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ABSTRACT

The toxicily of trace metals Lo phytoplankton has been demanstrated to
Cdepend on o metal ion uctivities. The various chemical processes thal control
mekl  speciation, and  thas  activities in aquatic systems, are inorganic
complexation, chelation, precipitation and adsorption. For example, the
activity of metals such as mercury, cadmium or lead are conlrolled in saline
waters ol low orgmic content by the formation of chlioride and bromide
inorganic  complexes.  For mercury, this is also the case in lypical
CPhiytoplankton culturing wedia. Artilicial chelating agents permit convenient
numipulition ol metal ion activities in algal toxicily experiments. lowever,
kinctic phenomena can result in transient peiks in melal ion activitics and lead
- to large vverestimations of toxicily. The release of metal complexing agewts by
algae Is not expected, in general, 1o affect markedly (he chemistry of metals in
" highly chielated artificial media except in cases of high specific aflinity. The
wealest complication in interpretation of pholoplankion toxicity experiments
arises Gron the presence of solids in the culure mediung, These can precipitale
during the preparation of e medivm, or as a result of the pllincrease due to
photosynthetic carbon uptake, The kinetics of precipitation of these solids,
their aging and the adsorption of trice metals on their surface, lead to
variitions in metal activities (that are difficult 1o quantify, and do not permit
proper assessiment ol the tuxic eflects. Understanding the global aquatic
chemistry of trace metals in algal culture inedia, is a sine qua non prerequisite
to proper design :nd inferpeetation of {oxicily experiments.

INTRODUCTION

Using copper as the principal example, (his study aims at establishing a
chemical frimework Tor the study of faboratory and natueal processes involving
trace metal toxicity o phytoplunkton. If it is 2 reasonable assuiption that the
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mechanisms of mictal foxicity are similar in many- phyla, this framework shoulg
be usctul for toxicity studics with Inany aqualic ofganisins, and can serve as the
general basis for design and inlerpretation of such studies.

Although the importance of both organic complexing agenis and trace
metads e phytoplankton cultures has been recognized for some time, (he
crilical role played by (he speciation of trace metals in controlling their
toxicity and availability 1o algac has just begun to be understood. 11 hus now
been establishied (hat it is the aclivity of the free ions, rather than the total
melal  concentrations,  which  determine the toxicity of metals (o
phytoplankton (46, 2). The st udy of the chemical processes which govern the
activity of a given trace metal in culture media becomes then a prime arca of
concern to phycologists interested in - metal loxicily experiments. An
enumeration of these processes includes inorganic complexation, chelation,
precipitation and adsorption. In addition, indirect chemical effects involving
several interacting chemical species in the medium can inflluence trice metal
activities in unobvious ways. In this study, these basic principles of Aqualic
Chemistry  (43) that apply to metals in phytoplanktop cultures will be
discussed systematically. '

There are but a few. free meial activitics that can be experimentally
measured in the range and under the conditions of interest. There are also few
mcelallic complexes which can be analytically determined in chemical systems
as complex as culturing media, Hencelorth, theoretical equilibrium calculations
will be used throughout this Paper o assess metal speciation and aclivities. The
assumption of equilibrium is a reasonable one when the proper precautions are
taken during medium preparation. Thermodynamic calculations provide, then,
a convenient means of illustrating the critical chemical principles, even if they
have inherent uncertainties. Cowmplications introduced in the chemistry of the
systcin by kinctic phenomena, or by the influence of the algac, will be
discussed for each of e examined processes,

Copper has been the metal of choice in studies of metal toxicily of
phytoplankton because il Ias been postulaled that cupric ion toxicity might
play a role in the ecology of phytoplankton in some natural waters (6, 37,7,
L0). in keeping with this situation, this paper will focus, albeit not cxclusively,
on copper which provides a rather good example for metal speciation and
loxicity in phytoplankton cultures,

EQUILIBRIUM SPECIATION OF METALS IN CULTURING
MEDIA

Before studying in detail the role of chemical processes in controlling mefal
speciation, it scems uselul to examine what metal species are expected to be
important in typical culturing media.
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I artihicial media where the analytical concentrations of the compaonents
are previsely known, the exact composition ol the system, inchuding all soluble
and imoluble species ol the various metals and  their activities, can be
compaed il @ shale of equifibritm or partial equitibrivm is established (43}, 1t
shoudd be underhined that such caleudations of chemical speciation depend on
cortect  identification of  the principal  species, and  knowledge ol the
carsesponding cquilibrium constants. The calculations presented here were
perfonned with the computer programs, REDEQL (25, 21) and MINEQL (49).
which contain a list of possible species, and a sclection of the necessary
thermodymmic constants from a varicty of sources (36, 38, 33).

