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Cupric ion activity and the growth of phytoplankton 
clones isolated from different marine environments 

by Jerome Gavis', Robert R. L. Guillard ' 
Bonnie L. Woodward' 

ABSTRACT 
The responses to {Cu .. } (free cupric ion activity) of 24 clones of 11 species of marine 

phytoplankton in 4 al)lal classes were studied in a Cu-Tris buffered medium with a fluoro-
metric method of measuring acclimated growth rates. The generalized copper response includes 
a "plateau region" in which growth rate is unaffected by {C u++}, a "threshold va1ue", a "half 
plateau value", and a "zero growth value", the {Cu++} at which growth is just reduced to zero. 
Several different types of response exist, of which the most characteristic are called "one-step" 
or "two-step", depending upon whether the descent from plateau to zero growth is in one con-
tinuous slope or is interrupted by a level region. The thresholds for clones other than certain 
exceptionally resistant ones lay between pCu = 9.0 and pCu = 11.5 (pCu = negative logarithm 
of free cupric ion activity) and virtually all clones (20 of 24) ceased growth by pCu = 8.5, the 
expected maximum {Cu++} in equilibrium with malachite, the least soluble copper compound in 
seawater. However, 4 clones even survived at pCu = 8.5; these and other comparatively re-
sistant clones were isolated from estuarine waters known or presumed to be metal polluted. Not 
all clones from the same polluted waters were resistant, however. The highly resistant clones 
should not be used to establish environmental standards, nor for bioassay of copper effects in 
natural waters. If the highly resistant clones are excluded from consideration, then copper 
responses of nearshore isolates and oceanic isolates lie in the same range, but the oceanic 
isolates in general tended to be somewhat more sensitive, conforming to the idea that organisms 
of more stable and predictable environments are more sensitive to environmental stress. The 
light regime (continuous, or 14/ 10 cycle) under which clones were grown bad a measurable 
effect on pCu response, which was different for different clones. The technique described in this 
study is well suited to such factor interaction studies. There is a similarity between the pCu 

response curves and published curves for tit ration of negative surface charge of polymer mol-
ecules and bacteri a. This suggests that Cu++ acts as a toxic agent by binding to the cell surface, 
decreasing negative surface charge and perhaps, as a result, altering transport systems in cell 

membranes. 

1. Introduction 

Recent investigations of the influence of copper on phytoplankton physiology 
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show conclusively that phytoplankton respond only to the activity of cupric ion in 
solution (Sunda and Guillard, 1976; Anderson and Morel, 1978; Jackson and 
Morgan, 1978; Morel et al., 1978; Sunda and Lewis, 1978). There is no evidence 
that any other form of copper in solution influences phytoplankton. Because natural 
levels of cupric ion could inhibit the growth of at least some species, copper in 
solution may be a significant factor in primary production, species distribution, and 
plankton population structure. It is important, therefore, to have a simple experi-
mental method by which the response of phytoplankton growth rate to cupric ion 
activity can be determined under a variety of environmental conditions and to use 
the method to obtain the responses of a variety of different species from different 
natural environments. 

The purpose of this paper is to describe the method that we have developed, 
based on the work of Sunda and Guillard (1976), and to present the results of our 
experimental study of the responses of 24 clones of 11 species of phytoplankton, 
belonging to 8 genera and 4 classes, isolated from both oceanic and open continen-
tal shelf waters as well as from estuarine environments. 

2. Experimental Methods 

Organisms. AU clones used in this investigation were from the culture collection 
at the Woods Hole Oceanographic Institution. The clones and their habitats are 
listed in Table 1. All cultures were axenic and experiments were performed under 
sterile conditions. 

Culture medium. The growth experiments were performed in media prepared 
from a modified f/ 2 recipe (Guillard, 1975) essentially as described in Sunda and 
Guillard (1976). Standard, reagent grade chemicals were used. All preparation was 
carried out in Pyrex glassware that had been rinsed in 3N HCI. The media were 
made up in Sargasso Sea water gathered in 197 5 and stored in Pyrex glass carboys. 
The iron and Na-EDTA concentrations were each 1 µM. No copper was added to 
the basal medium. Enough tris buffer was added in the form of a 2M stock solution 
at pH = 8. 1 to bring its concentration to 10 mM. In addition to buffering pH, tris 
complexes copper and acts as a buffering agent for Cu++, allowing Cu++ activity 
to remain constant during the course of an experiment at a value depending on the 
total copper added to the medium. 

The total copper concentration of the modified f/2 basal medium, determined by 
the APDC-MIBK extraction-precipitation method (Brooks et al., 1967) and atomic 
absorption spectrophotometry, before additions of copper, was 11.1 nM. This was 
the blank concentration. 

