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ABSTRACT

A study was carried out on the chemistry and vegetatidn of two streams
containing elevated levels of heavy metals. In neither stream had the
presence of these metals prevented the development éf an algal flora,
thodgh species numbers were low in comparison with uncontaminated streams.
The algal biomass was high in both streams, probably due to the lack

of invertebrate grazers. Green algae were dominant.

One of these streams, a highly calcareous mine effluent in Northern England
(Durham code no. 0097), was studied throughout its annual cycle. Concentrations

s

of heavy metals accumulated by the dominant algae (Mougeotia spp.) were

equated with the physical and chemical properties of the water. Zn was
supersaturated in the stream water (6.84 mg 1_1 at pH 7.85); this was shown

to be the major factor which influenced Zn accumulated by the algaé.

Samples from the other stream, a smelter tip seepage in South-East France
(Durham code no. 3026), were available from an earlier visit. This stream
contained extremely high levels of heavy metals (Zn = 3840 mg 1—1; Cd =

345 mg 1_1) and was dominated by the green alga Hormidium rivulare.

Ten strains of green algae were isolated from these two streams and were
shown to be resistant to Zn in the laboratory, probably as a result of
genetic adaptation. Environmental factors which were likely to be affecting
Zn toxicity were investigated for isolates of the dominant algae. Mg
reduced Zn toxicity in both streams and may have an important role in the
development of resistance by these algae. Field levels of Cd did not

influence algal growth at field levels of Zn.

The role of carboxylic acids in algal Zn resistance was investigated but
could not be established. Accumulation studies suggest that Zn resistance
by green algae involves internal detoxification of the metal and not

exclusion.
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1 INTRODUCTION.

1.1 General Introduction

In recent years there has been a great deal of interest directed towards
the pollution of the environment by elevated levels of heavy metals.

There have been two main reasons for this interest.

a) _Though ﬁanv heavy metals are essential toAthe growth;of animals and
plants (Bowén, 1966), higher concentrations may exert sévere toxic effects.
In extreme cases heavy metals may be lethal to man, as'demonstrated by
occurences of acute mercury and cadmium poisoning in Japan (Irukayama,

~ 1967; Kobayashi, 1971). As human-induced mobilization of heavy metals

" in the environment continues to increase, scientificéliy'established

'base-line' and 'pollutant' concentrations are required.

b) High concentrations of heavy metals in the.environment may lead
' diréctly.tb a decrease in species diversity and hence an "extreme

- en§ironmen;" in the sense of Brock (1969). This has stimulated interest
Cin ﬁhe résppnses of organisms to elevated levels of beavy metals,

. particularly the mechanisms by which organisms can withstand these levels.

The term "heavy metal", although not rigidly defined, is generally held to
_refer-ﬁo'those metals having a density greater than five, about forty
" "elements in all (Passow et al., 1961).> Nieboer and Richardson (1980)

1propoéé that the term heavy metal be abandoned as it has connotations of-

toxicity and therefore lighter elements are often included in this category.

They suggest that metéls be classified as oxygen seeking, nitrogen/
sulphur seeking 6r intermediaté; they demonstrate convinéingly the
;Bioiogicélvrelevance of this classification. Though the present studj.
éoncéﬁtrates‘én the metal zinc, Fhe genéral term 'heavy metal' is retained
ghroughoué, whilst it is realised that this is a somewhat artificial

‘classification.

14
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Zine (gtémic no.;BO;Kafoﬁic weight-65.38) is a white lustrous metal,
almost iﬂvariably gxisLing in nature in the +2 valence sﬁate. Zinﬁ
‘sh5¥es'group Iib of thé periodic table along with cadmium-and mercury;
the:cheﬁistry'of zinc:and cadmium is very similar, though mercury
cannot be regarded as homologousl(data from Cotton énd_Wilkinsoh, 1980) .

+

Zinc hasAa widg variety of in&ustfial uses including galvanizing, the
production.of zinc based alloys (e.g. brass, bronze),-rubber production

(as zinc oxide) and a wide range of other uses as various zinc compounds
(Cammarota, 1980). According to Waldechuck and Woolhouse (1974), at present
3.9 x 106 tonnes of zinc per annum, are mobilized from géoloéical deposits.
-This compares toiphe natural geological.rate of 3.7 x'iO5 tonnes per annum.
'This fact emphasises.the level of human-induced mobiliiétion of zinc,
being approximately ten times the natural geological rate. About 107 of

the metallic zine produced.each year is transportedlto_the ocean via fresh

waters (Bowen, 1966).

1.2 Zinc in the aquatic environment

Zinc has been classified as a "scarce element" (Skinner, 1969), its crustal
abundance being below 0.017. Wedepohl (1972) has shown _that the majority
of this zinc is incorporated in certain structural positions of silicates
and oxides, often substituting for magnesium and iron witﬁ whiéh it has a
similar ionic raqius. Zinc is, however, concentrated in certain areas in
the form of localizéd ore deposits, usually involving the crystailisation
of metal-riéh hydrothermal brines aiong existing fault planes. Wedepohl
(1972) lists 102 naturally occurring zinc minerals, however sphalerite

(ZnS; cubic) is by far the most important zinc mineral both economically

and in distribution.

The concentrations of zinc in surface waters are generally low (<10 pg

-1—1: Hem, 1970; Florence, 1980) due to the resistance of silicates and



oxides to weathering. Aqueous oxidation of sphalerite, however, takes

place readily, the reaction being:

ZnS + 202-————> ZnSO4

under certain conditions microbes can oxidize sphalerite in the following

way:

27nS + 40, + H.0 —>  ZnSO

2 2 4 4

+
Zn0 + Hz

SO

in this case the production of sulphuric acid will aid the mobilization

of zinc ions (Zajic, 1969).

The patterns and processes of zinc entry into fresh Qater are reviewed by
Weatherley et al. (1980). Elevated levels of zinc in freshwater can be
expected in base-metal mining regions (derived from both groundwater
drainage of mineral deposits and drainage of overburden of zinc or other
ore bodies), in industrial regions (particularly those conducting the
smelting of zinc or those containing zinc associated industries; Section
1.1) and urban regions (derived from domestic sewage). In addition acid
mine drainages associated with coal mines (oxidation of pyrite (FeS)
results in the production of sulphuric acid) may.carrylelevated levels of

zinc, due to the increased mobilizing influence of acid waters (Hargreaves

et al., 1975).

The chemistry of zinc in freshwater is reviewed by Hem (1972) and Florence
(1980). pH is particularly important in controlling the solubility of zinc

in aqueous environments. Zinc may be precipitated at higher pH values in

the following way:

702t 4 HOT= znoH* + B == zn(oH) , b+ HY

Based on thermodynamic calculations Hem (1972), howeyer, showed that the

sdlubility of .zinc carbonate (ZnCO3) and zinc silicate (ZnZSiOA) were both

16
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.less than that of zinc hydroxide and in the majorit& éf-ffeshwaters (where
the carbonate and silicata ligands are available) these,form the major
~control of zinc solubility. Florence (1980) stateS';hét both zinc carbonate
and zinc silicate may exist.as stable colloids in natural waters (particle
-diameter.1f2 nm). Other chemical forms of ziné may aiso occur in water,
particularly organic complexes (e€.g. Zn-humate, Zn-citrate) and as ions
adsorbed onto colloids (e.g. Zn2+- humic acid) or. inorganic colléids (Zn2+
- clay mine;als); (Clay mineral-compleges are likely‘to lead to zinc
_depésition except during turbulent conditions, when they are maintained

in suspension.) All complex forms of zinc in natural waters occur more
' readily at higher pH values and above approximately pH 7 zinc complexes

are likely to be formed; below pH 6 zinc is likely to exist as the simple

divalent ion or as the hydrated ion (Hem, 1972; Florepée, 1980).

Many authors state the average level of zinc in pnpoliuted freshwater can
éﬁitabiy‘approximate to 10 pe 1-1 (Hem, 1970; Aﬁdullah éﬁd Royle, 1972;
Wedepohl, 1972; Florence, 1980). Levels of zinc tend to be elevated in
thermai of.acidic streams (Wedepohl, 1972); excepting.these; levels of
zinc above 0.1 mg 1-1 in streams are indicative of human activity and
those aBove 1 ﬁg 1_1 are usually associated with past-or present mining
ac;ivities (Harding, 1978).- Say (1977) repor;ed many streams containing
' >1 mg-l_1 zinc, in his survey of streams draining the Northern Pennine

‘ Ofefieid; the maximum was 22.3 mg 1-1 zinc. The maximum level reported
in the literature is probably that for a site draininé a smelter tip in
‘éoutherﬁ France (Say and Whitton, 1982), where a small seepage was found

to contain 3840 mg 1-1 zinc. Current E.E.C. drinking water standards allow

up to 3 mg 1-1 zinc (quoted by Hargreaves, 1981).

"In’mineral veins sphalerite (ZnS) is frequently associated with galena
(PbS), greenockite (CdS) and rarely chalcopyrite (CuEeSZE Dunham, 1948).

Effluent from mining regions would be expected to contain elevated levels
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of cadmium, iead and possibly copper; as well as zinc. Lead is relatively
insoluble in neutral-alkaline conditions (Brooks, 1972) and is also resistant
to weathering (Dunham, 1981); its concentration in water,. therefore,

usually remains low. Cadmium is invariably associated with zinc minerals.
The Zn:Cd ratio in the mineral veins of the Northern Pennines is calculated
to be 230:1 (data from Dunham, 1948), which agrees closely with a mean

ratio of Zn:Cd of 210:1 reported for the rivers and streams of Northern

England (J.D. Wehr, pers. comm.).