Results of chemical eguilibrium computations of three media recipes, the
freshwater medium WC (11) and the seawaler media F/2 (12) and Aquil (26),
are showa in Table 4-1. Possible adsorption processes arc not caonsidered in
these caleulitions. Note that some heavy metals (Pb, Cd, kg, Ni, Co, Cr) which
arc nol part of the recipes, have been added in trace amounts (IO'QM) to
ilusivate how they would be speciated if they were present as contaminants in
the media. Such low metal concealrations affect the rest of the chemical
systems  negligibly. Heavy metal specintion in all media is completely
doninated by the chelation with ethylenediaminetatraacetate {EDTAY) which is
imctuded in the recipes lor the very purpose of chelating metals. An important
exceplion is mercury, which, according to the computations, is present entirely
as chloride complexes in F/2 and Aquil and half as bydroxide species in WC,
For all metals, the free ton activilies are several orders of magnitude smaller
than their total concentrations. In all media, iron and manganese oxides and
calciuni - phosphate  (hydroxylapatile) are computed to precipitate  at
equilibrium. Calcium carbonate (calcite) is also shown to be salurated in the
seawater media. Actual precipitation of these various solids is dependent on
kinctic processes as will be discussed later.

The trace metal chemistry of such culturing media can be grossly affected by
the presence ol algal cells due to metal uptake. For example, typical values for
the uptake ol copper by phytoplankton are in the range 107'° 10 107
molesfeell (44, 35, 16). With the algal densities and the copper concentirations
commonly used, a sizeable pari of the total concentration of copper in the
miedinm can thus be taken up by the cells. This underlines the necessity of
“hultering” metal ion activities in loxicity cxpcri;hcnts in order to render these
activities relatively insensitive to total metal concentrations. The use of various
clrelating agents for this purpose will be discussed later.

INORGANIC COMPLEXATION

tt fuas been observed in several instances that the toxicity of metals such as
fead. cadmium, mercury or silver to a variely of organisms, from bacieria to
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fishe decicases wilh increasing salinity o the water (45). One possible
sspbinabon Tor such a phenomenon s the decrcase in metal ion activity
resaltie trome the Tormation: of jon pairs with the major anions of scawater.
Figuic 1 shows, tor example. how the speciation of mercury and the activity
ob the mcreuric ion vary in function of satinity in.the medium Ff2. As salinity
ivases the bromide complexes of mercury replace the EDTA chelate as the
wmajor species, tollowed by the chloride complexes as the salinity approaches
that ol scawater. In naturat systens, in the absence of strong chelating agents,
Hie same phenomenon would extend to other metals such as lead and
cudmivan Table 4-2 iflustrates this point by giving the major specics of the
various metals in Aquil where EDTA has been reduced to 10°8M. Besides the
chloride complexes, a number of carbonate (Cu, Pb), sulfate {Zn, Mn, Co) and
hydioxide (Zn, Pb, Co, Cr) complexes become significant. Because the kinetics
ol fonmation of the various inorganic complexes of metals are typically fast
(43), cquilibrivm is a good assumption in this instance, and the thermodynamic
calcukitions should give accurate values of metal activities.

The vole of carbenate complexation in decreasing the toxicity of metals in
wnchelated media has been verified for copper on Daphinia magna (3), for
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Figure 4-1. Chemical speciation of mercury in F/2 medium as a
function of salinity at pH = 8.1.
Note: Top: mercuric complex as a percent of the total mercury (10‘9M);
Bottom: the activity of the mercuric ion. All other trace metals remain bound
to EDQTA throughout the salinity range. SW represents seawater, salinity 33ppt.
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Table 4-2. Spaciation of Trace Metals in Aquil With
EDTA Concentration Reduced to 10-8m.