After preparation, 30.2 ml of the basal medium were poured by means of a cali-
brated 30 ml "Tip-a-Tip" all glass dispenser into 25 mm x 200 mm lipless, Pyrex 
glass culture tubes that had previously been acid rinsed. These were covered with 



1981] Gavis et al.: Copper and phytoplankton growth 317 

colorless polypropylene closures ("Kaput", Belko) and autoclaved for 20 minutes. 
A weight loss of 0.6 gm (0.6 ml), determined on several selected tubes, occurred 
during autoclaving. Autoclaving did not change the pH, which was measured at 8.1 
in several selected tubes before and after autoclaving. The tubes were used within 
three days after autoclaving. 

Addition of copper. Growth rates were measured at sixteen different cupric ion 
activities, {Cu++), between that corresponding to the blank (10-""M), and the 
maximum expected cupric ion activity in equilibrium with malachite, the least sol-
uble copper compound in seawater (l0-•·'M). 

A series of fifteen stock copper solutions was prepared. Measured amounts of a 
copper sulfate solution were added to three 1 liter volumetric flasks to correspond, 
when diluted, to the highest three stock solution concentrations required. The flasks 
were filled to about 3/ 4 volume with water and enough HNO, was added to bring 
the pH to 2. They were then capped and autoclaved for 20 minutes. After they had 

· cooled, sterile water was added to bring the contents to 1 liter. Five hundred ml 
were then poured from each into presterilized polypropylene bottles for use as stock 
solutions. The remainders were used to prepare stock solutions of lower concentra-
tions by dilution and repetition of the procedure (Table 2). The total copper con-
centrations of the stock solutions were determined by means of atomic absorption 
spectrophotometry by comparison with known standards. 

To prepare growth medium at the various copper concentrations used in an ex-
periment, 0.1 ml of one of the stock copper solutions was added aseptically to each 
of fifteen tubes of previously autoclaved modified f/2 medium. A sixteenth tube 
provided the blank. The total copper concentrations in the tubes and the concentra-
tions of the copper stock solutions are listed in the last two columns of Table 2. 
Concentrations in the tubes were determined from the fact that each tube contained 
29.8 or 29.9 ml of medium: 29.6 ml in the tube after autoclaving, 0.1 ml added as 
copper stock solution, 0.1 ml added with NaOH solution to four of the tubes (see 
below), and 0.1 ml added with organism inoculum (see below). 

In the four tubes with the highest copper concentrations, addition of the copper 
complexed enough of the tris to cause a pH change. To bring the pH back to 8.1 it 
was necessary to add NaOH solution. One-tenth ml of 0.93 M NaOH solution was 
added to the tube with 1.02 x 10-•M total copper, 0.1 ml of 0.45 M NaOH solu-
tion was added to the tube with 6.67 x 10-•M total copper, and 0.1 ml of 0.18 M 
NaOH solution was added to the tubes with 3.33 X 10-•M and 2.2 X J0-•M total 
copper. Preliminary measurements showed that pH did not change in any of the 
tubes during growth of organisms. 

Linear regression of the data of Sunda and Guillard (1976, Table 2, 10 mM tris), 
who calculated pCu (the negative of the logarithm to the base 10 of the cupric ion 
activity) as a function of total copper concentration, CuT, in similar modified f/2 



Table I. Clones investigated: identity, isolation data and habitat, and response to pCu. 

µ,no 
w 

Cu -
Clone isolation11 and added Response Threshold pCu, pCu 

00 

Species Clone species habitat ( ) (day-•) type• pCu µ = O "half -plateau" 

CLASS BACILL ARIOPHYCEAE 
Bellerochea poly morpha Say 7 Great South Bay, N.Y. 
Hargraves and Guillard XI -10-65. 1.48 One 10.4 9.0 9.6 

6750 06' 28'N, 54 ' 59'W 
Near Surinam. Vl/ 5/ 65. 1.1 One 10.1 9.15 9.6 

(All marine waters) 
Phaeodacty lum tricomutum Phaeo Great South Bay, N.Y., 

Bohlin J . H. Ryther, 1952 ci' 
(Supra-littoral) 1.06 I-one 9.1 < 8.5 " ... 

:, 
Skeletonema costatum EP2 Eel Pond, Woods Hole, Mass., e. 
(Grev.) Cleve L. S. Murphy, 1974 1.82 One 10.4 9.0 9.7 

FHI Falmouth Harbor, Mass., 
L. S. Murphy, 1974 2.26 Two ca. 9.8 9.25 9.7 ... 

Skel Mil fo rd Harbor, Conn. 1956 1.86 Two 9.6 9.4 
;:;· 
"' 35-24A 39' 12'N, 69'20'W. Continental ;:,a 

Slope, L. S. Murphy, 1977 "' 
(A neritic cosmopolitan species) 1.04 One 9.4 8.5 8.9 "' 

Skeletonema menzelii Men 5 32' 10'N, 64' 30'W 1.25 One 9.4 8.7 9.0 
g. 

