonies are fed two or three times a week, but during experiments and for a week
beforehand they are fed daily, because there is a tendency for a slower growth rate to be
maintained for a few days after daily feeding begins. Racks of colonies are immersed in a dense
suspension of newly hatched Anemia salina nauplii (San Francisco Bay type, see Wickens, 1972).
Their eggs are hatched in aerated round-bottom flasks (15 ml eggs in 3 1 sea water), which are
maintained at 25 °C. After 2 days the nauplii are separated from their egg cases, filtered, washed
and resuspended in 100 ml of sea water. Approximately io ml of this suspension is added to
each glass box, giving a density of 35-40 nauplii per ml of sea water, in which the hydroids
feed for 30 mins. This density has been checked during a number of experiments by counting
the nauplii in 05 ml samples of the suspension taken with a Stempel pipette and found to vary
little. It is assumed that all hydranths of every colony have the opportunity to become satiated
and that availability of food is not a significant cause of variation in colonial growth rates. Checks
made during feeding on the numbers ingested indicated that any increase in the feeding time
of 30 min would not result in the consumption of greater numbers of nauplii. After feeding, the
racks of colonies are put in clean tanks with newly filtered sea water.

At first it was intended to maintain the stock and control colonies for all experiments in synthetic
sea water, because it was thought that in the long term the composition of a synthetic medium
could be maintained, while that of natural sea water might vary. Initially, therefore, manufactured
sea water salts were used (dissolved in de-ionized water) but, as is usually the case with such
media, metal impurities are chelated by ethylenediamine tetra-acetic acid (EDTA), which would
be expected to influence the result of bioassays with metals. Therefore, Analar reagents were
then used to make the sea water from a simple formula used successfully for hydroid culture by
Tusov & Davis (1971), but, instead of adding EDTA to bind metal impurities as they did, the
water was passed through a large column of Chelax 100 ion exchange resin to remove metal ions
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(Davey et al. 1970). However, this method proved very time-consuming for the large volumes
of water required, so the experiments have been performed with water collected near the
Eddystone Rock and membrane filtered (0-45 /tm) before use. It is of almost ' oceanic quality'
with metal levels similar to those given by Riley & Skirrow (1971) for uncontaminated sea
water.

Hydroids normally resorb their hydranths when the physical or chemical environment departs
sufficiently from the organism's optima and this response is the same whether the cause is
suboptimal temperature, salinity or food levels (Tardent, 1963). Furthermore, Karbe (1972)
has shown that the stages through which hydranths pass as they regress match exactly the
natural degeneration of hydranths (Kinne, 1965). At first, new hydranths cease to be formed,
colonial growth rate slows, then stops and the colony shrinks. Colonial growth rate (rate of
increase in numbers of hydranths, buds and gonozooids) was chosen as a practical and objective
measure of colonial response which would reflect the extent to which the organism is stressed.
The growth rate of stolons and longevity of hydranths were also measured, but were less sensitive
and more time-consuming to use than colonial growth rate. However, a much more sensitive
measure of hydroid response has been developed using a quantitative cytochemical technique
(Moore & Stebbing, 1976). The lowest concentrations of a metal to which different indices of
hydroid response are sensitive span four orders of magnitude, which demonstrates that the
choice of response can be as important as the choice of organism in achieving sensitivity.

Treatment of data

The normal growth rate of Campanularia colonies is exponential and the natural logarithm of
the number of colony members is linear when plotted against time (Fig. 1 A). The mean relative
growth rate (Radford, 1967) is defined as

K =
ty tx

In this work nx is the number of colony members on the first day (tx) and ny the number after
y — x days (ty). Experiments usually last 11 days and K is calculated for the whole experiment.
However, the linear relationship provides a measure of colonial growth rate which is independent
of colony size or age. K can therefore be calculated for successive 2- or 3-day periods using
counts at suitable intervals, which make it possible to follow the development of the hydroids'
response as a function of time. The doubling time (in days) of colony size can also be calculated
from (log6 2)/K.