Major Species : Percent of Total Metal
Iron FE(OH)3(S) 100%
Manganese MnO Z‘S) 100%
Copper Cu2+ 1%
CuEDTA 87%
CuCOg4 12%
Cadmium Cd2+ 3%
' CdCl,y* 39%
CdCI2 42%
' CJdEDTA 6%
Zinc Nz2Z+ 60%
ZnS0, 8%
ZnCl 3%
ZnCly 1%
ZnEDTA . 2T%
ZnOH* 1%
Nickel NIEDTA 99%
Mercury HgCl,2- 87%
HyCly - 13%
Lead PbC03 ' 21%
PbCI3' 50%
PbCI 5%
PbCiz B 3%
PbEDTA 20%
PoOH* 1%
Cobalt Co2+ 51%
CoS0, 1%
CoCl+ 21%
CoEDTA 5%
CoOH 2%
Chromium CrEDTA b7%
Cr(OH)4' 40%
Cr{OH) ,* 3%

copper on some fishes (31), and lor cadmium on a grass shrimp (45). Although
there has been no experiment reporied lo date that provides direcl evidence for
the imporiance of inorganic complexation in controlling metal toxicity to
phytoplankton, this result can be inferred from data with these other
organisms, and from the gencral demonsiration that metal jon activitics are the
important parameters of toxicity to algae.
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Thiough uptike of carbon dioxide Tor phatosynthesis, alpae can modily the
miorpae species o metals by decreasing the totad concentration of carbonate
i U svstemy and toereasing the pHL As pH fnereases, the hydroxyl ion activily
incieases ind so does the importance of metal hydroxide complexes. The etfecl
on the carbenate jon activity and on the mietal cachonate complexes is less
straighitforward, and depends on the original pll of the medivm. In scawaier
miedia (plE 8), and in freshwater media around newteal pif, the carbonate
complexes will increase with €O, uptake due to the predominance of the
resulting pll increase over the total carbonate decrease. Such variations in
metal cliemistry can be alleviated by bubbling air i the cultures, thus insuring
a steady concentration of carbanate in the mediuni.

CHELATION

The history ol the development of artificial culturing media for algae is in
part that of the veplacament of “growth factoes™ and “‘soil extracts” by
cheluting agents (F7). The exact role of these chelating agents in promoting
algal growth has been a subject of some controversy (6, 14). It is now well
extablished that they do control the toxicity of various heavy metals — copper
in particular (46). Whether they also increase the availability of some metallic
nitrients  chietly iron - is yet unproven. Figure 4-2 shows the percentage of
chiclated metal and the metal activities in Aquil (with contaminant meials) as a
function of the concentration of EDTA, by far the most widely utilized
chelating agent o algal median, Note that the order in which the metals are
chelited by ELDTA is not simply relaled to either the metal fon activities or

their attinitics for EDTA (FE>Cr>Cu>Ni>Pb>Zn, Cd, Co).

Other chedating agents which are commonly used include nitrilotriacetate
{NTA). citrate and various amino acids. “Tris” (tris(hydroxymcthyDamino
methane) commonly used as a pll buller {or biological experiments has
received much use in recent studies ol copper toxicity to phytoplankton (44).
Used n conjunction with EDTA which chelates the other metals af a very low
concentration, Tris permits o convenieni manipulation of the cupric ion
aclivity. Figure 4-3 iliustrates this point by comparing how the cupric ion
activity varies with total copper in Aquil (EDTA = 10‘5'3M) and in a modified
Aquil recipe containing Tris (EDTA = l0‘6~3M) and Tris = IO'3M). Around
|(Tu2+| = lO'mM, where many toxicily studies are run, the cupric ion activity
in the Tris medivm is less sensitive to variations in tolal copper concentration
than in the LDTA mediun. However, with the proper precautions, both media
yielded the same results in a study of copper toxicily to Gonyaulax tamarensis

(2).
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Figure 4-2. The effect of EDTA on the speciation of metals
in Aquil.