'1.3 - Biological effects of zinc

1.31 Physiological and biochemical aspects

‘Since it was first shown by Raulin (1869) that zinc was essential for the

growth of Aspergillus niger, its requirement has beeﬁ shown for an increasing
number of species and zinc is now regarded as an essential element for all
living organisms (Bowen, 1966). Zajic -(1969) has reviewed the importance

of zinc in microbial metabolism; Vallee (1959)'presents a more comprehensive
‘review of the biochemistry of zinc. Zinc was first demonstrated to be an
active component of carbonic anhydrase in both animals (Keilin and Mann,
1944) and in plants (Day and Franklin, 1946). Since then it has been

shown to be an important structural component of many enzyme systems

(Vallee, 1959).

The common feature of heavy metals, in relation to biological life, is
that in excessive quantities they are poisonous and can cause death of
mosf 1iving organisms. The toxic effects of zinc to plénts are, however,
incompletély understood. It seems that an important mechanism of toxic
--action ié through the alterafion of enzymes and the resﬁltant destruction
le tﬁe-relevant metabolic action (Passow et al., 1961). It has been found
that thevrelative toxicities of a range of heavy metals can be correlated

with»thé insolubility of their resﬁective sulphide compounds, for both a
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range of animals (Shaw, 1954) and én alga (Fisher and’Jones, 1981). This
suggests that binding onto the sulphydryl groups of prdteins (including
enzymes) ‘and their resultant ioss of function, accounts for a major componment
of the toxic effects of heavy metals. Zinc débresses photosynthesis in
Chlorella (De Filippis and Ballaghy, 1976), this probabi§ being due to
impairment(bf enzyme function. In addition research by gothstein (1959)
indiéates that heavy metals can cause disruption of membrane functiom.

fhe resultant breakdown of the membrane as an efficient‘permeability barrier
is likely to reduce or prevent many cellular functions. It has been shown

for Dunaliella marina (Riisgard et al., 1980) and for red blood cells

(Pritchard, 1979) that the main sympton of heavy metal toxicity is a loss
of membrane integrity and the resultant uncontrollable uptake of sodium

into the cells.

Much discussion has occurred as to whether or not zinc uptake by organisms
is an active or a passive process. Previous studies indicated that it was
an active process (see Giordano and Mortvedt, 1980); zinc uptakg was found
to increase in relation to increased repiration. Currehf evidence, however,
suggesfs tha£ this is an artefact. Changes in pH across cell membranes, |
caused by mévement of respiratory metabolites, is probably indirectly
énhancing zinc uptake (Bachmann, 1963; Gutnecht, 1963). Zinc uptake has

. now been shown to be essentially a passive process for a range of algae.

These include Ulva lactuca (Gutnecht, 1961), Ankistrodesmus sp. and Golenkinia

paucispina (Bachmann, 1963) and Dunaliella tertiolecta (Parry and Hayward,

1973).

‘The-important first sﬁep in the uptake of zinc into‘piant_tissue, is the
-adsorption of fhe metal onto the cation-exchange compénents of the cell
wall (Cutnecht, 1963; Pickering and éuia,.1969). It isilikely, therefore,
that the only-biologically available and, ﬁence, toxié, species of many

‘metals may be the free aqueo-metal ion (Sunda and Guillard, 1976; Mulling,
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1977). This suggests that both toxicity and accumulation of zinc is likely
' to be strongly influenced by factors which compete with zinc for cation-

binding sites (Section 1.321).

1.32 Growth of plants in zinc polluted environments

1.321 Environmental factors affecting zinc toxicity

The respénse of én organism to a pollutant in situ is likely to be strongly
‘infihented‘by other environmental factors. Both field and laboratory
bbsgrvations_haye shown that many faétors, éarticulérly:thése which affect
“biological_availability, are important in either increasing or decreaging

the toxicity of zinc.

pi In general, in an acid pH zinc exists as free cations, but in an alkaline
pH these may-precipitate, particularly as hydroxide, carbonate or silicate -
.icompounds (Hem, 1972;.see Section 1.2). Alkaline pH values are therefore

likely to lead to a reduction in the toxic effects of zinc..

‘Atllowér?pH“values (c. pH 3.0) it has been noted (Hargreaves and Whitton,

1976) thét the toxicity of zinc to Hormidium riyulare is reduced. It is
‘likéi§‘£h5£ this is due to competition between H' ions and Zn2+ ions for
'cétioﬁ;binding sites on the surface of the alga (SectiopA1.31); Bachmann
(1963) éés able to show that H+ ions were the most efféctive of those he:
2 2+

. . . . +, o
tested, in reducing zinc uptake by Golenkinia paucispina (H > Ca” > Mg~ >

.Na+>'K+$, It is also noted that Patrick (1971) found that levels of accumulate
zinc and cadmium were generally less in algal species living'in a stream at

V‘pH 2.6 than those in a stream of pH 6.6. It is likely that this is also due

e

' . + + .
to competition between H and an ions.
‘Eh Eh (redox potential) is the measure of the availability of electrons
in an environmént. High Eh values indicate okidizing conditions and ‘low Eh

values indicate reducing conditions.
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Zinc has only one naturally occuring valence state (+2) and therefore
redox potential will not influence toxicity in the same way as has been
. . § + .

shown by, for example, chromium; each valence state (_Cr3 s Cr6+) having

- different toxic properties (Petrilli and de Flora, 1977).

Réddcing conditions may lead to microbial conversion of. sulphate (5042-)
to sulphide (SZ-) (Zajic, 1969). This is likely to precipitate metal
sulphides and therefore may indirectly affect the toxicity of zinc to

- plants (Hendricks, 1978).

Anionic components It is most likely that anions which affect zinc toxicity

do so By ggusing,it to precipitate and therefore become less toxic (Gadd

and Griffiths, 1978). It is also possible, however, that increasing
.conéentrapioﬁs of an essential anion.ke.g. phosphate) may reduce metal
onicity if iﬁhibition of uptake of this anion is a di;é;t toxic effect

x'pf that metal (Schulze and Brand, 1978). Phosphate has been shown to
feduce'ziné toxicity to a range of plant species (Erngt;A1974; Rana and Kumar,

1974; Say and Whit;gn, 1977) thdugh the reason for this is not identified.

Catidnic_components Many studies have shown that the toxicity of zinc to

plants may be influenced by environmental concentrations of other cations.
~Examples are known of antagonistic, additive and synergistic interactions

(see Berry and Wallace (1981) for discussion of these terms) .

Although it is clear that the toxicity of heavy metals to aquatic animals
is uéually less in hard than in soft water, few obsef?ations have been
‘made on thé effects of hardness coﬁponents-(such as magnesium and calcium)
~on the toxicity of heavy metals to plants. The liming of heavy metal tips

has often been advocated as a possible method for restoring vegetation on

. mine soils (Antonovies et al., 1971); whether its effectiveness is due to

the influence of calcium ions, or is due to precipitation of metal carbonates,
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'is not clear. Braek et al. (1976) noted that elevated magnesium in the

medium reduced the toxicity of zinc to four algal species. Wong (1980)

'showed that zinc was less toxic to Chlorella pyrenoidosa in high concentrations
of calcium ions. Due to competition for iomic binding sites, magnesium

(Mg2+) énd calcium (Ca2+) are both likely to antagoni;e the uptake of

zinc. Keulder (1975) has shown that both ions antagbni;e the uptake of

65Zn by Scenedesmus obliquus, similarly Bachmann (1963) has shown their

ability to reduce the uptake of zinc by Golenkinia paucispina.

'The protective role of calcium on membranes (Pooviah and Leopold, 1976)
' and.protein structure (Gurd and Wilcox, 1956) probably explains part of
its antagonism of. the toxic action of zinc. The role of magnesium is less

clear; Say and Whitton (1977) and Harding and Whitton (1977) showed, for

. the algae Hormidium and Stigeoclonium respectively, that magnesium only
antagonizes zinc toxicity to strains shown to be resistant to zinc. This

may implicate magnesium in a possible resistance mechanism in these algae.

Sodium ions.(Na+) and potaésium ions (K+) are also shown to antagonize

zinc uﬁfaké to a slight degree (Bachmann, 1963) and may éntagonizé zinc

- toxicity fo some plants. It is noted here, that treatment of cells with

A héavy metéis may cause 1¢akage of potassium ions from the cytoplasm (Overnell,
1975), suggesting a reduction of membrane infegrify. It;is possible that

eﬁtry of sodium ions in these circumstances (Na+ ions. are actively excluded

by‘most living orgénisms; Bowen, 1966) may prove toxic (éee Section 1.31).

Heavy metals are seldom present in the environment as single constituents
(Section 1.2) and therefore their interactions may be impértant to assess
IWhen considering the effects of a single pollutant. The types of interactions
.whicﬁ occur between heavy metals vary considerably (see review by Babich and
Stotzky, 1980). As introduced in Section 1.2, qadmium ipvariably occurs at

sites of elevated zinc and an examination of their toxic interactions to
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plants serves to illustrate the variations which occurs in this type of

study.

