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ABSTRACT

The ability to model the assoclation of heavy metals and phytoplankton
within an estuarine system would further lmprove the understanding of the
heavy metal budgets of such systems and the environmental effect. This
review, carried out by an envirommental sclentist and a mathematical
modeller at Hydraulics Research, Wallingford with specialist advice from two
marine biologists, was undertaken to acquire a greater understanding of the
bilological processes Involved and to 1dentify the maln characteristics which
would need to be modelled.

The phytoplankton blomass 1s the smallest of the three heavy metal
"reservolrs”, sediment and water being the other two. Seasonal varlationms
in the specles composition and size of the phytoplanktom population are such
that phytoplankton accumulation and transport of heavy metals 1s only of
importance during the spring and summer when blooms are evident.

It 1s apparent from the literature that the mechanism of heavy metal uptake
by phytoplankton 1s a two stage process wilth adsorption onto the cell wall
followed by absorption. However, the uptake takes place rapidly amnd 1t is
concluded that 1t 1s reasonable to assume that the uptake Is Instantaneous.

The chemical speclation of metals Influences the phytoplankton uptake by
affecting the blologlical avallability of the metals. It has been suggested
{(Driver (1986)) that the complex processes can be simplified by assuming
that the dissolved metal concentratlon 1Is representative of that which 1s
blologically available. All published experimental work reviewed refers to
the total dissolved metal concentration.

Data produced by Davies (1979, 1980) from laboratory experiments on zinc and
copper association with natural phytoplankton populations were adequately
described by a Langmuir adsorption isotherm. Equivalent data on the more
toxic metals cadmium and mercury 1s not at present available but it is felt
that initially zinc or copper could be used for preliminary model
development. It 18 considered Inadvisable to develop a species specific
model since the comparison of numerocus laboratory studies indicated that
distinguishing between diatoms and dinoflagellates represented the greatest
refinement necessary.

It 1s concluded that the contribution of phytoplankton to the heavy metal
budget of an estuarine system requires further study especlally in view of
the accumulation of heavy metals aleong the food chain. Consideration of the
whole ecosystem Is thought 1lmpractical at this stage but an understanding of
the effect of phytoplankton 1s a necessary first step. The mathematical
modelling of the uptake and transport of heavy metals by phytoplankton 1is
consldered feasible.
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1

INTRODUCTION

Heavy metals enter estuaries and coastal waters by
various routes including fresh water and sewage
discharges, the dlsposal of sewage sludge, industrial
discharges, mining activities and subsequent metal
refining, precipitation and from the sea. The
potential dangers 1n the uncontrolled discharge of
effluenrs containing high levels of heavy metals to
the estuarine and marine environmeants were
demonstrated by the wercury polsonlng which occurred
at Minamata In Japan (46). 1In order to remove or
ninimise such dangers 1t 1s necessary to gain a
knowledge of the source of heavy metal inputs aand to
understand the processes which govern the transport

and accumulatlon of metals Iin the marlne environment.

The control of Pollution Act 1974 placed the
responsibility for the control of polluting discharges
to the estuarine environment upon the Water
Authorities 1in England and Wales. 1f controls are to
be set to limlt the ultimate concentrations of heavy
metals in the estuarine and coastal waters it is
necessary to be able to predict the transport and
accunmulation of metals. Figure 1 illustrates some of

the metal pathways 1n aquatlec ccosystems.

Phytoplankton are known to accumulate certaln heavy
metals. Transport of phytoplankton by tidal and

residual currents In surface waters and the settling
of detrital material must therefore be consldered 1n

auny realistic prediction on heavy metal transport.

The work descrilbed in this report fell into two
categorles. Firstly, a literature review was
undertaken of the processes of uptake and
concentration of heavy metals by phytoplankton.
Secondly, the means by which the concentration and
transport of heavy wetals by phytoplankton could be

incorporated Into a mathematical model were



2.1

HEAVY METALS IN
THE MARINE
ENVIRONMENT

The fate of heavy
metals within the
estuarine

environment

investigated, with particular reference to Liverpool

Bay.

An experienced blologist, Dr P Driver of W 5 Atkins
and Partners, acted as a speclalist adviser in the

study and help was also given by Dr A Davies of the
Marine Biological Association at Plymouth. The

references are listed 1in alphabetical order.

Heavy metals vary from many contaminants 1in that they
are normal constituents of the marine envircoment, and
therefore traces at least are always found in marine
organisms. Probably the most important feature which
distinguishes the heavy metals from other toxic
pollutants is that they are not blodegradable, and
having entered the environment thelr potential
toxicity 1Is controlled to a great extent by biological
and geochemical factors (Jarvis (21}).

The fate of heavy metals such as lead, zinc, cadmium
and mercury in the estuarine environment 1s of extrene
Importance due teo their impact on the ecosystenm
(Meyerson et al (33)). This Is especlally true in
urban estuaries where the inputs are non polint 1n
nature and Include municipal and industrial
discharges, urban runoff, atmospheric contributions
and the presence of harbour facilities with heavy ship
traffic. The metals in such an environment can be
accommodated in three basic reservoirs: water,
sediment and biota. The importance of the biota
reservoir is quite evident as organlisms In the estuary

can be adversely affected and human health hazards can



arise through cousumption of the contaminated

organisms.