The data from an experiment with Cu2+ given in Fig. i illustrate some features typical of all
the experiments. From the standard deviations it can be seen that, when the control colonies
become established and the numbers of colony members increase, variability decreases (Fig. 1 A).
However, growth rates at 20 /*g Cu2+/1 are more variable than those of the control colonies, but
this is typical at metal levels near the threshold concentration because the response of stressed
colonies is more variable. The two curves together illustrate a feature of the relationship between
sensitivity and time, that exposure times of a week or more may be necessary for differences in
growth rate between control colonies and those at low metal levels to become significant.

Data are presented as concentration-response curves in which the K values for each experimental
period are expressed as percentages of K for the control group (Fig. 1 B). In this way experiments
can be compared easily although the presentation may conceal variations in the growth rates of
control groups between experiments; these are checked regularly and control K values for the
last six experiments have yielded a mean value of K = 0-222 (s.D. + 0.0245). The pattern of
hydroid response to metals is consistent in that K at subthreshold metal concentrations is similar
to that of the controls, before the effect of the metal at higher concentrations becomes apparent
as a fall in K to a level at which no growth occurs. The point at which the departure of the
growth rate curve from the 100 % line becomes significant is the threshold of sensitivity.

The standard error (s.E.) of the mean K of each group of colonies at each treatment is calculated
and Bartlett's test is applied to determine whether the data are sufficiently homogeneous to
calculate a pooled s.E. (Only once, when a new subculturing method was tried, has significant
heterogeneity been found.) Multiples of the pooled s.E. can be plotted as parallels below (or above)
the 100 % line as a measure of the probability that departures of the concentration-response
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curve from too % are due to chance. In this work three times the pooled S.E. (P = < o-ooi) is
accepted as the level of significance and the intercept of the concentration-response curve with
this parallel is the threshold of sensitivity, from which the threshold concentration is derived
(Fig. IB). In this way the threshold concentrations and the sensitivity of the technique are
related to the variability of the organisms' response. The concentration-response curves (Fig. 2)
include negative values, which represent shrinkage of the colony or negative growth. For simplicity,
negative growth is omitted from the concentration-response curves in Figs. 3 and 5 in which
all negative values are considered to equal zero.
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Fig. 1. An illustrative set of data showing the effect of a metal on the colonial growth rate of
Campanularia flexuosa. The results are presented in two ways to show the relationship from
which K is calculated (A) and the concentration-response curve from which threshold con-
centrations of metals are determined (B). The data in both figures are from an experiment with
Cu2+. In (A) the normal pattern of growth is seen to be linear and K is the slope of this line.
In (B) the K values are plotted as a percentage of K for the control colonies. A horizontal line
is drawn beneath and parallel to the 100 % line, so that the distance between them is equal to
three times the pooled s.E. A perpendicular from the intercept of the concentration-response
curve with this line gives the threshold concentration. The standard deviations from the seven
replicate colonies at each concentration are plotted for each point on both figures, but the
curve for the colonies kept in 10 //g/l and some standard deviation bars are omitted from (A)
for clarity.

Experimental solutions

All experimental solutions are changed daily after feeding. This procedure was prompted
by Corner & Rigler's (1957) work which demonstrated that micro-organisms can remove mercury
(added as mercuric chloride) from dilute sea-water solution and coat it on the walls of the vessel.
As much as 20% was lost from solution in 2 days and 80% in 6 days. Recently their results
have been confirmed and extended by Baier, Wojnowich & Petrie (1975). Although there is no
evidence from the literature that this happens with other metals, the practice of changing
solutions daily was adopted as a precaution. Many organisms secrete organic compounds
(Wagner, 1969), some of which can complex metal ions, and bacteria seem to exude organics in
response to elevated metal levels (Jones, 1970). Although the amount of hydroid tissue is small
in relation to the volume of water in which the colonies are maintained, any influence of organic
secretions on metal toxicity is minimized by daily changes of water. The dilutions of metals in
sea water were prepared from standard solutions of the metal chlorides (i mg of metal per ml in
N hydrochloric acid). Occasional analyses after dilution were made to check the accuracy of the
nominal concentrations.
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RESULTS
Concentration-response curves for entire experiments