A review of the literature concerning the interaction of zinc and cadmium

to plants, is presented in Table 1.1. It can be seen that this interaction
varies from synergistic to antagonistic. The interaction of zinc and cadmium
is synergistic when they are applied to isolated chloroplasts and the
photosynthetic activity is measured (Hampp et al., 1976). The two elements,
however, appear to compete in uptake reactions (Jarvis et al, 1976). These
two types of intefaction illustrate, respectively, éxamples of in vivo and

in vitro interactions of metals (diséussed by Wong and Beaver, 1981).
Variatién of interaction between zinc and cadmium (Table 1.1) may reflect

the relative importance of in vitro uptake'competitioﬁAand in vivo metabolic

synergism which is taking place in these plants.

e

Organic components Heavy metals that are dissolved in aquatic environments

are often complexed to organic chelating agents including humic acids,
amino acids, fulvic acids and phenols (Christman, 1970; Schmitzer, 1971).
These substances are therefore likely to reduce metal-ioh activity and,
hence, toxicity. Humic acid has been shown by Toledo gﬁ_gl. (1980) to

reduce the toxicity of copper to Chlorella sp.

Surface adsorption It is noted by Babich and Stotzky (1980) that clay
,mineralé, hydrous metal oxides and organic colloids, all‘possess surfaces
which are negatively charged and to which charge-compensating cations
(including heavy metals) may become adsorbed. This is likelylto render

:'them unavailable for uptake by plants (see Keulder, 1975).

1.322 Tolerance and resistance to zinc -

There is an extensive literature on the tolerance and adaptation of higher

plant species to heavy metals (reviewed by Antonovics et al., 1971). Many



organism

Thalassiosira pseudonana

Skeletonema costatum (Skel-5)

Phaeodactylum tricornutum

Skeletonema costatum (Skel-0)

Euglena gracilis

Eugleﬁa gracilis

Selenastrum capricornutum

Chlorella sp.

Salvinia natana

Lemna valdiviana

Triticum sp.

Table 1.1

parameter measured

growth
growth
growth
growth
growth
growth
growth
growth
uptake
uptake

. growth

& morphology

& morphology

& growth

& growth

interaction

authors

Braek et al., 1980

Falchuck et al., 1975
Nakano et al., 1978
Bartletﬁ et al., 1974
Upitis et al., 1973
Hutchinson & Czyrska, 1972

Roth & Oberlander, 1980

The nature of the interactive effect of zinc-and cadmium to plants

A, antagonistic;

+, additive;

S, synergistic

we
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species groﬁing-in zinc rich soils have been shown to be genetically adapted
to elevated zinc levels - though most studies have been on higher plants.
There are many reports in the literature of algae gréwing at sites with
elevated levels of zinc (Reese, 1937; Jones, 1958; Whittoﬁ 197Q; McLean

and Jones, 1975; Say et al., 1977); genetic tolerance to zinc, however,

has only been clearly demonstrated for two freshwater genera, Hormidium

and Stigeoclonium (Say et al., 1977; Harding and Whittom, 1976) though

this phenomenon, if sought, is likely to be more widespread (Whitton,

1980) .

Heavy metal tolerance in plants is likely to be extremel& specific and if
multiple tolerance does exist it is likely that a separate tolerance mechanism
exists for each metal (Turner, 1969; Stokes, 1975). Tﬁe various potential
tolerance mechanisms are outlined by Antonovics EE.il'-(1971)’ who state

that there is no evidence to suggest that plants growing in zinc rich
environments.are able to exclude zinc. The tolerance mechanism to zinc

must therefore be internal. (Exclusion mechanisms have been reported for

other metals, particularly copper: Foster, 1977; Hall et al., 1979.)

The work of Mathys (1975) shows that, for higher plants, zinc-resistant
strains do not possess enzyme systems which are adapted to function in

the presence of elevated zinc ions. This applies to asrange of zinc-
resistant angioéperms (reviewed by Mathys, 1980) and-it suggests that in
these species, accumulated zinc is rendered less toxicAand/or is stored
away from sites of metabolic activity. Metal-tolerant organisms have been
shown in some cases, to accumulate higher levels of metals than non-tolerant
ones (Ashida, 1965; Antonovics et al., 1971; Stokes, 1975); this may be

due to efficient internal binding of zinc by these organisms, therefore

maintaining a zinc gradient across the membrane and allowing passive uptake

to continue.
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Zinc tolerance is therefore based on mechanisms which prevent a build-up

of the metal in cytoplasm; either by complexation or by special transport.
Mathys (1977, 1980) examined zinc-resistant strains of a number of higher
plant species and.was'able,to develop a comprehensive understanding of zinc
tolerance in these species, He found that malate played a key role in

Binding and transporting zinc across the cell cytoplasm‘bgfore releasing

it into the vacuole where it was bound more firmly by éxalates or by precursors
- of mustard oil glucosideé. Among those species studied by Mathys, Thlaspi
alpestre has been shownrto accumulate up to 167 of its.&ry weight as zinc

(zajic, 1969).

Other resistance mechanisms which have been demonstrated include the
binding of zinc to cell wall material (possibly'proteinaceous) in Agrostis
tenuis (Wyh—Jones et al., 1971) and, at least for a fungus, the presence
of‘specific.metal—binding proteins (metallothioneins) has been demonstrated

in ziﬁc—resistant strains (Failla et al., 1976).

1.323 Plant communitiés and indicators

The eitensiye review of heavy metal tolerance in plants, carried out by
‘Antonovics et al. (1971), contains a large section entitled "Ecology of
Metal Tolerance". 1In this section they review the plant communities which
. may develop on metalliferous soils and have also compiléd'a list of plants
which héve been regarded as indicators ("a plant that™ in a given area or

' geographic region has Been recognized as associated with a particular

metal") when prospecting for metals. A considerable amount of the information
';ﬁreSehfed by Antonovics et al. is based on the work of Ermst (1966, 1968,
"1974). Antonovics et al. consider the plant éom@unities Which develop on metal-
rich soils and show that in West and Central Eurépe,‘associations.of species
-classified in the Alliance Thlaspion calaminariae (éharaﬁterized by Thlaspi
alpesfre spp. calaminare) within the class Violetea calaminariae (characterized

- by Viola calaminaria) can be considered indicative of zinc contamination of
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‘the soil. With regard to terrestrial indicator species only V. calaminaria

can be regarded as an indicator of elevated zinc.

So far no aquatic parallels to V. calaminaria have been.found that are
confined to sites with high levels of zinc. If such a species should occur
it would almost certainly prove to be too rare to be of value as an indicator

(Whitton, 1980). Whitton (1970a) suggested that if the alga Stigeoclonium

tenue is found alone in abundant growths in a clear, well illuminated,
fast-flowing body of water, metal contamination should be suspected.

Similarly studies by McLean and Jones (1975) suggest that abundant growths

- of Hormidium rivulare, found growing alone (or possibly with Scapania
-unduiata)»éould be used as.an indicator of high metal levels in the water.
Besch gg;gl. (1972) carried out a study to assess the possible use of
benthic diatoms as indicators of the presénce of metal contamination.
Theylwere unable to establish the presence of reliable indicator species,
But‘obtained an indication of metal contamination by tﬁe dominance of species
" of a cdrresponding tolerance with the simultaneous aﬁsence or scarcity of
uall'less tolerant forms. They regard this tentative indicator system,
“however, as being only applicable to the water'conditions in their study
area. A further point revealed in this study was thatTMougeotia spp.
ﬁominated the most heavily polluted sites. Members of this genus are
regarded by Whitton (1980) as usually dominant in highly calcareous (high

pH), metal-polluted waters (probably superceding Hormidium rivulare).

1.4 Aspects of accumulation of metals by aquatic plants
| .

1

1.41 Forms of metal available for uptake

- The first stage in the uptake of metals by plants is shown to be the
" binding of cations to the surface of the cells (Section 1.31). It is
_therefore likely that the only forms of metals available for uptake by

aquatic plants are those existing in solution as free cations or those
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weakly adsorbed (Section 1.321).

1.42 Entrance of metals into the biosphere

Heavy metal accumulation by plants is of special concern to environmentalists
because of the possibility that accumulated metals Qili move up the food

éhain and be 'biomagﬁified' in the same way as has Béén reported for halogenated
“hydrocarbons (Moriarty, 1975). It has often been assumed that this process
will‘ocqur in aquatic enviroﬁments (e.g. Mullins, 1977; Klotz, 1981) though
thefé is'evidence that concentrations of metals aétualiy decrease in successive
trophic 1eve1sl(Hutchinson 25_31.;'1976; Gachter and-Geiger, 1979). Aquatic
animals uﬁdoubtedly obtain heavy metals via food (Young, 1975; Stewart and
,échﬁlz—Baldes, 1976; Brown, 1977); the relative importanée of ingestion

versus difeét absorption from the water has not been well studied and this

is clearly important when evaluating trophic level effects. Movement of

heavy metals up the aquatic food chain is not well documented and further

studies are required.

' 1.43 Monitoring metal pollution

_The aﬁiiity qf aquatic plants to take up heavy metals from the water,

producing an internal concentration éreater than their gurroundings, is
weil ddcqmented (see review by Whitton, in press). As a consequence it
_has‘beén Suggested that chemical analysis of these submerged plants may
give valuable information about contamination in the surrounding water.

The potential value of using aquatic plants versus direct water analyses

-are as follows.