The potential hazardous effects of lead accumulation
by phytouplankton has been emphasised by Schulz-Baldes
and Lewin {(45), stating that even if lead 1s not
appreclably toxilec at present environmental levels, its
uptake by phytoplankton may be of great ecological
importance, since such organisms may not only play a
role in the geochemical distribution of lead, but
also, by serving as food, tramsport the lead to higher

trophic levels.

The blota reservoir however, 1s small compared to the
water, which 1n turn is much smaller than the sediment
reservoir. Even so, despite the phytoplankton
representing a small reservolr for metals 1n relative
terms, the dismissal of their influence on the heavy
metal budget of an estuarine system could lead to
significant errors. For example, cells of the common

diatom Skeletonema costatum have been found to have

areas in the range 240-400um?, Davies (9), hence a
mwlllion cells would have a total surface area
exceeding 2cm?. A million diatoms per litre of sea
water 1s by no means unusual with considerably greater
numbers occurring during spring blooms. Hence Davies
{(9) stated that it was not surprisiag that the
adsorption onto the outslde of cells represented an

important aspect of metal uptake by phytoplankton.

Having identified the need to understand the potential
accumulation of heavy metals by phytoplanktoa, it
would be advantageous to be able to 1lncorporate thelr
effect within a mathematical model with the aim of
belng able to predlet the effect of changes 1n the
disposal of heavy metals on the estuarine and coastal

environment.



2.2 Liverpool Bay
Liverpool Bay represents an example of a system
whereby the management and control of polluting loads
could be benefited by the ability to predlct the
environmental effect of altering the metals input to

the Bay.

(Quantities of domestic and 1industrial sludge, liquid
wastes and spoll enter Liverpool Bay from rivers,
coastal outfalls and ships. All these discharges,
including Manchester and Salfords sludge disposal
operations have contionued for many years and
constitute a continual load to the bay [DoE (13) }
The Liverpool Bay worklng group reported in 1972 (16)
that the waters of the bay were rich and generally
supported algae typlcal of a fairly muddy open sea
estuary. From observations undertaken 1n 1571 [DOE
(14)], it was concluded that when conditions are
sultable, high standing crops of phytoplankton are
produced 1in Liverpool Bay, which by accumulating heavy
metals could considerably influence their

distribution.

2.3 Blological

availability of

wetals
As a general rule the organic constituents of sewage
sludge blad metals into a form that readers them
biologlcally unavallable [Naldichuk (49) ). This may
occur through chelation of the metals by organic
compounds or by simple adsorption. A high organic
content 1in the sediments usually ensures that metals
are qulte firmly fixed on the suspended sedimeants and
are not freely available to the marine biota in the

water column.

The avallability of heavy metals for bloaccumulation
{and their toxlcity) 1s also influenced by chemical

speclation (Nelson and Donkin (35)]. It is known, for



2.4

Concentration of
heavy metals in
British Coastal

Waters

example, that alkyl specles of mercury are more toxic

to blota than fnorganic forms.

The speclation of individual metals depends upon
ambient conditlons, the Interactlons of which are

complex.

Taking Liverpool Bay as an example, the amount of
hiologically available metal present at any one time
will therefore depend upon a wide range of factors
related to the nature of the sludge and suspended
sediments, and to the physico-chemical conditlons of
the sea water (pH, temperature, salinity, etc). It
would be very difficult to take account of all of
these factors and therefore the relationship between
total metal Inputs to the Bay and the amounts of metal
biologlcally available cannot be reliably calculated.
It is therefore assumed that for the purposes of the
development of a phytoplankton and heavy metal model
that published dissolved metal concentrations may be
taken to represent those biologically avallable
(Driver (16) ).

The problems assoclated with metal accumulation by
phytoplankton will obviously bhe more evident in areas
experiencling long term ilnputs of metals. A detailed
knowledge of metal levels In coastal areas and the
open ocean 18 thus required if realistic concentration
factors for phytoplankton are to be calculated. Table
1 summarles dissolved metal concentrations In British
Coastal Waters and Flgure 2 1llustrates the
distribution of cadmium in Liverpool Bay, Cardigan Bay

and the Bristol Channel.

The significantly higher levels of metal

concentrations in solution at shoreline sites compared



to offshore sites 1is clearly illustrated by the data
for the East and West Irish Sea and Conway Bay. For
example, comparison between the West and East Irish
Sea 1s 3.0 and 4.2 for zinc and 0.59 and 0.66ppb for
copper, Indicating the influence of metals discharged
into Liverpool Bay. Similar differences may also be
identified between the local and offshore water of
Conway, 3.0 and 0.7 for copper and 8.8 and 5.8ppb for
zinc. Reductions of wmetal concentration with
increasing salinity highlights the conslderable input
of metals from rivers and coastal outfalls. Ratios
between coastal and offshore waters of B:1 for zinc,
6:1 for manganese and 3:1 for cadmium have been quoted
for Liverpool Bay (DOE (13)). {Ratlos for copper,
iron and nickel were less than twice those

concentrations offshore).

The presence of a physical discontinuity marking the
boundary between coastal and offshore water in
Liverpool Bay tends to retaln pollutants 1in the near
shore waters. Such concentration of nutrients
entering the coastal waters promotes the growth of
dense blooms of the dinoflagellates, Phaeocystis and

Gyrodinium aureolum in the late spring and summer

respectively (DOE (13)]. Therefore the presence of
such blooms of phytoplankton in regions of metal
pollution inevitably provide ideal conditions for

conslderable metal accumulation.

The sludge disposal that takes place in Liverpool Bay
contributes to the metal concentration in the Bay,
thus again providing metal for potential accumulation

in areas of phytoplankton production.