Guill ard, Carp. and Reim. (A warm oceanic species) 
Skeletonem a tropicum A629 II -20-78 Off San Juan, Puerto 
Cleve Rico, L. E. Brand 2.00 One JO.I 8.7 9.4 

(A warm oceanic species) 
Synedra fragilarioides Say 10 Great South Bay, N.Y., 
Hargraves and Guillard XI-10-65 0.80 One 9.6 ca. 8.5 9.1 

(Estuarine, as far as known) 
Tha/assiosira guillardit1 7-15 39'36'N, 70' 06'W, at edge of 
Hasle shelf. X II -9-58 1.47 One 10.8 9.8 10.3 'w 

7-15• (A flu vial-marioe species) 0.88 One 10.8 JO. I 10.4 
.-o 

Th alassiosira pseudonana 13-1 33' l l 'N, 65' lS'W XIl -11-58 1.65 One 10.9 9.8 10.3 N 

(Hust.) H asle aod Heimd al 13-t • 1.40 One 10.8 9.6 IO . I 



3H Forge River, Moriches Bay, 
N.Y. 1.89 Two ca. 11.S 8.5 10.4 

3H• IX-8-58 2.43 Two ca. 10.5 8.5 ca. 9.2 -\0 

cs Chincoteague Island Lagoon, VA 00 

.::: 
D. Wilson, 1964 1.48 I-two 10.2 9.0 9.8 

Swan I Swan River Estuary, S.W. 
Australia, R. Davis, 1965 1.36 One 10.4 9.6 10.0 

w Wumme estuary, Bremen, 
Germany, E. Paasche, 1973 2.02 One 10.9 9.8 10.3 

58-102 39 °05'N, 71 ° 56'W (Slope) C'l 
i:, 

L. S. Murphy, 1976 1.44 One 10.8 9.8 10.3 "' o;· 
BJSA Bermuda, I 970, E. Swift 1.38 I-two 10.9 9.8 10.5 
FCRG66 28°N, 155°W, J. Jordan 1.63 I-two 10.7 8.7 9.8 

(A fluvial-marine species) 
C, 
C 

CLASS EUSTIGMATOPHYCEAE "" "" M onallantus salinaa GSB Sticbo Great South Bay, N.Y. "' ., 
Bourrelly J. H. Ryther, 1952 0.70 I-one 8.7 <8.5 i:, 

:s 
Say 2 Great South Bay, N.Y., 1965 0.96 I-one No plateau "-

"" Say 3 Great South Bay, N.Y., 1965 0.74 One 9.1 8.7 8.9 :,-

"' (Mainly estuarine species.) :g 
CLASS CHLOROPHYCEAE " :s 

Nannochloris atomus GSB Nanno Great South Bay, N.Y. 
,,. 
c 

Butcher J. H. Ryther, 1952 0.54 One 9.4 8.5 8.9 :s 
(Estuarine species) "" ., C 

CLASS HAPTOPHYCEAE " ;;. 
Pavlova (M o11 ochrysis) lutheri Mono Tide pool (presumably Millport 
(Droop) Hibberd No. 66) M. R. Droop, 0.94 One 10.3 9.6 10.0 

ca. 1950 
(Supra-littoral and estuarine) 

° Formerly incorrectly called Stichococims cy/indricus Butcher. See Antia et al., 1975. 
P One signifies "one-step", Two, "two- step", prefix I signifies "incipient". See text under "Results" for explanati on. (;) -Y Formerly assigned to Thalassiosira pseudonana. See Hasle (1978) for taxonomic considerations and description of the new species. \0 

• Isolated by R. Guillard unless specified. 
• In continuous light . 



320 Journal of Marine Research [39, 2 

Table 2. Cupric ion activities in growth tubes. 

Cupric Stock solution 

ion activity Total copper copper concentration 

Tube no. pCu (M) (M) (M) 

1 (Blank) 13.95 1.12 X 10-u I.II X 10-' 

2 12.31 4.90 X 10-" 3.40 X JO_,, 1.02 X 10--< 

3 12.03 9.33 6.13 2.04 

4 11.79 1.62 X 10-a 1.02 X 10-< 3.07 

5 11.55 2.82 1.70 5.11 

6 11.21 6.17 3.41 1.02 X 10--

7 10.89 1.29 X 10-u 6.81 2.04 

8 10.71 1.95 9.84 2.95 

9 10.38 4.17 1.97 X 10_, 5.90 

JO 10.13 7.41 3.33 1.00 X 10-• 

II 9.80 1.58 X 10-" 6.67 2.00 

12 9.58 2.63 1.06 X 10--< 3.18 

13 9.25 5.62 2.12 6.35 

14 9.03 9.33 3.33 1.00 X 10- • 

15 8.70 2.00 X 10-< 6.67 2.00 

16 8.50 3.16 1.02 X 10__, 3.05 

medium, provided the following relationship with which pCu, and from this cupric 
ion activity, could be determined in each tube 

pCu = 5.21 - 1.098 log CuT 

The pCu values and the corresponding cupric ion activities are listed in the second 
and third columns of Table 2. 

Growth conditions. In most experiments the organisms were grown in a culture 
room at 20 ± 1 C over a bank of "cool white" fluorescent tubes (Sylvania Co.) 
providing 2 X 10• lux (measured by a hand-held light meter) for 16 hr/ day. Several 
shorter experiments were done in continuous light at 20 ± 1 C on a water cooled 
light table (similar fluorescent tubes) providing 2.8 X 10• lux. 