" a) - Plant "monitors" give an integrated picturé of ﬁollution within a
'particular system (Adams et al., 1973; Empaiﬁ, 1976; Trollope and Evans,
1976). This may be particularly important where pollution is intermittent

(Say gﬁ_gl., 1981).
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b) Because of the high levels of accumulation found in most instances,
measurement of the levels in plants increases the éensitivity of detection

(Dietz, 1973).

c) It seems reasonable to assume that metal accumulation by a plant gives
a better indication of the fraction of the metal in the environment which

is likely to affect the aquatic ecosystem (Empain et al., 1980).

fhe use of algae in this context may not rival the potential use of bryophytes
(Whittoﬁ, in pfess);,pure stands of algae, in iotic‘eﬁvironments, are
infrequent and, at least in témperate latitudes, aré usually absent in

winter. Iﬁ,freshwater environments influenced by heavy metals, however,

pure stands of algae tend to be quite common (Section 1.323) and possibly

due to lack of grazing (Section 1.5) may persist throughout the year in
temperéte latitudes (Whitton, 1980). The use of algae to monitor heavy

metal pollution in areas of local contamination may have important applications.

‘A 1.44 Water quality improvement

Practica1~systems have been developed which rely on the'cation exchange
capacity of élgae to remove heavy metals from mine and industrial effluents
(Jeﬁﬁett et al., 1977; Gale and Wixson, 1979; Filip SENEl" 1979). Filip
et al. desiénéd an alternate water/sand-filtration system in which the
natural-algal assemblage was able to remévg up to 907 of coppér and cadmium

ions from the input water.

~ These systems have not been widely used, though as an inexpensive treatment

"system, preliminary results suggest they may be useful.

1.5 Chlorophyta in heavy metal polluted environments

As indicated in Section 1.323, green algae are commonly found in metal-
polluted rivers and streams; for dissolved levels of zinc no upper limit

(in otherwise clean water) has been established in which at least some
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species of green algae cannot grow (Whitton, 1980).  Metal polluted streams
may develop an extfemely high standing crop of green algae which is probably
due to the absence of invertebrate grazers in these environments (Whitton,

1980; Klotz, 1981).

it seems likely fhat many green algae growing in heavy‘meéal polluted
environments have evolved metal tolerance (Section 1.322), though the only
tolerance.mechanism shown is that of a copper tolerant strain of Chlorella
vulgaris (Foster, 1977; Section 1.322). This contrasts with the more
general gﬁderstanding.of 2inc toleraﬁce in higher plants (Mathys, 1980).
Wofk Oh.terrestrial plants demonstrates clearly that metal tolerance is
specific (i.e. resistance to one metal does not confer resistance to
..énother; Aqtonovics et al. 1971) and this is shown to be the case for a

nickel and copper tolerant strain of Scenedesmus acutiformis (Stokes,

o 1981).

The majority of’iaboratory studies of metal toxicity to élgae rely on the

use df strains obtained from culture collections. Though this work is

.useful; lack of any knowledge of the source of the algal material does not

allow interpretations to be made concerning ﬁhé environment. Similarly

.many laboratory studies which use algae isolated from defined field sites

procééd'to.incorporate an algal growth medium whigh beérs no relation to

. the prevailing field conditions. An example of this is the work by Stokes

and co-workers (e.g. Stokes et al., 1973; Stokes, 1975; Stokes and Dreier,

" 1981). Their work considers various aspects of nickel and copperktoxicity

‘ to green algae isolated from polluted and unpolluted lakes. The growth
.ﬁedium used, however, (Bolds basal medium; Biéchoff and Bold, 1963) contained.

| ’an extreﬁely high level of phosphate (53.2 mg l—l POA—P) and élso;.in many

#ircumstancés, bore no relation to the fieldApH. This renders interprétatioqs"

invalid when referring back to nature, particularly.whén it is considered

tha; both pH and phosphorus have major effects on the behaviour and thicqlggy
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of metals in solution (Section 1.321).

An interesting study is.that performed by Klotz (1981), who examined various
aspects of copper tolerance of green algae. He combinéd field assays of

cell growth rates (using dialysis bégs incubated in situ), with laboratory
assays using a growth medium specifically designed to duplicate field
conditions (Klotz et al., 1975). He showed that copper—tolerant strains

héd adapted to environmental levels of copper such that their growth rate

was unaffected by these levels of copper (shown to be‘to#ic to non-adapted
strains). He notably was also able to show good correlation between laboratory

and field results.

Rai 25'31. (1981) point out that there is a general lack of information
concerning énvironmental factors which are influencing toxicity and accumu-
- lation qf zinc to algae growing in the field. This, along with a general
lack of information concerning growth rates and resistaﬁce mechanisms of
green algae'(particularly in the field), outline major Afeas where more

information would be desirable.

Green algae occupy an important position in aquatic ecosystems. In light

of increasing input of heavy metals into the eqvironmeﬁt, the genetics,
physiology and biochemistry of algae in polluted environments may have
impoftant implications. For example; how rapidly can organisms adapt to
colonise polluted environments? Can tolerant organisms be used to recolonise
depopulated habitats? Can green algae be used to monitor (Section 1.43),

or even reduce (Section 1.44), heavy metal contamination of aquatic systems?
1.6 Aims

The major areas in which knowledge is lacking, concerning the growth of
green algae in heavy metal polluted environments, are outlined in Section
1.5. In addition Section 1.5 describes a number of reasons why an increased’

understanding of the ecology of these environments is desirable.



The aim of this study was to investigate the ecology of green algae in
highly zinc-polluted environments. The project was planned to give particular
emphasis to equating laboratory conditions with field conditions in an

attempt to answer some of the following questions.

a) Can metal accumulation by green algae be related directly to water

chemistry?

b) Which environmental factors are likely to have a ﬁajqr effect on the

influence of zinc in the field?.
c) By what mechanism do green algae tolerate elevated levels of zinc?

‘‘More specific aims, related to the experimental approach undertaken during’

the present study, will be outlined in the introduction to each chapter.

Investigation of a polluted environment may have a wider significance
when considering the influence other pollutants. In particular investigations

of green algae may have broader implications due to their similarity with

_higher plants.
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-2 MATERIALS AND METHODS

2.1 Durham coding systems

2.11 Streams

Each stream and river studied is allocated a four-digit number and a unique
name. Nothing is implied by the particular number chosén; Distances

along a stream are given from the upstream point; the ieft and right-hand
‘banks are those looking-doWnstream. For a fuller explanation see Holmes

and Whitton (1981).
- 2.12 Plants

All species are given.a unique six-digit number. The first two digits

define the phylum, the second two the genus and the third two the species.
'Where.recognition of individual species is impossible the genus is subdivided
into a series éf filament width categories. Details of this system are
given in Whitton et al. (1978). A similar nﬁmerical=c1a$sification has

Been developed by the Department of the Environment (D.o}E.) and is also

included in this study for comparative purposes.

'2.13 Algal cultures

Algal strains, when growing in uni-algal culture, are allocated three
‘digit numbers; this system has no taxonomic significance nor does it

correspond directly to the system of any other culture collection.

2.2 Environmental data

12,21 Sampling and analysis of stream water

All vessels used for the collection and analysis of water samples were
previously soaked in dilute acid and rinsed five times in distilled water

followed by two rinses in double-distilled deionised water. The dilute
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acids ‘used in the soaking stage were as follows: vessels used for cation
analysis were soaked in 27 HNO3 and those used for anion-analyses in 67

HC1 (excepting PO4-P and Cl analyses where 27 HZSO4 was used).

Measurements were made in the field for current speed, temperature, pH,
Eh, total alkalinity and dissolved oxygen; all other measurements were made

in the laboratory. Water for the laboratory analyses was treated as follows.

Water'Was removed from the stream using a 2-1 polypropylene beaker and

this was left to stand for 5 min to allow sediﬁéntatibn of large suspended
pafticles.: The water from this beaker provided four fréctions for later

) analysis. (a) 25 ml water was decanted from the top of the water column
| ~into a 30-ml glass snap-top vial. One drop of atomic abéorption grade
vﬁNO3 (Fisons btd ) was added to the sample; this fraction being referred

to aé_'total'. (b) A further 25 ml sample was collected by passing water
through'a Nuclepore membrane filter (pore size 0.2 ym). The technique
Ainvolved mopnting a 25 mm diameter filter in a Swinnex plastic holder

and then washing the filter with 10 ml of the water to be sampled; a further
| 25 ml water was passed through the filter into a 30 ml‘giass snap-cap

vial, this was acidified with 1 drop of atobic absorption grade HN03.
"This SAmplevis referred to as the 'filtrable' fraction. The 'filtrable'
.and 'total"fractions were for subsequent metal analyses. (c¢) This water,
ﬁséd'fof sbbsequent anion analyses, Qas decanted from.the two-litre beaker
into a sintered glass funmnel (Sinta'No. 2) and was filtereq into 250-ml
Vipolypfopylene bottles (approximately 600 mi water was collected for anion
anélyses). (d) A 250;m1 polypropylene bottle Qas filled underwater
(excludlng any air bubbles), this fraction was used to measure optical

'den81t1es and conduct1v1ty of the water immediately on return to the

laboratory.

All water samples were cooled immediately by immersion in a box of crushed

ice and were transported in this manner back to the laboratory On return
S .
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to the'laborafory fractions (a) and (b) were stored ih.a refrigerator at
4°C; fraction (c) bottles were frozen and fraction (d) bottles were opened
and used for optical density and conductivity measurements. Water used
for anion chemistry was thawed immediately prior to analyses with the
éxception of filtrable reactive silicate in which the_watér was thawed

24 h prior to analysis.
Physical and chemical analyses of the water were carried out as follows.

(a) Current speed was measured using a calibrated Ott current meter.