Table 2 1llustrates the generally higher standing
crops of phytoplankton In the coastal areas of central
Liverpool Bay, also 1dentifying the Phaeocystis and

Gyrodinium aureolum blooms in late spring and summer.

The Marine Sclence Laboratory has shown that much

larger quantities of plant pigments are present below



HEAVY METAL
ASSOCIATION WITH
PHYTOPLANKTON

Concentration

factors of metals

by phytoplankton

5m depth - and therefore the figures quoted in Table 2
should be consldered conservative, representing
surface samples. The succession of phytoplankton
species 1n Liverpool Bay 1s identified in Table 3.
During winter, phytoplankton are scarce in Liverpool
Bay, with a standing crop of approximately O.Zg/m3 of
chlorophyll a and production 1s close to zero. During
this period the role of phytoplankton in the cycling
of metals would be neglipgible and it therefore does
not seem unreasonable that in modelling of Liverpool
Bay metals cycling in mid-winter conditions,

phytoplankton be ignored.

Detailed laboratory experiments have been undertaken
by a number of investigators in an attempt to
understand the mechanism of uptake of the metals by
the phytoplankton (Davies (9,10,11,12,)
Meinhard-Baldes Schulz and Lewin (45), Romeo and
Barelll (18)). Two mechanisms of uptake are generally
known to occur, adsorption onto the external surface
of the cell walls and absorption whereby the
phytoplankton take up metals from solution through
their cell walls agalnst a concentration gradient.
The combined effect results in considerable
accumulation of heavy metals by the phytoplankton, as
shown by the concentration facrors in Table 4a. It
should be noted that such figures should really be

more correctly termed 'concentration ratios', for

example, the factors/ratios calculated by Bowen (4)

were based on data for elements Iin the open ocean
provided by Goldberg 1in 1963, with data for the same
elements 1n dry plankton produced by Vinogradova and

Kovalsky in 1962 from the Black Sea. Likewlse Lowman



(9) derived his concentration factors also from the
data of Vinogradeva and Kovalsky. Typlcal
concentration ratlos although not as useful as direct
concentratioa factors, do however provide an Insight
into the extent of the problem of metal

concentration.

Further examples of concentration factors (Jennet et
al (22)) are shown in Fig 4(b). There are great
differences in the concentratlon factors for different
heavy metals. The ability of planktonlic algae to
accumulate metals is generally in the order: mercury;
lead; cadmium (Jennet et al), or: mercury; silver;

zinc; cadmium (Fisher et al (17) )

Some difference in accumulation of metals by dlatoms
and flagellates have been observed - the necessity to
distinguish between these types of phytoplankton

within a mathematical model 1s discussed later.

In order to understand the significance of such metal
concentrations to the mass balance of merals within a
system, a rough estimate of the quantity of a sample
metal (Cu) contained Iin the phytoplankten, in solution
and on suspended sediments in Liverpool Bay has been
made by Driver (15). The following assumptions have

been nmade:

S1ze of Liverpool Bay 2500km2 x 25m deep
Concentration of dissolved Cu 1.5mg/m3

Mass of Cu on suspended solids 100mg/kg

Suspended sediment load 50ppmn (summer max)
Density of algal cells 1.6 million

cells/litre (August

bloom condlitions)
Shape of individual cells 50 x 3p rod
Cu conc. factor for algae 17,000

The above assumptions resulted in the following mass

distribution of Cu Iin Liverpool Bay.



Cu in solution 900 tonnes
Cu on suspended solids 300 tonnes
Cu in phytoplankton cells 10 tonnes

Although the mass of metals held in the biota 1s small
compared to the amounts held in solutlon and adsorbed
onto suspended matter, 1t 1s being contlnuously

recycled as the algae grow, dle, settle and decay.

Its 1lncorporation within a mathemarical model of heavy

metal transport would therefore be advantageous.

The work of Knauer and Martin (25) provides an insight
into the relevance of phytoplankton in metals cycling.
They analysed metal concentrations (Cd, Cu, Mn, Pb and
Sa) in surface water and Iin mixed phytoplankton from

Monterey Bay over a period of one year.

Generally, metal levels in the near shore surface
water appeared to be more dependent on hydrologlecal
fluctuations than on bilological factors, with the
exception of cadmium whose concentrations in sea water
decreased durlng the peak of algal productivity whilst
increasing In the phytoplankton. The systen 1s

described in more detaill below.

During the period of intense upwelling productivicy
was relatively low, an average of 8mg C/m3/hr. The
effects of phytoplankton on dissolved metal
concentration were therefore secondary, and dissolved
metal concentratlons were in fact at thelr annual
highest. During the period of low upwelling, le,
stabllity of the water column and higher surface
temperature, productlvity reached high peaks of

60mg C/m3/hr. If phytoplankton were to influence sea
water metal concentrations, the effect would be
expected during this perliod. In fact, only cadmium
decreased significantly (although decreasing trends
for copper, lead and zinc were observed during a later

productivity peak). Data collected on metal



3.2

Mechanisms of

metal uptake

concentrations in sea water and phytoplankton during
the period of high productivity enabled estimates to
be made of the wagnitude of the 1influence of

phytoplankton.