To prepare inocula for the growth experiments, the organism to be used was sub-
cultured from the Institution collection in one of the autoclaved tubes of medium 
(with no added copper) and allowed to grow under the conditions of the experiment 
until the cell concentration was such that 0.1 ml of culture added to 30 ml of new 
medium would yield a cell concentration between 10' and 10' cells/ ml. About 0.1 
ml of vortex-mixed inoculum culture was then added aseptically to each of the 
series of sixteen culture tubes, prepared as described above, and equilibrated at 
20°C. These were placed in the culture room or on the light table and allowed to 
grow. 
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As Sunda and Guillard (1976) observed, little or no inhibition of growth occurred 
for two to three days after the cells were exposed to cupric ion. Therefore, we did 
not compute growth rates for the organisms in this fir st set of tubes; the tubes were 
used to acclimate the organisms to cupric ion. After two to three days, but before 
the inoculation cultures reached nutrient limit ati on, 0.1 ml from each tube was 
transferred aseptically to a new, temperature equilibrated tube of the same cupric 
ion activity. The new set of inoculated tubes was then placed in the culture room or 

on the light table. The growth rate measurements reported in this paper were made 
on the cultures growing in these tubes. 

Growth measurement. Intensity of in vivo chlorophyll fluorescence was used to 
measure growth. The method employed was originally devised by L. E. Brand for 
measuring the growth rates of large numbers of acclimated cultures. The essential 
point is that in acclimated cultures at or sufficiently near to steady state, any index 
of growth obtained at successive time intervals, including fluorescence, yields the 
same growth rate (Brand et al., 1981). Preliminary experiments in which fluor-
ometer readings were compared with microscopicall y determined cell counts verified 
this for the experiments. These showed that, within the precision of the measure-
ments, fluorescence was directly proportional to cell concentration in any one 
experimental condition. 

Fluorescence was measured by means of a Turner Designs 10-000R fluorometer 
equipped with light source and filters for in vivo chlorophyll measurement and a 
10-027 Cuvette Adaptor that allowed measurement of fluorescence in cultures con-
tained in 25 mm OD tubes. Because of the length of the tubes used in the experi-
ments, a special lighttight cap had to be made to fit over the tubes when they were 
inserted into the cuvette adaptor. The sensitivity of the instrument had been ad-
justed so that it could detect fluorescence in cultures of Tha/assiosira pseudonana 
containing only a thousand cells per ml. Instrument blank settings were determined 
for the tubes equilibrated at 20C before inoculation, in order to eliminate the con-
tribution of fluorescence from the tubes and medium. 

Determination of fluorescence during an experiment was a simple matter of 
setting the blank for a particular tube, inserting the tube, and noting the instrument 
reading. Before measurements were made, each set of tubes was allowed to sit for a 
length of time between five and ten minutes, determined beforehand· for each clone, 
in order to attain a plateau fluorescence level (Brand et al., 1981). The tubes were 
then inserted one-by-one in serial order into the fluorometer for measurement. 

Fluorescence measurements were made immediately after inoculation of the sec-
ond set of tubes (described above) and once each day thereafter at the same time in 
the case of cultures grown on a 16/8 light-dark cycle. For organisms grown in 
continuous light, measurements could be made two or three times per day. Measure-
ments were continued for as long as exponential growth occurred up to nutrient 
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Figure 1. Logarithm of cell concentration (relative fluorescence) as a function of time for 
Tha/assiosira pseudonana (3H) in continuous light. Line I : pCu = 11.21, µ. = 2.31/ day (3.33 
doublings/day). Line II: pCu = 9.8, µ. = 1.42/day (2.05 doublings/ day). Line III : pCu = 
9.0, µ. = 0.79/ day (1.14 doublings/ day). 

limitation. At least four days of measurements could be made in all cases. For some 
experiments duplicate or triplicate tubes were prepared at each pCu. Some experi-
ments were repeated serially. 

Specifi c growth rates were determined by means of linear regression of the natural 
logarithm of fluorescence against time by means of digital computation. Specific 
growth rates may be converted to doublings/day upon division by In 2. 

3. Results 

All cultures grew exponentially even when growth rates were decreased in the 
presence of Cu++. Figure 1 shows typical semilogarithmic plots of cell concentra-
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Figure 2. Specific growth rate of Tha/assiosira guil/ardii (7-15) as a function of pCu. Curve I: 
culture under continuous illumination. Curve II: culture under 16/ 8 intermittent illumination. 

tion (proportional to fluorescence) as a function of time for T. pseudonana (3H) in 
continuous light. At pCu = 11.21 (line I) the specific growth rate is 2.31/day (3.34 
doublings/ day), which is indistinguishable from that in medium containing no added 
copper. At pCu = 9.8 (line II) the specific growth rate has decreased to 1.42/day 
(2.05 doublings/ day), and at pCu = 9.0 (line III) it has decreased further to 0.79/ 
day (1.14 doublings/ day). Results from duplicate and triplicate tubes at each pCu 
were statistically indistinguishable. 