The impeller was positioned in the centre of the stream, 10 cm below

. the water surface and perpendicular to the direction of flow.

(b) Temperature was recorded as the mean value of three mercury thermometers.

(c) Optical density (0.D.) measurements were made on a Shimadzu double-
ﬁeam spectrophotometer (UV-150-02) at waveiengths 240, é54 and 420 nm
using a 1 cm path lengtﬁ Spectrosil cell, zeroed against a distilled water
:blaﬁk.

(d) Conductivity was recorded using a Lock Portable Transistorized Conductivity

bridge, icl.
(e) FBE was recorded in the field using a Pye Unicam portable meter No.

- 293 fitted with a Pye Unicam combined pH electrode No. 450.

 (£) Eh (redox potential) was recorded using a Pye Unicam portable meter
No. 293 fitted with a Pye Unicam redox probe No. 4805. The mV value obtained
- was adjusted to an Eh7 0 value by adding 57.7 mV to the Eh value for every

'pH unit above 7.0 or fraction thereof: (Jacob, 1970).

'(g)' Total alkalinity was measured by performing the potentiometric titration

|  describediby Mackereth et al. (1978); values are calculated as m-equiv.

o1
17 co,.



(h) Dissolved oxygen was measured using a Sfmac dissolved oxygen electrode

and meter No. 65.

(i) Cations were measured using a Perkin Elmer 403 atomic absorption
spectrophotometer. The following cations were analyzed; Na, K, Mg, Ca,

Mn, Fe, Zn, Cd and Pb for stream 0097 with the additionqu Al, Ni, Co,

Cu and Ag for stream 3026,

(§) Anionms
PO,-P ...eil... ....n~hexanol extraction method of
Mackereth et al. (1978)
NHA-N ceeeecnes .+...indophenol blue method )
NOZ-N teesssesasesaazo dye method "’ ; Stainton et al. (19?7)
NO3—N Ceneeaeeas ...Cd reduction method ;
SOAES Ceecesresesna turbidometric method American Public Health

)
) "
Si wvvvessessers.. hetero-polyblue method ) Association (1981)

F oieirineensonennns using an Orion specific

' ion electrode coupled -
to an EIL pH/plon meter
No. 7050.

Cl vvvennns ...0....using an EIL specific
ion electrode coupled
to an EIL pH/pIon
meter No. 7050

H,CO-C ...c.cvs ..)The dissolved carbonic
273 , . .
: - )dioxide forms were
HCO,~C eieeeaes ..)calculated based on the
Jvalues of alkalinity
COj-C ceeeenes ....)and pH (Mackereth et al., 1978)
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(k) Total phosphorus was measured using the method described by Eisenreich =

et al. (1975). This method involved the conversion of organic phosphates
and poly-phosphates to orthophosphate by digestion in a sulphuric acid/

perchlorate solution. The resulting solutions were analyzed following

the method of Mackereth et al. (1978).

All analyses were carried out in Pyrex glassware (with the exception of

snapfcép vials which were boro-silicate glass); suitable standards and
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blanks were used throughout.

2.22 Analysis of algal and sediment metal content

(a) Algae

Samples of algae were removed from the stream and piaced in polypropylene
bottles together with stream water; the bottles were cooled with ice for
return to'the laboratory. On return the algal material was divided into
two approximatelyiequal portions, one half being washed five times in
double-diétilled deionised water, the other half three times in a 40 mg

1-1 EDTA solution, followed by two washes in double-distilled deionised
water. Each of these portions were subdivided into five‘samples which were
fransferréd to preweighed 30-ml glass vials. The glass Qials were dried

to a-constant &eight'at 105°C and cooled, desiccated; before determining
algal dry-weight. 5 ml of atomic absorption grade nitfic acid (Fisons

Ltd) was added to each vial which was then heated to 100°C for 15 min

. (using a Tecam DB3H heating block) to allow digestion of the algal material
and solubolisation of the metal component. The resultgnt solution was

" cooled to 20°C before being made up to a known volume (usually 25 ml)

with double—distilled deionised water.
(b) Sediments

5 sediment samples were taken from within a 0.5 m radius of a predetermined
site, using a trowel. They were then transferred to closeable, heat

resistant, heavy-duty paper soil sample bags for transportation to the

laboratory.

Tﬁe sediment samples were dried to a constant weight at 105°C, cooled and,
if necessary, ground using a mortar and pestle. The dried material was
then passed through a 210 pm mesh nylon seive and collected in plastic

- vials. Sediment was stored in the vials until required for digestion,
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determination of organic content (Section 2.23) or X-ray analysis (Section

2.24).

-Prior to digestion sediﬁent samples were redried at ioﬁ°c for 24 h and
cooled in a desiccator. 50.0 mg portions of dried sediment were transferred
ﬁo 18 mm diameter test tubes and acid digestion was c;rried out as described
for algae (;he oﬁly difference being-a 1 h digestion tiﬁe). The digest

‘was then washed into a centrifuge tube ﬁsing double—distilied Qeionised
water and spun at 3506 rpm for 5 min. The supernatant'ﬁas decanted into

a 50-ml volumetric flask and made up to volume with double-distilled

deionised water.

‘Both algal and sediment digests were stored in-snap-cap vials at 4°C until
analysis for metals was carried out using a Perkin Elmer 403 atomic absorption
spectrophotometer. Elements analyzed were Ca, Zn, Cdfénd Pb for sediments

and algae.plus'Né, Mg, K, Fe and Mn for algae.

2.23 Organic content of sediments

This was determihéd by piacing approximately 1 g sieved sediment (Section
2.22) into é preweighed Vitreosil crucible. The crucible was then dried
at_iOSOC for 24 h and cooled in a désiccator to determine the sediment
dry weight. The crucible was then placed in a muffle fqrnace'a;,SSOQC for
48 h, removed, cooled and reweighed. Weight loss on ignifion is assumed

to be equal to the organic portion of the sediment (Ball, 1964).

2.24 X-ray analysis of dried algal and sediment material.

2.241 - X-ray diffraction analysis

This analysis allows the identification of the component minerals in a

mixed (usually powdered) sample.

Thé.driednalgalfand sediment.material'was>passed through a 210 pm mesh nylon




39

sieve. A small amount of the dried material (approximately 50 mg) was
slurried with acetone and then applied evenly to the glass plate in the
centre of thg.goniometer (Phillips model no. PW 1050/25). The X -ray beam
was‘produqed by a Phillips PW 1130/00/60 x-ray generatof supplying a copper
targeted X-ray tubé (Phillips model no. PW 2103/00; vélfage 40 kV, current
20 mA). A nickel filter was placed in the primary XFray beam to eliminate
thé Cﬁ KP emission line. This left the Cu Ky line (A=0.1791 nm) as the
incident X-ray emission line. The incident radiation was rotated from
26=5° to 20=70° at approximateiy 1° min_l. Reflected X*ray energies were

‘detected by a Phillips proportion detector probe (PW 1965/20) and recorded

on a chart recorder.

‘Component minerals were 'fingerprinted' using the American Society for

' Testing and Materials Index (see references).

Principles of operation for X-ray diffraction are given by Jenkins and De

‘Vries (1970).

2.242° X4ray‘f1uorescence analysis

This relies on the specific wavelength emission of chemical elements when
irradiated with a broad spectrum X-ray beam. Using the system described
below all elements above atomic no. 19 (potassium) can.be detected in a

,éample (excluding rhodium, cadmium and mercury).

The analyses were carried out using a Phillips Qavelengfh dispersive X-ray
fiourescence Spectrometef (PW 1400) fitted with a rhodium anodé (voltagé
.60 kV; current 30 mA) and a LiF200 (1ithium flyoride) gnalyzing crystal.
A'scintillation détector was used for wavelengths below. 0.218 nm; a gas

£low proportional counter was used for wavelengths above.

Powdered samples to be analyzed were spread on a specially designed Myalar

sample holder and analyses were carried out under vacuum.
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The emission wavelengths of cadmium and mercury are similar to that of

rhodium (anode filament) and therefore their emission peaks are not detectable.

Principles of analysis are described by Jenkins and De Vries (1970).
Applications of X-ray fluorimetry to plant tissue analysis are discussed

by Knudsen et al. (1981).

2.3 Floristic records

.The principle undgrlying the taxonomic coding system hgs.been described

by Whitton et al. (1978). For stream 0097 (Caplecleugh Low Level) emergent
| plant sbecies are included in the records. Estimates 6f‘abundance for
'ﬁlantspeciéswithin a portion of é stream were made using a simple scale

of one to five, related to that used for terrestrial vegetation by Tansley

and Crisp (1926):

abundance scale | description
1 _ rare
2 occasional
3 ' frequent
4 | abundant
5 very abundant

:These figures were subjectively applied to relative biomass of each species.

Details of the taxonomy of the main organisms in this study are given in

Section 2.82. The taxonomic literature principally used were as follows:

Geﬁéral: Bourrelly (1966, 1968, 1970); Prescott (1962)
" Cyanophyta Geitler (1932) |

Béciilariophyta: Hustedt (1930)

Chiorophyté: Ramanathan (1964); Fott & Novékqvé (1969)-

‘Bryophyta: | Smith_(1978)

'Grémineaé: _ Hubbard (1968)
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2.4 Estimation of variation in algal biomass

In stream 0097 (Caplecleugh Low Level) e;timates oflrélative change in
algal biomass of the stream were required. In order to avoid destruction
éf a significant portién of this short stream, observation of variation

in the amount of algaé present, were restricted (with one exception) to
measurement of percentage cover over the boxed length of the stream (8-12 m
downstream: see Fig. 3.6). Standing crop waé measured 6n one occasion
with the complete removal of algae from a 10 cm square cﬂosen to represent
a-typical‘area within the boxed 1ength of the stream; This algal sample

was dried and weighed to give an estimate of standing crop (g m—2 dry

weight).