If an average of 55mg C/m3/hr were fixed during the 30
day period of high productivity, and 1f this rate
persisted for 6 hours per day, thea about 10mg C/1
would be fixed during the period. Average levels of
caduium in the phytoplankton during this period were
2ug/g (dry welght). If it 1s assumed that the average
carbon content of diatoms 1s 20% (dry welght), then
the phytoplankton contain an average of

0.01pg/ Cd/mg C. Therefore during the period of high
productivity, 0.1z Cd was removed by the
phytoplankton from each litre of surface water. If
the average Cd concentration of 0.l4pg/litre during
the period of low productivity 1s assumed to be the
concentration immediately preceding the onset of high
productivity, then the uptake of Cd during the 30 day
perlod can be calculated by subtraction of the lowest
Cd value (0.06pg/l) measured at the end of the the
high productivity perlod. The result (0.08 g Cd/1) is
in good agreement with the 0.1pg/ Cd/1 uptake
previously calculated for the phytoplankton and it can
therefore be safely assumed that the decrease in
dissolved cadmium was due to phytoplankton uptake.
(Similar calculations showed that 0.14, 0.4 and
0.85pg/1 of Cu, Mn and Zn could be taken up by the
phytoplankton. These amounts are not great enough to
produce marked changes In sea water concentration,

slmllar to those found for Cd).

Theory

In order to be able to predict the amount of a metal
assoclated with a phytoplankton population, a detailed

understanding of the uptake processes 1s required. It

10



should be appreclated, however, that it may not be
necessary to incorporate every stage within the final

model in order to galn a realistic prediction.

Laboratory experiments have been reported, with
various species of phytoplankton, attempting to
identify the generally accepted theory of a two—stage
metal uptake process Involving adsorption and
absorption. Davies (9) provided a tentative

description of these processes as follows.

"The physico-chemical nature of the surfaces of
phytoplankton may be consldered as consisting of a
mosalc of Interspersed cationle and anionic exchange
sltes, provided by carboxylic, sulphydryl,
phosphatidic, amino and other groups, the net charge
on the surface heing related to the degree to which
the sites are occupled by protons and the other 1iouns
present in sea water, le, belng a function of the pH
and salinity. The inltlal uptake of a positively
charged heavy metal ion can then be envisaged as
occurring by the displacement of the cations already
occupylng the binding sites, the amount of metal
finally hbound onto the surface at equilibrium being
determined by the relative affinities of the sites for
the metal and sea water cations and also the
concentrations of each remwaining 1in solution; in
accord with the principles of ion-exchange. The metal
once bound on to the surface, would be suitably placed
for belng transported, actively or passively, through
the diffusion barrier presented by the cell membrane

in the cytoplasm™.

Experimental support of the two-stage process theory

Schulz-Baldes and Lewin (45) were able to produce a
greater understanding of the wechanism and permanance
of lead uptake by two marine phytoplankton organisms,
from the results of laboratory experlments on cultures

of the organisms. They clearly demonstrated that lead

11



ions are firat clearly hound to the cell surfaces, and
only later penetrate to deeper slites, where they may
be expected to exert thelr main blological effects.
Thelr experiments involved the exposure of cultures of

the dlatom, Phaedactylum tricornutum and the green

flagellate, Platymonas subcordiformls to varylag lead

concentrations, along with varylng additions of EDTA
in an attempt to identify the strength and permanence
of the bonds between the metal and the algal cell.
[EDTA - ethylenediaminetetra acetlic acid is a chemical
that prowmotes chelatlon (chewmical assoclation) of
metal ions, the complexes of which are not
significantly adsorbed on the surface of solids, and
hence represents competition for the algal cells for
the bonding of the remalning free metal ions. If
present in high enough concentrations, it may prouote
desorption of metal from the phytoplankton, and
therefore may be used experimentally to identify the

permanence and strength of metal: algal bonds.]

The first phase of uptake (that of adsorption), was
completed within minutes after addition of the lead.
The relationshlp between the amount of lead adsorbed
and that 1In solution, after one hour of exposure when
the cells may be considered to be jn equilibrium with
the surrounding medium is 1llustrated in Figure 3.
There appears to be no difference between the diatom
and dinoflagellate, In both cases thesvamount of lead
adsorbed belng directly related to the concentration
of lead {n solution. By converting the concentration
of lead in solutlon to mg/l thus both scales
representing ppm, the concentratlon of lead per dry
welght of algae 1s approximately 2.0 x 10" times
greater than the concentration in the surrounding
medium, representing a concentratlion factor of the

same order of magnitude as quoted in Table 4a.
The limited number of binding sites of the dlatom was
illustrated by exposing the cells to high

concentratlions of dissolved lead and then determining

12



the amount of lead taken up. Desplte differences in
cell numbers and lead concentrations, Schulz-Baldes
and Lewln (45) claimed a maximum concentratlion of
adsorbed lead of about 12,000 ppm, suggesting the

presence of a limited number of binding sites.

The extent of absorption of the metal by the
phytoplankton was shown to be related to the length of
exposure of the phytoplankton to the free ilons. When
pre—treated cells were exposed to high concentrations
of EDTA (10*au) much of the adsorbed lead was removed.
However, the longer the lead pretreatment period, the
less readily the metal was removed from the cells.
Such an Increase with tlme of the residual lead burden
after EDTA extraction identifies the greater strength
of the assoclation between absorbed metal and the
algae, the metal having been translocated to within
the cell wall, the plasma membrane and eventually to

the cytoplasm.