How growth rates responded to increasing {Cu++) is illustrated in Figures 2-6, 
in which representative measured growth rates have been plotted against pCu. Re-
sults from repeated experiments were essentially indistinguishable from those of the 
original experiment. There were, overall, two types of response. In one, illustrated 
by the curves shown in Figures 2 and 3 for T. guillardii (7-15) and T. pseudonana 
(13-1), specific growth rates were independent of pCu or decreased only slightly as 
pCu decreased ({Cu ++) increased) until a threshold pCu was reached. Below the 
threshold pCu, specific growth rates decreased linearly with decreasing pCu. This 
may be termed "one-step" response, and was the type shown by most clones 
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Figure 3. Specific growth of Tha/assiosira pseudonana (13-1) as a function of pCu. Curve I: 
culture under continuous illumination. Curve II: culture under 16/ 8 intermittent illumination. 
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Figure 4. Specific growth rate as a function of pCu. Curve I: Phaeodoctylum tr icornutum 
(Phaeo). Curve II : Monallantus salina (Say 2). 

studied. Response types are identified in Table 1, which also lists the following : 
specific growth rates in medium with no added copper; values of threshold pCu; 

values of pCu at which specific growth rates fell to zero (and growth ceased); and 
values of the "half-plateau" pCu, at which the specific growth rates were reduced 
approximately to half maximum. 

Two clones, Phaeodactylum .tricornutum (Phaeo) and Monallantus salina (Say 2), 
exhibited the "incipient one-step" response curves illustrated in Figure 4. The 
specific growth rate of P. tricornutum (Phaeo) was unaltered by added copper 
(curve n until pCu reached the threshold at about 9.1. The rate at which the specific 
growth rate declined with decreasing pCu below this, moreover, was so low that the 
specific growth rate did not reach zero before the lowest pCu was reached. Thus, 
addition of copper up to the limiting equilibrium {Cu++) in seawater did not stop 
this clone from growing. The response curve of M. salina (GSB Sticho), not illus-
trated, resembled that of P. tricornutum (Phaeo), having a threshold at pCu = 8.7 
and a decrease in specific growth rate of about 0.1/day (0.14 doublings/ day) be-
tween pCu = 8.7 and pCu = 8.5. The specific growth rate of M. salina (Say 2), 
illustrated in Figure 4 (curve II), was not decreased by added copper at any pCu; 
the threshold pCu was below the limiting pCu. In fact, the specific growth rate of 
this clone actually increased slightly as pCu decreased. These clones were the most 
resistant to added copper of all the clones investigated. 

The second main type of response is illustrated by the curves shown in Figure 5 
for Thalassiosira pseudonana (3 H). This may be termed "two-step" response. This 
type of response was also exhibited by Skeletonema costatum (Skel), and S. costa-
tum (FH-1), as illu strated in Figure 6 (curves I and III, respectively), although the 
responses of these clones differ in detail from that of T. pseudonana (3 H). The 
curves of S. costatum (FH 1) and S. costatum (Skel) step more sharply over a 
smaller pCu difference than does that of T. pseudonana (3 H). The lower step of 
the curve for S. costatum (FH 1) is cut off at pCu ~ 9 .25 and is not fully developed. 
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Figure 5. Specific growth rate of Thalassiosira pseudonana (3H) as a function of pCu. Curve 
I : culture under continuous illumination. Curve II : culture under 16/ 8 intermittent illumina-
tion. 

That for S. costatum (Skel) is fully developed, although there was no decrease to 
zero specific growth rate; the limiting pCu was reached before the decrease in 
specific growth rate from the lower step even began. Like P. tricornutum (Phaeo), 
M. salina (Say 2) and M. salina (GSB Sticho), this clone grew in seawater contain-
ing the maximum possible equilibrium {Cu++ ). 

Several clones exhibited the " incipient two-step" response curve illu strated in 
Figure 6 (curve m for T. pseudonana (C 5). These clones are identified in Table 1. 
As in the case of S. costatum (FH 1), the lower step is cut off before it could be-
come fully developed. 

The responses of three clones, Thalassiosira guillardii (7-15) and T. pseudonana 
(13-1) and (3 H), to added copper were obtained under continuous as well as under 
intermittent illumination. In the absence of added copper T. guillardii (7-15) grew 
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Figure 6. Specifi c growth rate as a fu nction of pCu. Curve 1: Skelctonema costatum (Skel). 
Curve II : Tha/assiosira pseudonana (CS). Curve Ill : Skeletonema costatum (FHI). 
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Figure 7. Distribution of clones with respect to values of pCu at the response threshold, at 
µ. = 0, and at the half-plateau. 

only 0.6 as rapidly in continuous as in intermittent light. Its response curve in con-
tinuous light, shown in Figure 2 (curve I), parallels that in intermittent light (curve 
II) , but is shifted downward at all pCu by the difference in specific growth rates at 
zero added copper (0.6/day; 0.87 doublings/day). The threshold pCu was the same; 
the pCu at which growth ceased was higher in continuous light. 