2.5 Alkaline phosphatase activity of algal material

| ‘During. the August visit five algal samples were removed from stream 0097
(Caplecleugh Low Level) and transported, on ice, back to the laboratory.

Here they were washed in distilled water and suspended, each in a different

buffer (Table 2.1).

Table 2.1 Buffers used for alkaline phosphatase assays

buffer concentration pH
glycine - NaOH 0.05 M 8.6
| " " 9.6
" " 10.6
KCl - NaOH‘ 0.2 M 11.6
| " " 11.6

p—Nitrbphenyi phosphate substrate was then added (final concentration
5 mM) and the assay was incubated at 32°C for 30 min. After this period

'0.05 M NaOH was added to the solution to stop any phosphatasc activity
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and the algal material was filtered off to be used for chl a estimation

(see Section 2.925),

The optical density of the final solution was then measured at 410 nm
(absorbance peak of p-nitrophenol) against a reagent blank (using a Shimadzu
Digital Double~beam Spectrophotometer - UV-150-02). Results are given as

p moles p-nifrophenol h -1 pg Chl gfl.

The above method is a modification of that described in the Sigma technical

bulletin No. 104.

2.6 Sampling programme

2.61 Stream 0097 .- Caplecleugh Low Level

The stfeam was visited monthly during 1980 (between the 15th and the 25th
" day of each ﬁonth). Water physical and chemical variab1e§ were measured
| "ﬁonthly (Section 2.21) with the exception of dissolved oxygen which was
.measﬁred for the first five months, measurements then being abandoned due
>.to équiﬁmént breakdown. Water was analyzed from two different positions
in the stream; at the éource (reach 01) and 12 m downstream (reach 02)
(see Section 3.14 for description of site).. Sediment coIleétioﬁs were

made in January, March, June, August, October and December of 1980.

. Algal percentage cover was visually estimated monthly in the boxed section
of the stream (8-12 m). Following this, if sufficient biomass was present,

algae were removed for metal analysis. This was only possible in the months

' March-October.

A 10 x 10 cm area of algae was removed from the stream in July in order
to estimaté algal standing crop (Section 2.4). The dried algal material

. resulting from this estimate was subsequently used for X-ray analysis

(Section 2.24).



In August-aﬁ;édditional five replicate water samples, for anion analysis,

. were taken from the water source (reach 0l). These Qere-analyzed immediately
on return to thetlaboratory for filtrable reactive phpsphate and total
phosphorus (Section 2.21). Concurrent with this fivélsamples of algae,

»taken from fhe sfream, were transported back to the laboratory where they

were assayed for alkaline phosphatase activity (Section 2.5).

2.62 Stream 3026 - Le Crouzet Upper Slope Seepage

This site was visited on the 9th of July 1978 by Drs. B.A. Whitton and
P.J. Say. Physical and chemical parameters of the watér, measured, were
limited to témperature, pH and cations_('total’ and 'filtrable'). Algal
material was collected and relative species abundances were estimated by
B.A.W. and P.J.S., on a 1 - 5 scale (Section 2.3). A sediment sample

was collected to be analyzed by X-ray diffraction and X-ray fluorescence

(Section 2.24).

2.7 Culture techniques

2.71 Cleaniﬁg of glassware

Glassware was washed in detergent, rinsed in distilled water and then
soaked for at least 24 h in 27 Analar HNO3 solution. It was then rinsed

thoroughly in distilled water and dried at 105°¢.

2.72 Culture vessels

All cultures were grown in Pyrex glass vessels. For the growth of\inocula

"250-ml conical flasks were used; for experiments, 100-ml conical flasks

or SO—mllboiling tubes were used.

‘For solid media: isolation work was carried out in plastic petrie dishes;

stock cultures were maintained,von slopes, in 12 mm diameter test tubes.
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Boiling tubes were capped with Morton closures (Bellco Stainless Steel)
or Axa closures (Axa Ltd). Other vessels were plugged with good quality

‘cotton wool.

,2.73 Sterilization

Sterilization of media was by autoclaving at 121°% (10.35 KN m_z; 15 1b

in—z) for 15 min. The media were left to stand for 24 h after autoclaving
" .to allow equilibration with the atmosphere; if the media were to be stored

longer they were kept in the dark to prevent photo—breakdown of EDTA-metal

chelates.

“Precipitation of mineral components was found to occur in high pH media
when they were autoclaved. For this reason a number of short term experiments

were carried out in freshly made, non-sterilized, media. -
‘2,74 Media

2.741 "Mineral nutrients

A1l salts used in media preparation were Analar grade chemicals (except
for NaZSiOS'SHZO for which Technical grade was the purest available) and
were prepared as individual stocks in double-distilled deionised water.

Stocks were stored at AOC, in the dark, until required. -

ITﬁe basic algal growth medium used was Chu 16 E (Tgbles 2.2 and 2.3).
'ihis.was modified originally from theAnumber 10 formula of Chu (1942)
"aé followsﬁ carbonate and phosphate have both Been reduced and EDTA has
. been addéd as a chelating agent. Trace element concentrations in the

" "Chu 10 E médium were derived from the AC microelement st&ck of Kratz and
] .

MlMyers (1955), modified only by lowering the Mn concentration.

'Algal material was grown in media without .added Zn tﬁough a background

llevelxof Zn (cfv0.03 mg 1_1) was found in samples analyzed by atomic
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absorption spectroscopy. This Zn is presumably derived from the impurities
of the metal in the original Analar stocks. Attempts were made to remove
this residual Zn using the cation-exchange resin Chelex 100 (Bio-rad).

The resultant input of other cations, however, made this method impractical.

A second artificiél medium was designed to resemble the physical and chemical
characteristics of the water in stream 0097 (Caplecléugh Low Level).

Details of the composition of this are given in Tabieé‘2é2 and 2.3.

'Abesigﬁ of this medium, CAM (Caplecleugh Artificial Medium), was based

on experiments in which 0097 stream-water was supplemented with various
nutrient elements to allow the growth of 0097 algae iﬁ laboratory culture

. (see Secfion 6.2). From this a third medium made up of supplemented 0097

water was derived (CFM; Caplecleugh Field Medium).

_-2.742 Buffer

Droop (1959) emphasises the requirement for strict control of pH in artificial
growth media. This point is made by Hargreaves and Whitton (1976), who
~demonstrate the important role of pH on the toxicology of Zn and Cu to

Hormidium rivulare.

Many buffers have previously been included in algal growth media; however

- few have been shown to fulfil the following criteria:

1) the buffer should be neither toxic nor stimulatory to algae i.e. not

"be involved in cell metabolism;
2)‘ the buffer should not act as a cation chelator;

) thexbuffer»should be able to maintain the pH of the growth medium

~to withiﬁ 0.2 pH units of the required value.

Good et al. (1966) synthesised a series of organic buffers for use in

biologiéal research and of these hydroxyethylpiperazine-N1?2-ethanesu1?hogiq



Table 2.2 Composition of media (mg 1_1 salts)

Chu 10 E CAM CFM*
KH, PO, 3.91 4.5 -
NaH, PO, - - 3.87
MgSO,.7H,0  25.0 253.6 -
Ca(NO,) . 4H,0 57.6 - -
CaC}Z.zﬁzo - 367.5 -
NaHCO3 7.925 206.6 -
NaNO, - 41.45 41.45
Na,$i0,.5H,0 10.87 10.87 -
FeCl,.6H,0 2.42 2.42 -
Na,EDTA. 2H,0 3,17 3.17 -
MnCL, .4H,0 0.05 0.05 -
NaloO, . 2H,0 0.007 0.007 -
ZnS0,, . TH,0 0.056 37.35 .-
CuS0, . 58,0 0.019 0.019 -
CoS0, . 7H,0 0.01 0.01 -
HyB0, 0.72 0.72 -
cyanocobalamin - ' 1 nM 1 oM

*Figures refer to concentrations of salts added to stream water.



Table 2.3 Composition of media (mg 1-1 elements)

'Element Chu iO E CAM  §£§#
N (excluding 6.83 6.83 6.83
~ EDTA)

P 0.89 1.00 1.00
S 3.25 37.11 -
c1 | 0.95 178.45 | -
Na | 4.92 70.68 11.97
K 1.12 1.29 -
Ca 9.76 100.0 -
Mg - 2.47 25.0 -
si 1.44 1.44 -
;
Fe - 0.50 0.50 -
Mn 0.012 0.012 -
Mo 0.0025 0.0025 . -
Zn 0.012 8.50 -
Cu  0.005 0.005 -
Co 0.002 0.002 -
B 0.125 0.125 -
EDTA- S 2.47 2.47 -
‘cyanocobalamin -~ 0.90135 0.60135

*Figures refer to concentrations of elements added to stream water; for

. composition of unsupplemented stream water see Section 4.2
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acid (HEPES) was subsequently recommended as a constituent of algal growth
media by Smith and Foy (1974). Good et al. (1966) reported that this
buffer did not significantly chelate Mg2+, Caz+; Mn2+ or‘Cu2+ ions and

also did not influence the in vitro bioassays of the Hill reaction, succinate

. oxidation or protein amino acid incorporation.