The uptake of metals depends on many different
factors, for example, specles compositiorn, diversity
of the culture conditions and chemical state of the
metal in the culture medium. Numerous experiments
have been performed, i1llustrating the effect of
chemical chelators, which have been shown to reduce

metal accumulation by Phaedactylum tricornutum and

Nannochloris atomas by Cossa and by Sunda and Guillard

(1976) respectively (Ref 9). However, less work has
been performed ldentifying the effect of natural
chelators such as humic acids. Even so, it is
generally acknowledged that the chemlcal form of a
metal does influence 1ts uptake, free lons being
readily adsorbed. For example, during experiments on

the adsorption of Zn by the diatom Phaedactylum

tricornutum, Bernhard and Zattera (50) showed that
Zn®3 added in the lonic form was more readily adsorped
than some of the Zn already present, which appeared to

have been firmly bound, probably in the orgaunlc form.

13



Laboratory experlments perforued with cultures of

Cricosphaera elongata by Hardstedt — Romeo and Barelli

(18}, identified an increase in the concentrations of
cadnium and copper accumulated with increasing
concentrations of wetals In the medium, as well as a
reduction In the amounts of metals accumulated 1in the
presence of natural phytoplankton exudates. This
latter phenomenon was consldered to be due to a change
in the chemlical form of the metal ilons initially
added. As only a small percentage of the metal
introduced Into the culture medium was taken up by the
cells thils indicated the presence of an upper liwmit,
The metal uptake was explained to be Initiated by an
ion exchange type of reaction, the amount of metal
finally bound on to the surface of the cell at
equilibrium being determined by the relative
affinities of the binding sites for metals, and the
sea water cations, and also the concentration of each
remaining in solution. Thus, by Increasing the metal
concentration the equilibrium among the metal 1tself,

other cations and organic ligands may be affected.

The decreasing uptake of cadmium and copper in the
presence of organic substances liberated by the
phytoplankton into the culture medium could be
regarded as a Indication that the potential
accumulation by phytoplankton of metals may not be as

great as feared.

Time to reach equilibrium conditions

Controlled Experimental Ecosystem (CEE)} studies were
undertaken 1In Saanich Inlet, Vancouver Island, Canada
by Wallace et al (50). The experiments to study the
biochemical fate of mercury, showed that as the
primary productivity increased the mercury nalf life
decreased. The kinetics of adsorption and
complexation of mercury by organic matter in the CEE
were not specifically analysed. Even so, a probable

upper limit to the time required to reach equilibrium

14



3.3

Adsorption of
zlnc and copper
to phytoplankton

assemblages

by particulate matter was suggested of the order of an
hour. The maximum uptake of mercury by plankton was

considered to be of a similar order of magnitude.

The actual rate of metal uptake will vary according to
species and amblent conditions. Fisher et al (17)
found that maximum concentrations were generally
reached within 24 hours, and under most circumstances
metal level per cell did not change appreclably beyond
12 hours. In the case of cadmium, accumulation was
completed in 4 hours. Jennet, Smith and Hassett (22)
reported the removal of lead and mercury frouw solution
within 3 hours by varlous types of phytoplanktonic

algae.

Equilibrium between phytoplankton and 1ts surrounding
medlia may be consldered to take place therefore from
between a few minutes up to a number of hours. With
respect to the modelling of metals within an aquatic
system, 1t does not seem an unreasonable assumption to
consider that metal uptake by phytoplankton is
instantaneous and thus all phytoplankton are in
equllibrium with surrounding sea water (Davles -

informal discussion).

A serles of laboratory experiments using natural
phytoplankton assemblages from the English Channel 1in
1979 and 1980, undertaken by Davies and Sleep (10, 11)
were almed malnly at ldentifylng the possible
inhibitory and therefore toxlc effects of heavy metals
(zinc and copper belng used as examples) on

phytoplankton production.
Although the final results atre not of direct
application for the modelling of metal accumulation,

the experimental procedure identified quite detailed

15



fnformarion of the relationship between rthe metal
concentrations 1in solution and the amount adsorbed by

the phytoplankton.

Equilibrium values of copper and zilnec adsorbed on to
natural assemblages of phytoplankton were identified
by Davies and Sleep (10, 11) from laboratory
experiments. The results Iindicated thar the metal:
chlorophyll a ratios (being a measure of phytoplankton
guality), could be related to the metal concentrations
in the water by an equation of the same form as the

Langnuir adsorption 1sotherm.

z
max
{(k+c)

where

z 1s metal/chlorophyll a ratio ( pg metal/pg Chl a)
zmax 1s the maxinmum metal/chlorophyll_i ratio (ug
metal/ g Chl a)
is the metal concentration in solution (g/l)
i1s the wmetal concentratrion 1in water when
phytoplankton cells reach half saturation

(g metal/l)

It may thus be possible to employ the above equation
to describe the concentration of metal adsorbed onto
natural populations of phytoplankton elsewhere, i1f the
metal concentration in solutlion, c, 1s known, using
the constants produced from experimental study. A
great deal of emphasis shall be plaéed onn the results
produced by Davies and Sleep (10,11), as there
appeared to be a lack of reliable data from other
sources. Although all the results for zinc and copper
will be discussed, it 1s appreclated that other wmetals
may react differently, but as thls report represents
only the initial stages of the develcopment of model
techniques for heavy metals and phytoplankton

interaction, the consideratlon of these two metals may

16



be considered adequate. Davies (10, 11) performed his
experiments usling natural assemblages of phytoplankton
obtalned from the English Channel (50°15'N, 4°13'W) in
July 1978, and November and December 1979, for zinc
and copper respectively. The dateé and species
composition of the sea water samples are summarised in
Table 4.