T. pseudonana (13-1) grew about 0.9 as rapidly in continuous light as in inter-
mittent light in the absence of added copper and when pCu exceeded 10.8, as Figure 
3 shows. The threshold pCu in continuous li ght (curve n was approximately the 
same as that in intermittent light (curve II ). However, for this clone the curves cross 
below the threshold. Thus, the pCu at which its growth ceased was smaller in con-
tinuous than in intermittent light. 

The specific growth rate of T. pseudonana (3 H) in continuous light was 1.3 times 
greater than that in intermittent li ght in the absence of added copper. As Figure 5 
illustrates, the specific growth rates of this clone in continuous light (curve I) were 
greater than those in intermittent li ght (curve rn at all pCu. The difference is par-
ticularly pronounced in the intermediate pCu range between 9 and 11 . 

Figure 7 illu strates graphically the distribution of clones with respect to pCu for 
the response threshold, the value at whichµ,= 0, and the half-plateau. 

4. Discussion 

Methodological considerations. The method described is rapid and reliable. It 
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permits assay of the effects of Cu++ on the acclimated growth rates of cells in 
equilibrium with the Cu++ activity of the medium in which they are growing. It 
excludes transient effects, such as changes in growth rate or of cellular copper con-
tent that occur during the process of acclimatization. The pH and pCu remain 
constant during an experiment, both buffered by Tris. The rapid determination of 
growth rate by means of fluorometry allows investigation of several clones simulta-
neously under similar controlled experimental conditions. 

The method may be applied by simple extension to the study of how changes in 
environmental variables e.g. light intensity, iron concentration, or salinity affect the 
response of organisms to Cu++. It is applicable to clones that are sensitive to 
substances that leach, especially upon autoclaving, from glass containers. Media, 
for example, can be autoclaved in Teflon containers. Cells can be cultured in poly-
carbonate flasks, with samples transferred to glass tubes for fluorometric measure-
ment or, if background fluorescence is accounted for, cultured and measured in 
polycarbonate tubes. 

Ecological considerations. The principal results of the method as applied in this 
investigation can be summarized thus: 

First, there is a wide variability in the response of phytoplankters to {Cu++), 
both among diff erent species and among clones within a single species; 

second, oceanic clones are somewhat more sensitive to {Cu++) than are near-
shore ones; 

third, some clones, isolated from waters known or presumed to be polluted with 
metals, are almost completely unaffected by the presence of Cu++ at any activity 
that can exist at equilibrium in seawater; 

fourth, organisms indicate resistance to Cu++ in one of three ways-by having 
a lower pCu threshold response, by surviving to lower pCu, or both; 

fifth, there are two types of response curves relating specific growth rate to pCu; 
sixth, the light regime has an effect on the response to pCu. 
The first three statements above are consistent with the idea that we are observing 

the end result of two diff erent processes. One is the genetic differentiation of oceanic 
and neretic populations, which is a long-term evolutionary process. The other is 
selection of copper-resistant strains of algae in local neritic populations exposed to 
chronic copper stress. This is a relatively short-term evolutionary process. 

Oceanic waters are physically and chemically stable environments, with very low, 
although poorly buffered, concentrations of heavy metal ions. Clones isolated from 
such waters are stenothermal and stenohaline and have other evolutionary adapta-
tions attributable to constant environments, as discussed by Guillard and Kilham 
(1977). Those oceanic phytoplankton species that have been studied for responses 
to pollutants or exotic chemicals (Fisher et al., 1973; Fisher, 1977; Murphy and 
Belastock, 1980) have all been shown to be very sensitive to the presence of these 

substances. 
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Coastal waters are much less stable and predictable environments than are 
oceanic waters. Slobodkin and Sanders (1969) reasoned that organisms from such 
unstable environments are more resistant to environmental stress, in general, than 
are organisms from stable environments. 

When these facts are considered, it is not surprising that the oceanic isolates we 
studied, with one notable exception, were all among the most sensitive to copper. 
Seven of the nine oceanic clones exhibited pCu response thresholds of 10.1 or 
greater; of these, five exhibited thresholds of 10. 7 or greater. Eight of nine oceanic 
clones succumbed before the limiting equilibrium pCu, 8.5, was reached. The one 
apparently anomalous oceanic isolate, Skeletonema costatum (35-24A), which had 
a threshold at pCu = 9.6 and survived to pCu = 8.5, may well in fact have derived 
from· a Long Island Sound or New York Bight population, although it was isolated 
from slope waters east of New York. 

Neritic clones presented a wider range of response to {Cu++) than did the 
oceanic ones. Some like T. pseudonana (Swan 1, CS, W), Bel/erochea polymorpha 
(Say 7), and Pavlova lutheri (Mono) had as high pCu response thresholds as did the 
oceanic clones. Others, like M. salina (Say 3), were somewhat more resistant. 