Concentration-response curves for the effects of Hg2+, Cu2+ and Cd2+ derived from
calculations of K for 11-day experiments are given in Fig. 2, and threshold concen-
trations determined from them are given in Table 1. The pattern of response is consistent
and repeated experiments yield similar curves for the same range of concentrations

10 100 1000
Metal concentration (/(g/l)

Fig. 2. Concentration-response curves for the effects of Hg!+, Cu2+ and Cd2+ on hydroid
growth rate. In each case curves from two experiments are given: the results from the first are
shown as closed circles and the second as open circles. Thresholds of sensitivity are marked as
triangles.

(Fig. 2). Usually extra concentrations in the range where the curve falls away from the
100% line help define the threshold more clearly. Differences between the curves for
the experiments with cadmium (Fig. 2) occur chiefly because of the choice of con-
centrations. In the second experiment the addition of an intermediate concentration
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(250 jug Cd2+/1), which had no effect, resulted in a shift of the curve to the right and
this is probably the more accurate result.

Early in this work a clone was lost accidentally, because of the toxic effects of volatile
solvents from fibre glass resin used in an adjacent laboratory. In the first experiment
with Hg2+ (Fig. 2) the original clone was still in use, although, for all the other experi-
ments described in this paper, the second one was used. The first clone grew consistently
faster than the second; values of K for the control colonies in the two experiments
with Hg2+ were 0-348 and 0-218 respectively. It is interesting that the concentration-
response curves are so similar, in spite of the different relative growth rates, implying
that the effect of a particular metal concentration is to inhibit the relative growth rate
by the same proportion that is independent of the specific relative growth rate of the
clone.

TABLE 1. T H R E S H O L D C O N C E N T R A T I O N S , DERIVED F R O M CURVES I N F I G U R E 2,
SHOWING T H E LEVELS A T W H I C H T H E T H R E E M E T A L S BEGIN T O I N H I B I T HYDROID
G R O W T H RATES

Metal levels in Eddystone water indicate the background
concentrations in these experiments

Threshold Levels in Levels in
of Eddystone Bristol Channel

water water
(/Kg/1) (/tg/1)

0-021 Gardner, 1975 0-01-0-05 Gardner & Riley, 1973a

0-2-0-5 Dr A. W. Morris, pers. comm. 0-71-5-45 Abdullah & Royle, 1974

o-i Dr A. W. Morris, pers. comm. 1-38-4-29 Abdullah & Royle, 1974

Hg2+

Cu2+

Cd2+

sensitivity

ill
11}
110)

2801

Mercury was the most toxic metal chloride of those tested, followed by copper and
then cadmium - the threshold concentrations increased by about tenfold for each pair
of the series. The relative toxicities of the metals are discussed below and compared
with results of work elsewhere.

The pattern of response with time

The effect of the metals on hydroid growth rate was examined as a function of time
in order to observe the development of the response with different metals. Furthermore,
it was important to determine whether experiments could be shorter than 11 days
without loss of sensitivity, or if greater sensitivity might be achieved with longer
experiments.

The colony members were counted at intervals during experiments, as well as at
the beginning and at the end. Calculations of K were then made for successive 2-, 3- or
4-day periods. Each experiment can be represented as a family of curves, showing the
development of the response with time. In Fig. 3 concentration-response curves are
given for an experiment with cadmium. There was no significant response to 500 fig
Cd2+/1 as cadmium chloride during the first 4 days, although after 7 days at this
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10 100 500 10 100 500 10

Cd2 t l/ig I)
100 500

Fig. 3. Concentration-response curves showing the effect of Cd2+ on hydroid growth rate
during successive periods of a single experiment. A, Thresholds of sensitivity.
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concentration the growth rate had fallen to zero and the colonies had died by day 11.
In Fig. 4 the threshold values determined from such curves are plotted as a function
of time, showing a linear relationship between sensitivity and the period of exposure.
It is notable that the threshold concentration derived from a concentration-response
curve for days 9-11 is about half that derived from a curve for days 0-11. This is
attributable largely to a reduction of the pooled s.E. of K with time and is clearly
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seen in Fig. 5 A as a convergence of a line linking thresholds of sensitivity (A) with
the 100% line as the experiment proceeds.