The relationship between the carbon fixation rates of
the phytoplankton assemblages and the metal
concentrations in solution are shown In Figures 4a and
5a. In both cases a reduction in production occurred.
The effect of copper was a lot more severe with a
greater reduction ocecurring with lower concentrations
of metal. A ten percent varlation in resulcts due to
experimental procedure was estimated and hence any
reduction in production more than 10% of the mean
control value was consldered to be the result of metal

inhibicion.

The relationship between the metal adsorbed by the
phytoplankton assemblages and the metal concentrations
in solution in equilibrium with the phytoplankton are
shown in Figures 4b and 5b. The curves drawn
represent the best fit of the Langmuir adsorption
isotherm. The experiments were conducted at constant
temperatures, 14°C for zinc and 12°C for copper, the
temperatures representing the average temperature of

the water sample at the time of collection.

The values of the constants Z ax and c ohtalned from
adsorption 1sotherms established for several samples

are given below:
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[g metal ]

Zmax (Lg chlorophylT & k (g metal/l)

Copper

Sample a 0.39 12.4
b 0.39 13.6

zinc

Sample a 0.42 14.7
b 0.28 11.4
c 0.40 19,4

The above constants suggest that the maximal metal
binding capacity 1s proportional to the chlorophyll a
content rather than species composition. The specles
composition used for the zinc and copper experiments
were different, but there was very little variation
between the 2 ax and k values. The zinc and copper
possess similar affinities for binding sites as shown
by the small varliation between the half saturation

values.

Ranges of zinc and copper concentratlons recorded

in British Coastal waters have been summarised in
Table 1. The ranges of copper and zinc
concentrations, 0-20ug/1 and 0-80 g/l respectively,
exposed to the phytoplankton by Davies and Sleep (10,
11) cover the ranges tabulated and are within the same
order of magnitude and therefore it could not be
unreasonable to assume that the same Langmulr
adsorption isotherm, could realistically be applied to

other areas.

The half saturation values produced for zinc and
copper generally occur at concentrations slightly
greater than the mean concentration quoted in Table 1,
the concentrations of copper belng significantly less
than the k values. This 1indicates that the maximum
potential accumulation by phytoplankton 1is
significantly higher than may be experienced at
typlcal concentrations of metals 1in British coastal

waters.
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A linear relationship between the carbon fixation
rates (productivity} and the amount of metal adsorbed
onto the phytoplankton 1s shown in Figures 4c and 5c.
Agaln the greater toxilclty of copper 1s obvious. For
both copper and zine, the linear relationship
highlights the dependence of carbon flxation rate
inhibition on the amount of wetal adsorbed, as opposed
to the metal concentratlon In solution as suggested by
other authors, Riley and Roth (41} and HMandelli (30)}.
However, 1f equilibrium is assumed to be Iinstantaneous

the two hypotheses are not necessarlly inconsistent.

3.4 Varlation between

different specles

of phytoplankton

Most experiments undertaken using phytoplankton use
cultures of one specles alone. The cholce of specles
belng biased towards those that may survive 1in
laboratory conditions for the greatest length of time.

Phaedactylum tricornutum is one such specles, hence

its presence In most experluments, Schultz-Baldes and
Lewin (45), Cossa (from 9), Bernhard and Zattera (from
50). Davies and Sleep (10, 11) used natural
assemblages of phytoplankton to reproduce natural
conditions, and therefore their results are likely to
be more realistic. Their two sets of experiments used
water samples contalning totally different
combinations of specles, thus the consistency of their
results and therefore the lack of dependence upon the
nature of the phytoplankton suggest that the maximal
metal binding capacity is proportional to the
chlorophyll a content.

The results produced by Schultz-Baldes and Lewin (45)
shown in Figure 3, identify a similar consistency
between the amount of lead accumulated by two specles
even though one was a dlatom and the other a
dinoflagellate. However, other experimental work has
Indicated that flagellates have a greater than average

affinity for metals thaan other specles. For example,
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Jennet et al (22) showed Chlamydomonas to be superior
to other phytoplankton species tested In 1ts ability
to take up lead, Table 7 highlights such differences.
Wolter et al (52) and Mandelll (30) have also noted
such differences for cadmium and copper respectively.
It has been suggested by Hessler (19) that the
flagella of Platymonas subcordiformis provides the

sites for a significant fractlion of its lead uptake.
This would provide an explanation for the apparently
greater abllity of flagellates to accumulate metals.
The evidence for greater than average metal uptake by
flagellates 1s of partlicular relevance to Liverpool
Bay where annual blooms of the dinoflagellates

Phaeocystils pouchetll and Gyrodinlum aureolum occur in

early summer and autumn respectlvely. The

dinoflagellate Noctlluca miliaris also accumulates in

bloom patches and streaks at the surface of Liverpool

Bay during mid-summer calms.

These examples suggest that 1t perhaps 1s not
necessary, and would be unreasonable, to attempt the
development of a model that 1is specles specific.
Separation Into the two maln groups, diatoms and
dinoflagellates, could be considered the greatest
refinemnent necessary in order to obtaln a realistice
model. Such an approach could account for seasonal
varlations due to the spring and summer

dinoflagellate blooms.