Two of the neritic clones, T. pseudonana (3H) and Synedra fragilarioides (Say 
10), were not reduced to zero growth rate until pCu = 8.5, however. Four neritic 
clones survived even at pCu = 8.5. Of these M. salina (GSB sticho) exhibited a 
pCu response threshold only at pCu = 8.7 and M. salina (Say 2) showed no re-
sponse at all, being unaffected by Cu++ over the entire range of pCu studied. 
These clones were extremely resistant to Cu++. 

More than half of the clones isolated from coastal or estuarine waters were mod-
erately to extremely resistant, and we note that most of these originated from 
estuaries known to be polluted by heavy metal input. Seven of these clones for 
example, had been isolated from Great South Bay, Long Island. The only resistant 
clone that did not come from waters known or suspected to be contaminated with 
metal inputs was S. costatum (35-24A), which, as noted above, may well have been 
derived from a population that originated in polluted waters. This suggests that 
resistance to high levels of Cu++ develops in populations by selection of cells 
that are able to survive at high {Cu++}. It is genetic, not physiological, adaptation. 
Murphy and Belastock (1980) came to a similar conclusion when they observed that 
the clones of two species of diatoms most resistant to mixed organic waste pol-
lutants originated in heavily polluted waters. 

Thus, like resistance to toxic organic pollutants, development of resistance by 
photoplankton to Cu++ appears to require chronic exposure of a population to 
Cu++ at activities much greater than those ordinarily occurring either in coastal or 
in oceanic waters. This strikingly parallels the findings of a zinc-resistant strain of 
S. costatum in the Sprfjord (Odda, Norway), which has been "heavily polluted by 
the metallurgical industry for about 50 years" (Jensen et al., 1974). 

II 
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On the other hand merely because a clone is isolated from a polluted region does 
not imply it is necessarily resistant. Thus, B. polymorpha (Say 7) isolated from 
Great South Bay, Long Island, is far more sensitive to Cu++ than are the other 
seven clones from the same location. T. pseudonana (Yv) from the polluted Wumme 
estuary in Germany is as sensitive to Cu++ as any oceanic species (though it was 
resistant to organic wastes). Chronic exposure appears to be a necessary but not 
sufficient condition for the development of resistance to Cu++. 

Murphy and Belastock (1980) could observe no correlation between the length 
of time a clone had been in culture, away from its natural environment, and sen-
sitivity to mixed organic waste pollutants. Similarly, there was no correlation of 
sensitivity to Cu+ + with date of isolation of the organisms studied in this in-
vestigation. 

Care must be exercised in the selection of organisms from culture collections for 
use in assays of copper (or other metal) toxicity in natural waters. Use of S. cos-
tatum (Skel) for this purpose, for example, will lead to underestimation of the 
effects of copper on populations that have not been chronically exposed to high 
eu++ activities. 

All the comparisons among clones, discussed in the preceding paragraphs, in-
cluded only data gathered under identical growing conditions-in particular, under 
intermittent illumination. As shown by comparison of Cu++ responses under con-
tinuous and intermittent illumination, for the three clones studied under both light 
regimes, the response to Cu++ is influenced by culture conditions. 

In the absence of added copper, many phytoplankton clones grow more rapidly 
in continuous light while others, generally oceanic clones, grow more rapidly in 
intermittent light (Brand and Guillard, 1981; Guillard and Hellebust, 1971). That 
the response curve for T . pseudonana (3 H) under continuous illumination was 
shifted upward in its entirety relative to its response curve under intermittent illu-
mination, Figure 5, while the reverse was true for the response curves of T. guil-
lardii (7-15), Figure 2, suggests that favorable culture conditions enhance resistance 
to Cu+ + while unfavorable conditions increase sensitivity. The increased sensitivity 
of diatoms to Cu++ when cultured in medium impoverished in silicic acid (Morel 
et al. , 1978; Rueter, 1979) supports this suggestion. 

The effect of culture conditions on response of phytoplankton to Cu++ actually 
may be more complex. As Figure 3 shows, T. pseudonana (13-1) grew more rapidly 
in intermittent light in the absence of added copper, but survived to lower pCu in 
continuous light. Moreover, as Figure 5 illu strates, the difference in light regime 
altered the shape of the two-step response of T . pseudonana (3 H). Salinity as well 
as light may interact with copper responses. The {Cu++) response criteria for 
Pavlova lutheri in 35%0 seawater (Table 1) seem roughly 1 pCu unit higher than the 
measurements made by Sunda and Lewis (1978, p. 875) in diluted river water of 
1.8%0 salinity, but it is difficult to compare results of the two studies critically be-
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cause of differences in methods used. More data are needed in order to delineate 
completely the effect of culture conditions on sensitivity to Cu++. Ideally these will 
lead to multidimensional response surfaces for individual clones. Through the con-
struction of such surfaces the response of organisms to Cu++ ( or to other toxic 
substances) can be delineated for any environment in which they are found. 