Growth of colonies is always more variable in the early stage of experiments than
subsequently; the attachment of all explants is not equally rapid because of variations
in the condition of the small number of colony members borne by single uprights.
Consequently, when interpreting Figs. 3 and 5 less weight should be attached to
variations early in experiments and more to those at the end.
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Fig. 5. Concentration-response curves showing the effects of Cu2+ (A) and Hg2+ (B) on hydroid
growth rate during successive periods of single experiments. Thresholds of sensitivity for
Cu2+ are marked with triangles (A)j which are linked with a dashed line to show that the pooled
S.E. decreases, and therefore converges with the too % line as the experiment proceeds.

The results imply, in the case of cadmium (Fig. 4) that longer exposure might result
in lower threshold values. Copper and mercury differ in that they take effect more
quickly and the lowest threshold values are reached after 4-7 days, but here the
stimulatory effects of subthreshold metal levels (see below) confuse the relationship
between sensitivity and duration of exposure.
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The stimulatory effect of subthreshold metal concentrations

A series of concentration-response curves for copper (Fig. 5 A), similar to that for
cadmium (Fig. 3), shows that the development of the hydroids' response with time
is quicker for copper than cadmium. More interesting is the fact that after 7 days, the
growth rate at 1 jig Cu2+/1 is stimulated to an extent that becomes significant in the
last two days of the experiment. This stimulatory effect of copper has been demon-
strated in repeated experiments, although stimulation may not always persist until the
end of the experiment, as is the case in Fig. 5 A. The relationship between the length
of exposure to copper and threshold concentrations from concentration-response curves
for 2- or 3-day intervals (Fig. 4) shows a steep decline at first, followed by a peak when
growth is stimulated. It would be of interest to determine the point at which the curve
becomes asymptotic, but experiments have so far been limited to 11 days by the
dimensions of the plates on which they are grown.

Mercury (Fig. 5A) also stimulates growth rate; but it is a transitory effect, occurring
only between days 3 and 7. Growth at 1 fig Hg2+/1 during this period is stimulated to
a level of 35 % above that of the control colonies, falling by 70 % during the last 4 days
of the experiment.

DISCUSSION

Relative sensitivity with other bioassays

One object in this attempt to develop a sensitive bioassay technique has been to
produce a method for studying contaminants at levels similar to those found in polluted
waters, so that we can determine the lowest concentrations at which the effect of toxic
substances becomes detectable. The data presented here show that the hydroid bioassay
is as sensitive to the metals tested as any methods in current use. The more sensitive
kinds of bioassay and the lowest levels of mercuric chloride to which they respond
are summarized in Table 2 for comparison with the highest levels of dissolved mercury
that have been found in the field (Table 3). The juxtaposition of the two sets of data
(Fig. 6) implies that only the most sensitive bioassays would be expected to respond
to the highest dissolved mercury levels reported and, therefore, that only these techniques
would be useful in assessing field data. However, caution should be used in extrapolating
the results of laboratory experiments with mercuric chloride to the field, because the
forms of mercury in natural waters (Fagerstrom & Jernelov, 1972) and their toxicity
(Corner & Sparrow, 1957) v a r v significantly. Hydroids were first employed for the
bioassay of marine contaminants by Karbe (1972), who found that the appearance of
abnormalities in cultured colonies of Eirene viridula provided the most sensitive index
of their response to metals. The relative sensitivities of Karbe's method and that using
Campanularia are being compared in intercalibration experiments. Significant improve-
ments in the sensitivity of the technique can be achieved by deriving threshold values
from concentration-response curves for the last 2 or 4 days of an experiment, since a
response may not become apparent at the lower concentrations until colonies have
been exposed to the metal for a week (p. 983). For example, a concentration-response
curve for the effect of Hg2+ as mercuric chloride over 11 days (Fig. 2) gives a threshold
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concentration of 1-6 fig Hg2+/1, but a curve for days 7-11 from the same experiment
(Fig. 5B) gives a threshold concentration of 0-46 jig/1. Similarly, threshold concentrations
for cadmium chloride derived from lvalues for complete 11 day experiments (Fig. 2;
Table 1) are twice those derived from K for the last 2 days of the same experiments
(Fig. 4)-