3.5 Metal toxicity
~ 1nhibition of
production
The minimal levels of copper and zine in solutlon at
which carbon fixation 1inhibition occurs are 1 to
2.5pg/1 and 10 to 154g/l respectively (Figs 4a and

5a). Copper 1s conslderably more toxic¢ than zinc.
There should be an awareness of the potentlal toxleity
of metals on phytoplankton and hence the inhibition of

productivity. It may be argued that 1in areas of
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chronic long term exposure to sub-lethal
concentrations, development of metal tolerance by
phytoplankton assemblages may occur, thus leading to a
reduction 1n the effective toxicity of the metals.
Thomas et al (12) identified that a phytoplankton
population in mercury containing enclosures rapidly
developed tolerance towards the metal which presumably
accounted for the eventual resurgence of growth in the
polluted water. Evans (26) identified that the Mersey
reglon was associated with algal blooms and reduced
specles diversities, thus suggested that the flora may
be under stress. Table 7 provlides an Indication of
the possgible effects of heavy metal concentrations of
10 g/l on the productlivity of phytoplankton
populations, wercury representing the wmost toxic

metal.

It 1s not necessary to provide a detalled description
of the varylng toxiclties of metals in thls report,
however, 1t 1s important for there to he an awareness
of the potentlal effects as reductlon in productivity
will inevitably lead to reduced phytoplankton blooms,
and hence reduced accumulation. A reduction iIn
phytoplankton blooms would also have an effect on
higher levels of the ecosystem. It should also be
considered that toxiclty of a metal 1s related to cell
numbers and the amount of wmetal adsorbed to them, and
therefore if c¢ell numbers lncrease, even with an
increase In metal concentration, thls may not

necessarlly represent an increase in toxicity.

Elevated levels of dissolved organic matter

The presence of elevated levels of dissclved organic
matter may also reduce the metal toxicity as
complexation reduces the blological availability.

This point could be of significant importance when
consldering reglorns such as Liverpool Bay, where areas
of elevated organic matter resulting from sewage

sludge disposal may reduce the effective toxicity of
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TRANSPORT OF

PHYTOPLANKTON

BY TIDAL AND

the metals present to the phytoplankton, and also may
promote desorption of metals from phytoplankton
transported from waters of lower orgamlic matter

content.

RESIDUAL CURRENTS

It 1s necessary to relate the accuwrulation of heavy
metals by phytoplankton to overall metal transport and
cycling in an estuarine system. Such bilological
mobilisation may result from the biochemical uptake of
the metal by an organism followed by its release into
the water column on the death and decay of an
organism, after the physical movement of the organlsm

out of the system by tidal and residual currents.

Blochemical processes only transfer heavy metals from
one phase to another. Their significance 1s to the
relative mobility of different phases which can affect
rates of metal transport through blological and
physical interactions. So although chemical processes
are not directly responsible for, they are vital, to
the mechanism of heavy metal transportation in the

estuarine environment (Turner and Burt (48)).

The distribution of cadmium in the surface waters of
Liverpool Bay, Cardigan Bay and the Bristol Channel 1is
shown in Figure 2. The Bristol Channel 1in particular
shows that water movements along the channel are
responsible for the 'streaming', along the northern
part of the channel. Whilst some of the
phytoplankton, flagellates, are capable of limited
locomotion, they generally drift with the currents.

If phytoplankton are accumulated within surface waters
one could reasonably expect that they be transported
with the surface currents along with their accumulated
metals. Such strong seaward surface flow of an

estuarine system wmay tend to disperse pollutaats
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rapidly (Parsons et al (38)) and hence such water
movements should represent an important part of a

heavy metal and phytoplankton model.

It is Important to obtain an accurate understanding of
water mass movements Involved before biological
phenomena such as phytoplankton growth, and hence
possible metal accumulation, can be realistically
inferred (Riaux and Douville (40)). Cloern and Cheng
{(7) from a study in the Northern San Fransico Bay,
California, noted that inorganic particulate
distribution was totally governed by water movement
transport phenomena, however, as algae cells grow,
divide, decompose or are consumed, the distribution,
abundance and size ccompositlon of phytoplankton in
partially mixed estuaries are determined by the
kinetics of the bioclogical processes in addition to
the same transport mechanisms that affect suspended

solids.

Vertical mixing initiated by wind may stimulate an
Increased productivity of a phytoplankton population
and an assoclated increase in metal accumulation
(Jones (24)), particularly 1f combined with long
residence times Toner (47) . The factors promoting
such Increases in productivity need to be
lnvestigated. Vertical mixing sustalns phytoplankton
In the water column, thus retarding settling of cells
to the bottom. Upwelling of nutrient rich water
promotes additional phytoplankton growth and, by
circulating phytoplankton vertically through various
levels of the euphotic area, ensures that they recelve
both sufficient energy for the light phase of
photosynthesils and the near darkness required by some

for metabolism.

It can be concluded that in order for the
concentration of metals accumulated by phytoplankton
to be of any predictive value, it is essential that

any model should incorporate a realistic approximation



of the transport phenomena assoclated with estuarine

circulation.

SUMMARY AND

CONCLUSIONS
Experimental evidence supports the existence of a
two-stage uptake of metals by phytoplankton with
adserptlon onto the cell wall followed by absorption.
There 1s a maximum amount of metal that can be
adsorbed by a cell which is due to the limited number
of binding sites. Uptake of metals occurs quite
quickly with phytoplankton reaching equilibrium with

their surrounding media 1n a few hours.