Note: Total metal concentrations are given in Table 4-1, with Pb, Cd, Hg, Ni,
Co, and Cr added as contaminants {(10°9M). A} The percent of each metal that
is chelated (MeEDTA) versus total EDTA concentration, {M); B} Mectal ion

activity (M) versus total EDTA concentration (M).
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Figure 4-3. Computed activity of the cupric ion (M) versus
total copper concentration for two Aquil recipes.

Note: Chelated with: A) 10°6-3M EDTA plus 10°3M Tris and B} 1093 EDTA.

Although the Torward kinetic constants of chelate formation are invaciably
very large, resulling in quasi instantancous kinelics in simpic systems, the
situation can be very dilferent in systems as complex as culturing media. For
example, when copper was spiked in Aquil cultures of G tamarensis, a
diamatic short term toxic response was observed much whove that expected lor
the caleulated equilibrium activity of the cupric ion (2). This phenomenon
wlhich was not obscrved when Tris replaced EDTA as the major copper
chelating agent, was attributed to the slow kinetics of the metal exchange
reavitan:

cuty Ca¥Y = CuY + ('zl_‘?'t

This appears as a reasonable explanation, since the calcium chelate is the major
form of EDTA in Aquil and the dissociation is slow. No such phenomenon can
ocenr with Tris, whose major species in culturing media are the various
protonated forms of the ligand. This can be checked dircctly by monitoring the
capric o activity with a mixed sulfide clectrode (34, 13) in chemical systems
stonlar to - the cultuiing media. Figuic 4-4 presents the results of such an
experiiment, and leaves no doubt as to the slow kinelics of copper reaclion with

’
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. Figure 4-4. Effects of dissociation of Ca-EDTA on short term
cupric ion activity after addition of 10-4-5M Cu{NO3) 2.

Note: Background electrolyte 0.5 m KNOg3, pH 8.25 (2 x 10-3M NaHCO4
bubbled with air), 104-3m EDTA, temperature 23°C. A Radiometer
selectrode {F 3000), an Orion d/j reference electrode, and an Orion pH
electrode were used. in both experiments, the cupric ion activity (M) was
calculated using the Nernst equation and data from 10'4, 103 and 106M
Cu(NOg3) 5 solutions at pH 4:00 in 103N KNQg background electrolyte. A)
Calcium (10°2M) in equilibrium with EDTA prior to copper addition; B) No
calcium present.
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B i he poeseree of o exeess ol caleinm: an initial peak in cupric ion
rptrry e measieed by qhe cleetrode, and it takes aboul four hours to
appeoacl the equtlibrivm value. Such plicnomena have (o be taken into
accomnt when studying the loxicity of metals (o any aquatic organisin, as
cansiend efeets can lead Lo large overestimations ol loxicily.

The release o chelating metabolites has been widely assumed as a
conditioning mechanism for culiure media (39). As is the case for natural
witersanost of the chemially guantitative work on this topic has focused on
the syathesis and exudation ol iron chelating agents, particularly hydroxamates
{19, 30y, What scems often overlooked is that hydroxamic acids do not chelate
exclusively iron, and that theiv binding of other metals can result in sizable
decrease ol these metals” activities ().

By ditecl potentiometric techniques, extracellular metabolites of algae have
heen characterized in wrns of copper complexing capacity and affinity (48).
According to this work, the ligand produced by the algae under the conditions

ol the experiments is characterized by a constant of approximately unity for

the reaction:
3 .
cor ey =1t + cuy

I one assumes the ligand o be copper specilic, the effect of its release in Aquil

Sand Aguil with Tris is shown in Figure 4-5. Note that a significant decrease in

the cupric ion activity does not begin until the total ligand concentration
reaches TOM, an apper limit (or the measured ligand releases. Although
[Ca*) starg decrcasing ot a slightly lower ligand concentration when the

copper comeentrilion s clevated, the refease of such relatively weak

complexing ligand -has little overall effeet on the cupric fon activity in a well
chielated medium. - Ligands, with higher allinity {or copper, appear o be
released by some blue green alpac (22),

I principle, phytoplankton could modity the trace metal chemistry ol the
meditm by assimilaling artificial chelating agents. However, this potential
probiem s avoided by using EDTA or NTA which have been shown not to be
asstitated by algac (23). Although photodegradation .of EDTA and NTA has
been aeported (40), the light intensities normally used for culturing
phytoplankton are insuf{icient to promote it in the laboratory.