TABLE 2. THRESHOLDS OF SENSITIVITY OF BIOASSAYS TO MERCURIC CHLORIDE

A range of bioassay results is given including particularly those that are most sensitive. The
numbers 1-27 refer to those beside each point in Fig. 6. Those threshold values marked with an
asterisk indicate approximate values determined by me from data given by the authors.

No.

1

2

3
4
5
6
7
8
9

1 0

1 1

1 2

13
14
15
16

17
18

19
2 0

Threshold
Og/l)

i - 3
1-3-3
1-8
2-5

4-8
5-6

1 0

1 0

1 0

14
27
33-100

50
50-64
75

1 0 0

140
2 0 0

300
1200

Type of bioassay Organism

ANIMALS - MARINE INVERTEBRATES
Morphological abnormalities
Larval LC50 (48 h)
Larval metabolism and survival affected
Inhibition of population growth rate
Larval LC 50(4811)
Larval LC 50(4811)
Larval LC 50(4811)
Inhibition of growth
Stimulation of respiration rate
Larval LC 50(4811)
Larval morphological abnormalities
Larval LC 50(4811)
LC 50(2-511)
LC5o(96h)
LC50 (48 h)
Larval LCso(2h)
Larval LC50 (2 h)
Larval LC50 (2 h)
Larval LC50 (2-5 h)
Larval LC50 (2 h)

Eirene viridula
Ostrea edulis
Uca pugilator
Cristigera sp.
Mercenaria mercenaria
Crassostrea virginica
Crangon vulgaris
L-cells in tissue culture
Congeria leucophaeata
Carcinus maenas
Crassostrea gigas
Homarus vulgaris
Acartia clausi
Petrolisthes armatus
Pandalus montagui
Watersipora cucullata
Spirorbis lamellosa
Bugula neritina
Elminius modestus
Galeoliria caespitosa

Author

Karbe, 1972
Conner, 1972
De Coursey & Vernberg, 1972
Gray & Ventilla, 1973
Calabrese & Nelson, 1974
Calabrese et al. 1973
Connor, 1972
Li & Traxler, 1972
Dorn, 1974
Connor, 1972
Woelke, 1965
Connor, 1972
Corner & Sparrow, 1956
Roesijadi et al. 1974
Portmann, 1968
Wisely & Blick, 1967
Wisely & Blick, 1967
Wisely & Blick, 1967
Corner & Sparrow, 1956
Wisely & Blick, 1967

PLANTS - UNICELLULAR ALGAE (INCLUDING SOME FRESHWATER SPECIES)

21 i"55* In crease in cell size and inhibition of
population growth

Inhibition of population growth
Inhibition of population growth
Inhibition of growth
Inhibition of population growth

26 170 Inhibition of growth

27 750 LD50 (0-5 h) of sporelings

Isochrysis galbana Davies, 1974

2 2

23
24

25

3*
3

50
100*

Nuzzi, 1972
Kamp-Nielsen, 1971
Matida et al. 1971
Hannan & Patouillet, 1972

Chlamydomonas sp.
Chlorella pyrenoidosa
Scenedesmus dimorphus
Chaetoceros costatum,