The amount of metal taken up by assemblages of
phytoplankton in different dissolved metal
concentrations can be obtalned using the Langmulr
adsorption isotherm 1f the necessary constants are
kaown. Data for copper and zinc 1s available for the
natural assemblages of phytoplankton found in British

coastal waters from work by Davies and Sleep (11,10).

Heavy metals can be toxic to phytoplankton, reducing
productivity, which could have an important effect on
the coastal eavironment and indirectly affecting metal
accumulation. Concentrations of metals are generally
higher in nearshore waters where the elevated nutrient
concentrations tend to support higher standing crops
of phytoplankton. The effect of toxicity cannot

therefore be i1gnored.

If predictions are to be made of the effect of sludge
disposal or other inputs of metals on the estuarine
and coastal environment, it is advisable to at least
conslder the role of phytoplankton. It 1s 1lumpractrical
to develop a mathematical model that 1s specles
specific at this stage. Initially a division between
diatoms and dinocflagellates would probably suffice.
There 1s a large seasonal variation in the speciles

composition and magnitude of the phytoplankton

24



population. During the winter there are negligible
standing crops of phytoplankton and 1t 1s therefore
only necessary to consider the role of phytoplankton

during spring and summer.

Tt 1s thought practical to develop a baslc
mathematical wodel of the uptake of metals by
phytoplankton and the resultant transport, death,
settlement and decay. Liverﬁool Bay represents an
almost ideal site to test such a model since
relatively large amounts of metals are introduced into
the system annually and extensive algal blooms during
spring and summer give a significant potential biotic

reservolir.
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TABLE 3
Phytoplankton Specles in Liverpool Bay
Source: LWSF(26)

Seasonal successlon of algae In the eastern Irish Sea, as exemplified by the
succesion in Heysham Channel

Spring outburst - commenced March

Biddulphia aurita

Skeletonema costatum

Navicula pelagica Filamentous algae
Asterionella japonica

A Karilana

Thalassiosira rotala

After spring outburst in late May

Phaeocystis colonial flagellate
Nitzschia delicatissima

Summer successlon

Rhizosolenia delicatula
Leptocylindrus danicus diatoms
L minimum

Chaetoceros spp

Noctlluca scintillans (hot calm-red tide dinoflagellate)

Late summer flora
N closterium =>

A japonica ubiquitous - never

C debile abundant, but was

C soclale observed throughout the
L danicus year

G aureolum (red dinoflagellate)

Autumn
G aureolum
Nov - Feb - sparse winter flora

Coscinodiscus spp Thalasslothrix nitzshiodes
Biddulphia spp and typical spring dintoms.




TABLE 4a
Concentration facrtors of metals by phytoplankton
Metal Conc in open Conc 1n phytoplankton  Concentration (asuming

ocean ppmn (diatoms) ppm Factor organilsm

contains 75%

water)
Ag ¢.0003 0.25 210
Cd 0.00011 0.4 910
Cu 0.003 200 17000
Fe 0.01 3500 87000 45000
Pb 0.00003 5 | 41000 40000
Zn 0.01 2600 ©3000 26000
Goldberge Vinogradova Bowen (1966) Lowman (1971)

(1963) & Kovalsky (1962)
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TABLE 5

Details of the phytoplankton In the sea water samples

used for zinc and copper experiments

Sampling Station (50° 15N, 4° 13'W)

Sample & (Zinc) B (Copper)
Date 10 July 78 19 Nov 1979
Temp {°C) 14 12,2
Metal conc 1in sea water 0.4 <1
(ug|D)

Phytoplankton

Chlorophyll a 2.1 1.8
(ug|1)

Composition 100% 60% diatoms

diatoms 40% dinoflagellates



TABLE 6

Concentration factors determined by JENNET et al (22)

Organism

Navicula

pelliculosa

Chlamydomonas

Navicula

Eelliculosa

Chlamydomonas

Chlamydomonas

Type

Diatom

green

flagellated

Diatom

green

flagellated

green

flagellated

Young = ll days

MERCURY

Culture Age

Young

Young

CADMIUM

Young

01d

Young

LEAD

Young

0ld =

Conc Factor (Wer)

3.5 - 6.8 x 103

9.1 x 103 - 1.6 x 104

3.6 — 4.9 x 103

70 - 320

5.5 x 103

1.7 - 2.0 x 10"

44 days



TABLE 7

Inhibition of Primary Production of phytoplankton populations taken from
different sea areas by metals at a concentration of 10pg|1.

Metal Source of phytoplankton Productivity Reference
(% of control)

Mercury Monterey Bay, California 12 Knauer & Martin
(1972)
W Casplan Sea 28 Patin et al
(1974)
Estuary, S Carolina 76 Zingmark & Miller
(1975)
Sargasso Sea 49 Zingmark & Miller
{1975)
Gulf Stream 55 Zingmark & Miller
(1975)
Red Sea 28 Ibragim & Patin
(1976)
E Mediterranean Sea 50 Ibragim & Patin
(1976)
Copper W Caspian Sea 46 Patin et al
(1974)
Red Sea 56 Ibragim & Patin
(1976)
E Mediterranean Sea 54 Ibragim & Patin
(1976)
Cadmium W Casplan Sea 79 Patin et al
(1974)
Red Sea 65 Ibragim & Patin
(1976)
E Mediterranean Sea 82 Ibragim & Patin
(1976)
Lead Red Sea 86 Ibragim & Patin
(1976)
E Mediterranean Sea 92 Ibragim & Patin
(1976)
Zinc W Caspian Sea 115 Patin et al
(1974)

Source:; Davies from 9
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