PRECIPITATION

According (o the computations of Table 4-1, the precipitation of several
sulids i calenlated 1o be thermodynamically Favorable in typical cufluring
media, Visible precipitates are indeed 2 commaon observation of users of alga
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rigure 4-5. The effect of different molar concentrations of
copper specific metabolite (Y} on the activity of the cupric ion
for three variations of Aquil medium.

Note: A) 10°53M EDTA plug 105M Cu; B) 106-3M EDTA plus 10-3M Tris:
C) 10°2-3m EDTA.

media. This is especially true following autoclaving, which brings about a large
pllincrease by eliminating carbon dioxide rom the system. This problem has
been studied by researchers involved in the design of culturing media {32, 8,
12, 18, 26). The increase in temperature and pli during autoclaving decreases

the solubility of calcium carbonate, and results in the precipitation of a
magnesium rich solid (this suggests the solid to be magnesium calcite, although
aragonite has been identified in such precipitates). Hydrous oxides ol iron and
manganese can also precipitate under such conditions, depending on the
chelating agent concentration and the pll reached during autoclaving. When
such precipitates occur, phosphate becomes largely associated with the solid
phase, presumably in some calcimin precipitates (apatite or CallPQy), or as an
adsorbaiec on the various solids. Depending on the initial concentration of
silicic acid and on the nature of the container, which can increase the silicate
concenteation of the solution by dissolution, some amorphous or crystaltine
form of Si05 can form in the medium.
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Figure 4.6. Saturation pH for various metal solids in Aquil.

These vintous solid Tormation processes are dependent on kinelic factors
which wre controlicd by the particular temperature and pll regime of the
wedium These, in tarn, depend on the conditions and duration of antoclaving,
as well as on the size of the containers and the mixing conditions. Precipitates
are rwrely seen with filter steritization. Figure 4-6 shows the onsel of saturalion
for varions solids as pltis increased in the medium Aquil, normally designed to
avoid precipitates. None of the four solids that are saturated at pli= 8 in Aquil
are actally seen (o precipitate, even after autoclaving if the volumes are kept
snalfer than 100 il 1F larger volumies are autoclaved, immediate bubbiing with
cathon dioxide  prevents  precipitation.  Avoidance of calciwm  carbonate
precipitate is very important for maintaining iron and manganese in solution, as
the presence of Cal’Oxts) will catalyze the formation of hydrous oxides of
manginese and iron (43). For other trace metats the formation of these
previpitates creates difficultics mostly through adsorption processes (see next
sechinn).

For toxicily studies, trace metals are sometimes introduced in algal cultures
in excess of the chelating agent concentration, Precipitates are then often
expected 1o form mostly oxides, hydroxides and carbonates, depending on the
netal. For example, a hydroxide (Cu(O11)7), an oxide (CuOQ, tenorite) when a
carbonate (Cu- 200 3(0L);, malachite) beeome quickly saturated in Aquil when
copper exceeds the EDTA concentration. Although the hydroxide is not the
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thermodynamically stable form, it probably is the one which fanns initially in
the medium for kinetic reasons. Regardless of the precise mdure of the solid,
good agrecinent luas been ubtained between caleulated and mensured coppet
concentiation - the solid phase in Aquil” medivm with o figh DFA
coneentration, 2 hours afier addition of excess copper (29). 1t is worll noting
that the precipitate was very finely dispersed, and -that centritugation was
hecessary to separate it from the aqueous phase. Ignorance of the Tormation of
a precipitate can obscure completely the meaning of otherwise well controlled
experiments. 10 terms of metal ion activity, the situation is complicated by the
change in the mature of the precipitate which might evolve from an active form
to a more stable one. In copper suturated media. the cupric fon activity has
been measured potentiometrically to decrease markedly over 24 houws, the rute
ol decrease becoming very small thereatter (22). Such conditions can acate
large uncertainties in Loxicily experiments.