Mechanistic considerations. Our results provide no direct clue to the mechanism 
by which Cu++ decreases phytoplankton growth rates. We observed, however that 
there is a parallel between our results and those reported by investigators who have 
studied the physiology of cell surfaces. Cells and cell organelles, like chloroplasts 
(Robertson, 1968, p. 38), bear electric charges on their surfaces. These arise as a 
result of ionization of acidic or basic groups incorporated in the structures of cell 
and organelle membranes. Surface charges are at least partially under physiological 
control. In the physiological pH range of the cells the surfaces are negatively 
charged. 

At higher or lower pH the surfaces are more or less negatively charged. The 
hydronium ion activity, {H ,O+}, is the determinant of the charge status of the 
surfaces; it is the "potential determining" ion. Terayama (1952, 1954) showed that 
the negative charge on polymer molecules and on bacteria could be determined by 
"colloid titration" with positively charged polyelectrolyte ti trants, if the quantity of 
added titrant was plotted against observed pH. His titration curves were similar to 
those of acid-base titrations. At high pH, small additions of titrant caused large 
changes in pH-i.e., there was only a small change in charge as pH decreased over 
a relatively large range. When pH approached the pK for ionization of an acid-
base group on the surface, the charge became less negative rapidly over a small pH 
range. As the pH decreased below the pK, the charge again changed slowly as 
pH changed rapidly. In some cases, however, there was another rapid decrease in 
negative charge when a second pK was reached. Terayama's curves were either one-
or two-step titration curves. He demonstrated, furthermore, that the decrease in 
negative charge, resulting from the complexing of the surface sites with a positive 
titrant, had a bactercidal effect. 

Ions other than H,O+ may act as potential determining ions if they have specific 
affinity for the surface. In particular, Cu++ may combine with carboxyl or amino 
groups exposed at cell or organelle surfaces. Fisher and Jones (1981) have sug-
gested that sulfhydryl groups exposed at the surface can bind Cu++. The extent of 
binding to a surface and, therefore, the effect on the surface charge, is a function 
of (Cu++) in the medium through the equilibria that exist between Cu++ and the 
surface complexes. At constant pH the surface charge should be a function of pCu, 
and the rate of change of charge with change in pCu should resemble the rate of 
change of charges with change in pH. That is, a plot of charge against pCu should 
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be similar to Terayama's titration curves. Thus, Cu++ should be algicidal in the 
same manner that Terayama's complexing agent was bactercidal. 

In fact, the Cu++ response curves of the phytoplankton illu strated here are sim-
ilar to Terayama's titration curves. By analogy, the very small decrease in negative 
charge as pCu decreased at high pCu had little effect on the phytoplankton studied. 
At the threshold pCu, which by the analogy is near a pK for a Cu++-surface com-
plex, the rapid decrease in negative surface charge as pCu decreased had an adverse 
effect on the cells (perhaps by altering transport systems), causing them to repro-
duce more slowly. For many clones, the charge decrease reached a point where the 
cells could no longer reproduce. This was the one-step response depicted in Figures 
2 and 3. 

The two clones that were only slightly affected by Cu++ and the clone that was 
completely unaffected by Cu++, as illustrated in Figure 4, probably bound Cu++ 
to their surfaces by means of complexes whose pK values were below 8.5 

Some of the clones that survived the rapid decrease of negative charge suc-
cumbed before a second threshold could be reached. This was the incipient two-step 
response shown in Figure 6 (curves II and nn. Others succumbed during the sec-
ond rapid decrease in negative charge, near the pK of a second complex. These 
exhibited the two-step response illustrated in Figure 5. One clone exhibited a 
complete two-step response curve, Figure 6 (curve n, similar to the titration curve 
for the formation of a single complex. 

However reasonable this explanation for the observed response curves may be, 
the experiments were not designed with the purpose of elucidating the mechanism 
of the action of Cu++ on phytoplankton. They were designed to provide a simple 
and rapid method for assessing a phenomenological response of phytoplankton to 
Cu++, and, by application of the method, to distinguish among the responses of 
clones from different environments. 

In order to investigate the mechanism of the depression of phytoplankton growth 
rate by Cu++, different experimental approaches are necessary. These could in-
clude the colloid titration technique of Terayama (1952, 1954), or measurement of 
the electrophoretic mobility of cells and organelles, which has been reported for 
animal cells and bacteria (Sherbet, 1978, Ch. 4), for Ch/ore/la (Lukiewicz and 
Korohoda, 1955; Hegewald, 1972), for natural samples of freshwater phytoplank-
ton (Bayne and Lawrence, 1972) and for the marine species Pavlova (Monochrysis) 
/utheri, Nannochloris oculata, and Cyc/otella meneghiniana (Myers et al., 1975). 
Such techniques should make possible direct correlation between {Cu ++} , surface 
charge, and the effects different cupric ion activities have on phytoplankton growth. 
A study of the nature and strength of the complexes that form on cell and organelle 
surfaces is a necessary adjunct. In fact, since other metal ions and compounds that 
dissolve to form positive ions may also affect phytoplankton, experiments designed 
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to investigate ion activity, complexing, and surface charge of phytoplankton cells 
and organelles may provide a unifying explanation of how these substances act as 
toxicants for phytoplankton. 
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