Cyclotella nana and
Phaeodactylum tricornutum

Chlamydomonas Ben-Bassat et al. 1972
reinhardi

Plumularia elegans Boney & Corner, 1959

Relative toxicity of metals

Prediction of the effects of metals depends partly upon the validity of the generali-
zations that may be made about their toxicity. Irving & Williams (1953) demonstrated
that the stability of complexes formed by bivalent ions of the first transition series
follows the order Mn < Fe < Co < Ni < Cu < Zn, irrespective of the nature of the
ligand. Shaw (1961) postulated that, since metals are toxic to organisms because they
combine with active groups necessary for life as, for example, -SH groups on enzymes,
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the toxicity of these metals might follow the Irving-Williams order. Shaw (1954) and
others found, using enzymes and a range of organisms from protozoa to fish, that the
toxicity of metals always follows this sequence.

TABLE 3. RECENT LEVELS OF DISSOLVED MERCURY IN SEA-WATER SAMPLES

The left-hand column of numbers refer to points in Fig. 6.

<To.

28
29
30

31
32
33
34
35
36
37
38
39
4 0

41
42

43
44
45
46
47
48

M e r c u r y (/<g/l)

Mean

2-45
1-09
0-165
0-15
0-119
0-109
0-059
0-055
0-050
0-047
0-041
0031
0-027
0-026
0-024
0-023
0-018
0-018
0-017
0-013
o-oii

Range

1-6-3-6
0-87-1-42
0-08-0-25

0-129-0-212
0-016-0-364
0-003-0-515
0-045-0-078

ND-o-127
0-017-0-142
0014-0-051
0-022-0-052
0009-0-052
0-009-0-080
0004-0-142
0-006-0-045
Trace-o-O54
0-005-0-035
0015-0-021
0006-0035
0-003-0-02
0-010-0-013

0-025-0-20
0-01-0-06

samples

4
15
4

163
22

5
4

10
12

4
4
4
6

36
8

2 1

7
2

14
9
3

—

34

Location

Minamata Bay, Japan
Azores
Ramapo Deep, N.W. Pacific
N.W. Atlantic
Greenland Sea
Tidal R. Thames
Long Island Sound
N.E. Atlantic
N.E. Atlantic
China Sea
S.E. Atlantic
Indian Ocean
Celtic Sea
Icelandic coastal waters
China Sea
Atlantic Ocean
English Channel
Off Isle of Wight, Eng. Channel
Indian Ocean
N.E. Atlantic
Southampton Water

Liverpool Bay
Bristol Channel & Severn Est.

Author

Hosohara et al. 1961
Carr et al. 1974
Hosohara, 1961
Fitzgerald et al. 1974
Carr et al. 1972
Smith et al. 1971
Fitzgerald & Lyons, 1973
Chester et al. 1973
Leatherland et al. 1973
Chester et al. 1973
Chester et al. 1973
Chester et al. 1973
Gardner, 1975
Gardner, 1975
Gardner, 1975
Gardner, 1975
Gardner, 1975
Burton & Leatherland, 1971
Gardner, 1975
Leatherland et al. 1971
Burton & Leatherland, 1971

Gardner & Riley, 1973 a
Gardner & Riley 1973 b

ND = Not detectable.

Jones, in his studies with Gasterosteus (1939) and Polycelis (1940) appears to have
initiated the search for physicochemical characteristics of metals that correlate with
their toxic effects upon aquatic organisms. He found that toxicity increased with the
standard electrode potential ('solution pressure') of the metal. Danielli & Davies (1951)
considered that electrode potentials could not be expected to give any numerical
correlation for theoretical reasons and that the closer relationship between electro-
negativity and toxicity (using Jones's data) reflected their view that metal ions exert
an effect by interaction with the cell surface. More recently Biesinger & Christensen
(1972) using Daphnia magna have also demonstrated a linear correlation between the
toxicity of metals and their electronegativity. Corner & Sparrow (1957) and Corner
& Rigler (1958) studied the effects of a range of organo-mercury compounds upon
Elminius modestus larvae and Anemia salina. They found that the effects were not
related to their absolute toxicity, as demonstrated by their ability to inhibit urease
activity, but to their ability to penetrate the organism, lending support to Danielli &
Davies' ideas. Corner and his co-workers found a close correlation between the toxicity
of the organomercurials and their lipid solubility, and it is now generally accepted that
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lipid soluble substances pass through membranes more easily, since membranes typically
contain about 40 % lipid.