ADSORPTION

The common notion that chelating agents make iron available to algae,
scems to be supported by experiments where addition of ivon or EDTA salts
provide similar growth and carbon uptake enhancement in a variely ol algal
cultures (3). However, alumininm salts have also been observed (o endiance
carbon uptake (24). Following Stumm and Barber (1), it is now 4 prevalent
nterpretation of such experiments (o attribute parl, or all of the beneflicial
cilect of the mctal additions (o a scavengiug ol other t(oxic melals by
adsorption on precipitaling ivon or aluminium hiydrous oxides. Figure 4-7
illustrates the beneficial elfect of iron additions (o a Pyramiinionas callure, and
demonstrates how iron and copper behave antagonistically under controlied
conditions (28). The growth rate of Pyramimonas is reduced ai a total copper
concetration of 1.2 IO'7M, and completely stopped at 4.4 EO‘7M when the
Iron concentration is low (1.2 10°°M). Increasing the iron concentration by a
factor ol 10 completely blocks the toxic effect of the same  copper
concentrations.  The  question to be resolved is how much  of  this
“detoxilication” of copper by iron is due 1o adsorption processes, elfectively
removing the copper from solution and decreasing the cupric ion activily, and
how niuch is due 1o a genuine physiological antagonistic effect a1 the cellufar
level. Tnoa recent study of the adsorption of copper on hydrous iron oxide in
scawaler (48), it has been observed that under conditions similar to the
experiments of Figure 4-7, iron adsorbs copper up to a FefCu molar ratio of
/3. Adsorption can then certainly account for all of the antagonistic effects in
the Pyramimonas experiment. What becomes more difficult 1o explain is the
lack of antagonistic effect at the low iron concentralion (1.2 x 107°M) since
cven then the highest copper concentration (44 x }0'7M) should be entirely
adsorbed. Note, however, that this is a domain of concentrations where copper
starts saturating the colloidal iron surface, and there must be a titration cffect
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tike that of copper on EDTA in Figure 4-3) where the cupric ion activity
increases rapidly with increasing copper concentration. Exact quantitification
of this phenomenon awaits a better mathematical description of adsorption
processes on hiydrous iron oxides in seawater. Despile great recent advauces in
the modeling of adsorption in aqueous systems (50, 42, 15). it is still the leust
quantifiable chemical process in thermodynamic calculations. The presentce of
precipilates in a culture medivm modifics its global trace metal chemistry o an
unpredictable degree. This creates the most common difficully in inlerpreting
experiments on toxicity of metals to a variety ol organisins. Note that
adsorption on the walls of a glass culture vesset is equally hard (o predict.
Choice of container material which minimizes adsorption of solutes is critical
1o the design of trace metal toxicity experiments.

Adsorption on the surface of algal cells can also be important tor the trace
metal chemistry of the medium in dense cultures. There is, however, no
practical way to distinguish it from intracellular uptake. The effects of celiufar
uptake processes including adsorption on the cell surfuce, have been discussed
earlier,

INDIRECT CHEMICAL EFFECTS

The gencral principles of coordination, precipitation, and adsorption which
have been discussed heretofore, are readily undersicod and their importance in
toxicity studies is usually recognized. What'is less often perceived is the global
interdependency of the chemistry of culture media, the indirect interactions
(43, 27). For example, upon variations in the (otal copper concentrations, it is
natufal (o velate the observed cffccts to changes in the cupric ion activity.
However, as illustrated in Figure 4-8, activities of the zinc and ferric ions are
also increased when the tolal copper is augmented in Aquil. Conceivably | any
or all of these increased activities could be responsible for the observed effects.
It is then a difficult choice to cither maintain all metal activities constant by
adhoc modification of all analytical concentrations - a method which
multiplies the work for medivm preparation and can create other interpretative
abiguities - or to perform the mullitude of necesary conlrols on an alrcady
arduous series of cxperiments. Table 4-3 shows how the total metal
concentralions have to be varied concomitantly with that of copper, 1o vary
exclusively the cupric ion activity in Aquil with two EDTA concentrations

(39).