Smith and Foy (1974) tested HEPES with a wide range of algal strains.
They found that HEPES, at a concentration of 20 mM, was efficient at

maintaining the pH of algal growth media to within 0.2 pH units of pH
7.6. They also showed that HEPES was neither significantly toxic nor

stimulatory (related to growth rate) for the range of algae they tested.

Tevlin (1978) reported the suitability of HEPES buffer for restricting

. pH variation in cultures of both Daphnia magna and Chlorella pyrenoidosa,

grown at pH 7.50. He also observed that HEPES had no effect on the toxicity

of Cd to D. magna and related this to the absence of cadmium complexation

by HEPES.

The ﬁKa Vaiﬁe of HEPES is 7.55 at 20°C (Good et al., 1966). This allows
HEPES ﬁo be useful in the pH range 6.5 - 8.5. The pH.ofAthe water at
‘s;reém 3026 (from which many of the algal strains in the present study
were isolated) was measured at 5.0 (Section 4.2). It waé envisaged for

" experiments using‘these strains that the media would be buffered at the

field pH (5.0). ' - .

Six potentially useful buffers (Table 2.4) were tested with strain 545

'(Séction 2.81). 'The buffers were chosen from those described by Malette

. (1967) which had pKa values close to 5.0 (Table 2.4).



Table 2.4 pH 5.0 buffers tested as potential constituents of algal growth

media
Bﬁffers tested pKa valués

hemimellitic acid 2,98 4.25 -5.87
trimesic acid 3.16 3.98 -4.85
tricarbyllic acid 3,67 4.85 - 6.22
succinic acid dimethyl ester 4.11  6.29
dimethyl glutaric acid 3.72 6.3i
traﬁs-aconitic acid 3.04  4.25 5.89
malonic acid methyl ester 3.29 5.98

Cultures of strain 545 were grown in a range of buffer concentrations
‘édjusted to pH 5.0. Boiling tubes containing 10 ml of Chu 10 E medium
were used and were .inoculated with 2 x 104 ceils of strain 545 (Section
2.922). 'After 7 days incubation, the pH values of tﬁe media were measured;
in ﬁhése cultures in which the pH had shifted less than 0.2 units, the

cells were counted. The pH values of the media are given in Table 2.5.

" Table 2.5 pH values of media after growth of strain 545. (Values given
are mean of four replicates) :

49

buffer concentration (g 1—1)
buffer ' 0.1 0.25 0.5 0.75 1 1.5 2 2.5
hemimellitic acid ~ ‘ toxic
trimesic acid 5.43 5.26 "5.17 5.17 5.14 5.11 5.09 5.07
tricarbyllic acid 4,64 b.44 4,40 4.35 4.36 4.38 4.36 4.38
succinic acid dimethyl ester toxic
dimethyl glutaric acid 5.86 5.45 5.19 5.13 5.13 5.08 5.08 5.08
trans-aconitic acid . 5.90 5.58 5.36 5.20 5.20 5.15 5.13 5.12
malonic acid methyl ester toxic

- Hemimellitic acid, succinic acid dimethyl éster'and malonic acid methyl

ester were obviously toxic to the alga at all concentrations. .pH measurements
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for these buffers were mot made, Tricarbyllic acid and dimethyl glutaric
acid, bétween concentrations of 0.5 - 2.5 g 1-1, and trans-aconitic acid,
between concentrations 0.75 - 2.5 g 1-1, were able to maintain the medium
pH to within 0.2 units of pH 5.0. Yield was estimated f?r these treatments;

the results are presented in Fig. 2.1.

Fig. 2.1 Effect of buffers on yield of strain 545

trans - aconitic acid dimethy! glutaric acid trimesic acid

1.5 4 -

,ymmf(ﬂoschrm4)‘

051

075 10 15 2:0 2:5 05075 10 15 2:0 25 0-507510152-025

butfer concentration (gl'1)

Both'trans—aconitic acid and trimesic acid caused increased growth of
SCrain 545 at higher buffer concentrations. Doses of dimethyl glutaric
acid, howevé:, had no significant effect on the yield of strain 545.
;Dimethyl.glutaric acid (DMGA) was chosen as a potentially useful buffer

in algal growth media.

‘It was preliminarily decided to use 0.5 g 1:1 (3.0 mM) of DMGA adjusted

to pH 5.00 for the growth of algal strains isolated from stream 3026;
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HEPES at a concentration of 1.20 g 1-1 (5 mM) adjusted to pH 7.50 would

be used for strains'isolated from stream 0097.

The major emphasis of this project was the toxicology of Zn and it was
felt that the pbssible chelation of Zn by HEPES and DMGA required further

investigation. This was approached in three ways.

a) Good et al. (1966) titrated HEPES against NaOH, in the presence and

. . . 2 +
absence of equimolar concentrations of one of the cations Mg~ , Ca2 s

Mn2+ and Cu2+. From the displacement of the titration curve, in the
presence of a particular metal; it was possible to caléﬁlate the metal
binding coefficient (Km) of the buffer. This method assumes that metal
cations and protons compete only for the same sites on the buffer molécule.

Good et al. (1966) reported negligible log Km values for the cations

(Mg, Ca, Mn, Cu) they tested with HEPES.

It was decided to follow the titration method (originally devised by
Bjerrum, 1941) to derive values of log Km for Zn with both HEPES and

DMGA. These values were calculated to be 2.09 and 2.12 at 25°C respectively.

The log Km value for HEPES relied on extrapolation of the titration curve
in the presence of Zn. This was due to precipitation of Zn(OH)2 above
épproximately pH 6.7. Competition for hydroxyl ions invalidates the

titration curve above this pH.

Although the log Km values given for HEPES and DMGA are low compared to
those quoted for many buffers assayed by Good et al. (1966), they are

greater than those value which they regard as négligible.

b) The second method of investigating the interaction of buffers and
Zn was to use the colourimetric reagent for Zn 04[a—(2-hydroxy-5-
sulphophenylazo)—benzilidenehydrazino]'benzoic acid (zincon) first described

by Yoe and Rush (1952). Collier (1979) used the interference of certain



52

bufféfs on the formation of the Zn-zincon complex as aﬁméasure of their
Zn‘Binding capécity. Details of the Zn/zincon reaction afé given by
'Yoshimura EE;El' (1978) They describe the reaction of zincon (maximum
v;absorbance at 3g 470 nm) with Zn, to give a Zn-zincon complex (maximum
absorbance af')'= 650 nm). The optimum pH for this reaction is given

‘as pH 9.0 when the Zn:zincon ratid in the reaction product is 1:1. Below
this pH protons interfere and the reaction product (Zn-zincon complex)

is reduced. - Below pH 6.0 no reaction product is formed.

It was decided to investigate the influence of HEPES and DMGA on the
Zn/zincon reaction. Interference of these compounds with Zn-zincon complex
_formatlon would indicate that they were chelatlng Zn (Colller, 1979).

EDTA, a strong chelating buffer (Gardlner, 1976), was also tested for

comparatlve purposes.

The Zn/ziﬁcon reaction was invéstigated at two pH values, 7.55 (pKa of
ﬁﬁPES) and pH 9.0, the pH optimum of the reaction (Yoe and Rush, 1952).
‘The reactiqn mixture was buffered using inorganic buffers; for pH 7.55
1 mM phosfhaté buffer was used and for pH 9.0 1 mM borate buffer. 10 ml
:of feéctionfmixture was used, zincon feagent was added last to the mixture
~ of Zn;.inorganic buffer, % the organic buffer to be tested. The pH of
tﬁe organic Buffers were adjusted to that of the reaction mixture prior
to their‘additiqn; A range of Zn concentrations were u;éd. The concentrations

of the various reaction components in the final mixture were as follows:

Zn - - 0, 0.01, 0.02, 0.04, 0.06, 0.1 mM
:iporganié buffer - 10 mﬁ
bfganic'buffErs
HEPES , - 5mM
DMGA . - 3 mM
| ﬁDTA - 0.05 mM

zinecon - =  0.05 mM
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‘The reaction product (Zn-zincon complex) was formed iﬁmediately (Yoe &
Rush, 1952), and its optical density read at 650 nm. The results of

the Zn/zincon experiment are given in Fig. 2.2.

Fig. 2.2 shows that DMGA and HEPES have noldetectable effect on the Zn/
zincon reaction at either pH. EDTA, however, completely prevents the
formation of any reaction product qonfirming its description as a strong
chelating agent (Gardiner, 1976). The results of this exﬁeriment indicates

that HEPES and DMGA have no observable chelating properties.

c) Both the pH titration and the zincon methods of assessing Zn chelation
are indirect measures. It was felt that a more direct method of estimating

‘the effect of HEPES and DMGA, on the free Zn ion concentration in solution,

was required.

Specific ioﬁ electrodes measure only the concentratioﬁ of free ions in

éolu;ion (Hansen éE.El’ 1972). Zn specific ion electro&és are not manufactured,
and it was therefore decided to continue the investigation of chelation

by HEPES and DMGA using the metal Cd. Cd occupies the same group as Zn

(group IIb) in the periodic table and is chemically very similar to Zn

(Cotton énd Wilkinson, 1980). Free Cd2+ iéns were measured in solution

using a Cd specific ion electrode (Orion, model No. 94—48) attached to

an EIL pH/pIon meter No. 7050.