Whatever physicochemical correlates seem most significant, where others have
determined the toxicity to aquatic species of the same metals as those used in this
study, the sequence of descending toxicity has been the same: Hg > Cu > Cd (Shaw
& Lowrance, 1956; Brown & Ahsanullah, 1971; Kobayashi, 1971; Karbe, 1972;
Biesinger & Christensen, 1972; Calabrese et al. 1973).
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Fig. 6. The maximum sensitivities of bioassay techniques to mercuric chloride plotted beside
the levels of total dissolved mercury found in sea-water samples. The number beside each
point refers to data listed in Tables 2 or 3.

During this work a number of differences between the toxic effects of cadmium
and the other two metals have become apparent which suggests that cadmium may
act in a different manner. The range of concentrations from the no-effect level to
that which is lethal is very narrow and is almost an 'all-or-nothing' response, while
the changing effects of copper and mercury are more gradual as metal concentrations
increase (Fig. 2). Cadmium also differs in that it seems to act more slowly than copper
or mercury and there is no significant response in the first 4 days of exposure to
concentrations that later prove lethal (Fig. 3).

Cadmium is also unusual in that its toxicity changes from fresh to salt water. A change
such as this is difficult to study because sub-optimal salinity acts as a stressor in its
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own right, enhancing the effect of another stressor - such as a toxic metal. Here though
we are considering the exogenous interactions of cadmium with the constituents of the
water and the consequent changes in the toxic properties of the cadmium complex.
In a series of papers on the effect of cadmium on the development of eggs of herring,
garpike and flounder (Westernhagen, Rosenthal & Sperling, 1974; Westernhagen &
Dethlefsen, 1975; Westernhagen, Dethlefsen & Rosenthal, 1975) it has been shown
that there is a decline in the toxic effects of cadmium with increasing salinity. In a review
of the literature of the effects of cadmium covering over 60 examples using different
organisms or by different authors, the modal concentrations for the sensitivity of fresh
water species was found to be an order of magnitude lower than those for marine species.
Westernhagen and his co-workers support a theory that the toxicity of cadmium is
reduced by its interactions with calcium. The correlation with salinity is thought to
result from the greater abundance of calcium in sea water than fresh water. Although
the mechanism is hypothetical, there seems little doubt of the significance of the
change in toxicity.

The pattern of response with time

It has long been known that there is a relationship between the effect of toxic levels
of substances and the period over which they are absorbed by an organism, which
implies that a large amount taken in over a short period will have a similar effect to
small amounts over a long period. This was first known as Haber's Rule for equitoxic
doses (Haber, 1924) and is expressed in the form ct = K relating the concentration of
a substance (c) and the period over which it is absorbed (t) to a constant {K). Herbert
(1952) found that this kind of relationship also applied to the effects of most toxic
substances on fish. However, the extremities of these relationships lead one to the
improbable conclusion that a high enough concentration will have an instantaneous
effect and an infinite dilution will have an effect in infinite time. In environmental
toxicology the problem is whether very low concentrations have an effect on biological
processes exposed continuously to those levels. Haber's Rule and Herbert's more recent
statement of it have led to conclusions such as Hynes's (1971) that for most metals
there is no theoretical concentration which will not ultimately cause death. However,
it is well known that many metals toxic at high concentrations are essential for life at
lower levels and organisms may have mechanisms to break down, sequester, excrete or
otherwise inactivate toxic substances. Hayes's (1975) restatement of Haber's Rule recog-
nizes that such mechanisms exist, so that a 'sufficiently high rate of detoxification
would negate prolonged exposure to a sufficiently low concentration'.