The indirect interactions illustrated in Figure 4-8 are almost exclusively
mediated by EDTA, which chelates all the interdependent metals. In principle.
a convenienl way o avoid the complicaiions created by these interactions is o
teduce them to a minimum. This can be achicved by uncoupting the system
using more specific complexing agents. Figure 4-8 shows how the metal
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Figure 4-8. Variations in metal activities (M) of manganese,
zinc and iron with total copper concentration.

Note: A) Aquil medium, 10°93M EDTA; B} Aquil with 1003M EDTA,
10 3M Tyis.
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Table 4-3. Calculation of Total Metal Concentrations Needed
to Change the Cupric lon Activity in Aquil While Maintaining
the Other Metal Activities Constant
(-log {concentration) or [activity], M)

(EDTA)  1cu?) (Copper)y  {iron) (Mang) . (Zinc); (Cobatt)
. 8.5 3.30 7.00 7.63 8.7 8.6
3.3 10.9 3.70 4.72 6.40 6.49 6.7
11.3 4.0 4.6 6.30 6.40 6.6
9.8 4.35 6.45 7.20 8.30 8.49
4.3 10.9 4.70 5.72 7.20 7.49 7.7
11.3 5.00 5.58 7.15 74 7.6

aclivities vary with total copper in modified Aquil medium containing “Tris”, a
ligind known to chelate mostly copper (44). Upon variations in copper
concentration, the other metals are seen to have a much more consiant aclivity
in Aquil with Tris than in Aquil with only EDTA. '

Oue of the principal ways by which indircel chemical effects can be initinted
is through pll variations. For example, pH bas an indirect elfeet on metal
complexation due 1o the acid-base propertics of the coordinating ligannds.
Figwre 4-9 illustrates this effect for Mn, Cu and Zn in Aquit, with EDTA and
Aquil with Tris. In (his case, Tris mediates a much greater indirect effect than
EDTA: Zinc and especially cupric ion activities are markedly depressed by
increasing pll in the Tris mediwm, while the activities ol all three ions remain
essentially constant in the EDTA medium. Increases in plL, which can be
brought aboul by photosynthetic carbon uptake il the acration of the culture
is tnsuflicient, can also result in precipitation as illustrated in Figure 4-6.
Adsarption oa the fresh precipitate will Tollow, resulting in an unquantified
decrease in the soluble concentration of trace metals. It is apparent that phl is a
najor factor in determining directly and indirectly the activity and foxicity of
trace metals, and should be monitored regularly in metal toxicity experinicnts.

CONCLUSION

The chemistry ol metals in the external milicu of algal cells is only one of
the determinants of their toxicity. The literature on bacteria and higher cells
abounds with examples of how the sensitivity ol a particular strain or clone to
a parlicular toxicant, depends markedly on the physiological status of the cells
(9, 4). Although it is often recognized that the same situation should apply to
phytoplankton, this concept has received scant atlenlion in recent algud
literatwre. It stands to reason that the previous history of an algal cell, its
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auiritional status, and the particular phase ol the cell cycle during which the
eaperiment is canducted to name but a few obvious deterntinants of
physiological states - must affect its sensitivity 1o trace metals. Bateh culture
experiments which, so far, have been used principally for metal toxicity
studies, have inherent vestrictions 1o resolve the importance of  (hese
physiological factors. Toxicity studies in continuous phytoplankton cultures
prowise to he enfightening in this respect; they also promise (o accentuate IIIL
difficultics in controlfing peecisely the chemistyy of the system.

It is hoped that the conceptual framework presented here will help in
designing and interpreting experiments where physiological responses 1o trace
metal toxicity are clearly assessed, distinctly from purely chemical cffects in
the growth medium. It is also hoped that this study will help to increase
phytoplankton physiologists’ awareness of the important chemical Processes
which can affect their studies: 1t is, for example, surprising that so little
attention has been paid to the possible importance of phosphate speciation in
nutrient uptake cexperimenis. Understanding the ccology of phytoplankion
requires detailed resolution of the celis® physiological responses to lhc total
aquatic chemistry of their environment.
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