Little is known about detoxification mechanisms in aquatic organisms and mechanisms,
such as those involving metallothionein in mammals, must be identified before they
can be quantified. Until then, attempts to understand the relationships between con-
centration and duration of exposure to the very low levels found in sea water must be
empirical. Our results with cadmium show a linear decline in threshold concentration
with time (Fig. 4) and, if the experiment could have been longer, the curve would
probably have become asymptotic.
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The stimulatory effects of subthreshold metal levels

The stimulatory effects of low concentrations of cupric and mercuric chloride on
hydroid growth rate have been described (Fig. 5 A, B). Similar effects of toxic substances
have been known for many years as the Arndt-Schulz Effect (Schulz, 1888). Numerous
pharmacological examples have been cited (Townsend & Luckey, i960), but, in toxi-
cology, stimulatory effects are often attributed to errors or artifacts because they are
unexpected (Smyth, 1967). The effect is well illustrated in man by the temporary
stimulatory effects on metabolism of subinhibitory levels of toxins such as caffeine in
coffee and nicotine in tobacco. For more than a century arsenic has been used as a
general tonic and for the treatment of some diseases in man and animals. More recently
it has become widely used as a growth stimulant in the diet of poultry, pigs and cattle
(Stare, 1956). In marine organisms a number of examples of the stimulatory effect
of metals have been described, but usually no attempt is made to explain them (Table 4).

TABLE 4. RECORDS OF STIMULATORY EFFECTS OF HEAVY METALS

Metal Observations Author

Metals
Hg

Cu,Hg

Cu, Zn

Cu
Cu, Ni
Hg

Hg
Zn, Hg, Cu

Increase in respiration rate of Gammarus
Increase in respiration rate of Arbacia
sperm

Increase in respiration and heart rate
Marinogammarus

Increase in respiration rate of Hemi-
centrotus sperm

Increase in respiration rate of Nereis
Increase in bacterial growth rate
Increase in respiration rate of larval

Uca
Increase in respiration rate of Congeria
Increase in swimming rate of urchin sperm

Jones, 1941
Barren et a!. 1948

Russell Hunter, 1949

Mohri, 1956

Raymont & Shields, 1962
Jones, 1970
DeCoursey & Vernberg, 1972

Dorn, 1974
Young & Nelson, 1974

It is important to differentiate between the Arndt-Schulz Effect and the Law of
Optimal Nutritive Concentration (Bertrand, 1962), which established that the relation-
ship between the concentrations of essential trace elements and their physiological
functions is diphasic in plants. Since then this has been found to apply generally in
biological systems. The Arndt-S chulz Effect differs in that firstly, the availability of micro-
nutrients is optimal when the organism is stimulated by a toxic substance, so the
stimulatory effect is not the result of satisfying a deficiency. Secondly, the agents causing
stimulation are not necessarily trace micronutrients; and thirdly, the stimulatory effects
are usually transitory, as is demonstrated in this paper. It would seem that the temporary
stimulatory effects may be one aspect of an animal's normal homeostatic responses to
stressors and the apparent absence of these effects in higher plants and microalgae
(Steeman Nielsen & Wium-Anderson, 1970; Davies, 1974) is not surprising, because
homeostatic mechanisms are much simpler in plants.

One of the most difficult problems in the study of contamination of aquatic environ-
ments is to discover the levels of toxic substances that have no deleterious effects.
A 'no-effect' level of a toxin is most difficult to determine, but the Arndt-Schulz Effect
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provides an apparently normal and measurable response to subinhibitory levels of
toxins (Smyth, 1967) and may have a useful role to play in operational bioassay
methods.

I would like to thank Dr A. W. Morris for his guidance in metal chemistry, Mr P. J. Radford
in the treatment of data and Mr N. R. Cotter, Mr A. J. Pomroy and Mrs L. Killer for technical
assistance. I am most grateful to the Director and staff of the Marine Biological Association for
providing workshop and photographic facilities. This work forms part of the experimental
ecology programme of the Institute for Marine Environmental Research, a component of the
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