The experimental procedure used, was similar to that given previously
for the zincon reaction. 10 ml of reaction mixture was used at four different

pH values - pH 5.0, 6.0, 7.5 (10 mM phosphate buffer) and pH 9.0 (10 mM

borateAbuffer).

The concentrations of the components of the reaction mixture were:
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Cd - .0.01 and 0.1 mM
ionic strength adjuster* - 0.1 M
inorganic buffer - 1lo0mM

organic buffers

HEPES - 5mM
DMGA . -3 mM
" EDTA - 0.05 mM

* Ionic strength adjuster is added to maintain a high, constant background
ionic strength. This is a requirement for the accurate use of the specific

ion probe. NaNO3 was used.

Results of ca?* concentrations measured, are summarised in Fig. 2.3. All
Cd2+ values measured in the presence of EDTA were below the detection
limif of 0.0005 mM. Fig. 2.3 shows that as the pH increases-measurable
Cd2+ ions decrease. The presence of the buffers HEPES and DMGA, however,

. 2+ .
does not appear to effect the concentration of free Cd~ ions.

The results of sections a), b) and ¢) indicate that both HEPES and DMGA
have only slight, if any, chelating properties. Subsequent to these
experiments HEPES and DMGA were routinely added to laboratory growth media
af concentrations of 5 mM and 3 mM respectively. Cultures of -algae isolated
from stream 0097 were grown in media containing HEPES adjusted to pH 7.50;
algae from.étream 3026 were gfown in media containing DMGA adjusted to pH
5.0. In éases where media of other pH values were required, DMGA was

used in the pH range 3.0 - 6.5; HEPES was used in the pH range 6.5 - 8.0.

Buffer was dissolved in distilled water and adjusted to the required pH
of the medium using NaOH solution. Mineral nutrients were then added and

the media autoclaved; no changes in pH were noted as a result of autoclaving.
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Fig. 2.3 Effect of HEPES and DMGA on Cd’~ concentration in solution



2.743 EDTA

The importance éf having é metal chelator in an algal growth medium is

stressed by Fogg (1975). Principally the presence of a chelator allows

iron to remain in solution in an available form. In the absence of a
chelator,iron'would be expected to precipitafe as a phosphate éalt, particularly
at high pH values. EDTA was first used by Waris (1953) for this reason,

and is now used widely (Stein, 1973).

2.744 Addition of other selected cations and anions

A list of those ions whose influence in algal culture media were tested
is given in Table 2.6 together with the substances added to the medium
to bring about required changes. Complementary salts were used to maintain

other ions at the basal medium concentration.

For variatioms in hydrogen ion concentration see Section 2.742.

2.75 Subculturing of algae

Subcﬁituring of algal material was performed using standard aseptic techniques.
The work Wés also carried out in a horizontal laminar flow cabinet (conforming
to B.S. 5295 class 1). Inocula were tested regularly for contamination by
both microscopic inspection and by subculturing onto a fange of bacterial
test medié (Section 2.83). Subculturing algae for isolation aﬁd purification.
work, as well as routine subculturing of stock cultures, was performed by

transferring algal material with a sterile needle or wire loop.

Uniform inocula for experimental work were subcultured from liquid media

- using a Gilson Adjustable Volume Pipetman with sterilised plastic tips,

to dispense a known volume of suspension. Unicellular algal suspensions
were pippeted directly; however to obtain a uniform inoculum of a filamentous
alga the following routine was performed. Algal matcrial was removed with

a sterile wire loop and plaéed in a small volume of fresh liquid medium.



Table 2.6 Variations of Chu 10 E medium

- species tested

NO3

3- 2-, -
PO, /HPO4./H2PO

4

salt in Chu
10 E medium

Ca(NO3)2.4H2

KH2P04

Na23103.5H20

NaHCO3

NazEDTA.ZHZO

MgSO, . 7H,O

KH2P04.7H20

Ca(NO

3)Z.QHZO

MnCl,.4H,0

2° 72

FeC13.6H20

CuS0, . 5H,0

ZnS0, . 7H,0

Na, Si0..5H

salt used as
ion source

NaNO

3

NaH2P04-2H20

0

277737772

NaHCO3

NaZEDTA.ZHZO

Na

2

SQ4

MgSo, .7H

4 TH0

AL,(50,),
K,59,
CaCl,.2H,0

MnC12.4H20

FeC13.6H20‘

NiCL,.6H,0

Cu804.5H20

ZnSOa.7H20

Cd$O4.8H20.

'Pb(NO3)2

.16H20

: NaNO

cbmplementary
salt for required

absence of factor

CaCl..2H.0

2°772

- KC1

NaH, PO, .2H,0

2774772

3
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This was sonicated for five seconds at maximum power using a Soniprep
150 sonicator (the sonicator tip was sterilized in ethanol). This gave
a suspension of typically 3-6 celled lengths of algal filament which

was inoculated into experimental containers using the Pipetman.

Experimental inocula were pre-incubated in experimental light and temperature

conditions for 24 h prior to their use, whenever possible.

2.76 Incubation and light source

- Algal isolation work and growth of algal inocula were carried out in a
thermostatically controlled growth room, maintained at 25°C. Inoculum
pre-incubation and experimental work were carried out in vessels suspended
in a thermostatically controlled tank of distilled water, maintained at
20°C. A shaking mechanism moved the vessels through a horizontal distance
of 35 mm approximately 80 times a minute. Continuous illumination was
supplied from beneath by a series of warm white fluorescént tubes. Levels

of illumination in the central part of the tank, used for experiments,

were fairly constant.

Conical flasks were clipped onto the shaker; boiling tubes were suspended,
at an angle, in a wire rack. The wire did cause some reduction in illumination

(Table 2.7). Light was measured at the surface of the culture vessels.

Light measurements were made using a biospherical quantum scalar irradiance
meter (Biospherical Instruments Inc.) No. QSP-170 withban attached laboratory
sensor (QSL-100P). The sensor was designed to measure only photosynthetically
active radiation between wavelengths 400-700 nm. Quantum values obtained

-1 (PE 2 S-l).

-2
were converted to PM photons m s

One experiment performed was incubated in a temperature gradient similar
to that described by Van Baalen and Edwards (1973). Flasks were shaken

by hand every day but otherwise were incubated standing.



60

All algal cultures werérmaihtained in continuous light and all experiments

(excepting the use of the temperature gradient) were performed at 20°c.

‘Table 2.7 .Algal incubation conditions

growth chamber _ type of fluorescent tube irradiance (pM P m'-2 s_l)
25°C growth féém white 40 - 50

" shaking tank (flasks) - warm white ' 230 - 260
shaking tank with warm white : 201 - 221
wire rack (tubes) - - '
temperature gradient . white - 120 - 130
2.8 Algal cultures
2.81 Origins =
All algal strains used for experimental work (Table 2.8) were isolated
from streams 0097 and 3026.

Table 2.8 Algal cultures and their origin
alga . ' "~ Durham Durham . Stream axenic clonal
culture no. species no.

Hormidium sp. . 532 152950 3026 v v
Chlamydomonas sp. 533 130432 3026 V0 v/
Mougeotia sp. 535 121453% 0097 X v
Mougeotia sp. - 536 121451% 0097 v @V
Hormidium rivulare 537 152902 3026 vV v
Hormidium sp.- - 539 - 152950 3026 Vv~ v
Hormidium rivulare 540 152902 0097 Vv v
Chlamydomonas sp. 541 - 130432 - 3026 V1 v
Stichococcus bacillaris 545 154456 3026 vV v
Chlorella zofingiensis 546 140549 326 V) v

* These figures are based on width categories of cultured material and
they differ frém material observed directly. from field collections (see

- Section: 4.6).
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 2.82 Notes on taxonomy and morphology of isolated aigal strains

A complete algél-florﬁ of the two streams studied in‘this thesis are giveﬁ
in Tables 477 and 5.2 for streams 0097 and- 3026, respectively. -Straiﬁs of
green algae isolated from these streéms, and whose g;owth in labofatory
culfure are investigated in the present study, are listed in Table 2.8.
Observations concérning'the taxonomy and morphology of these strains are

-included below.:

_Stfeam 0097. Three green algal species were identified from field material
;collected from stream 0097 (Table 4.7); these were 1solated in laboratory
;culture as stralns 535, 536 and-540.

Strains 535 and 536 - Mougeotia spp.

. Two different Mougeotia spp. were identified from stream 0097 based on
fllament w1dth categorles (Section 2 3) The two filament widths recorded

= from the f1e1d were 8-10 pm and 5- 6 pm. In culture (Chu 10 E, pH 7.5),

": ‘however both Mougeotla strains showed broader filaments of 12-13 pm and

'k6-7 pm.for strains 535 and 536 respectively. A small portion of filament

:_;of strain 536 is shown in Fig. 2.4.

4f1Conjugation of Mougeotia was not observed in the field nor did it prove

'-'p0331b1e to induce conjugation in strains 535 and 536 using methods described

‘ .by Hoshaw (1968). These included incubation in the dark, in low nutrient
- medium and in a high 002 atmosphere Identification of Moﬁgeotia species
.1s based on zygospore formation and morphology (Prescott, 1962) hence the

two Mougeotia strains could not be further classified.

_ Straln 540 - Hormidium rivulare Kutz.

' - 'Use of the generlc name Hormidium, for algae, is strlctly invalid due to

precedenceIOf an identically named orchid genus. Silva‘ggiél. (1972)
‘suggest that all members of this algal ‘genus should be transferred to the

géngs Klebsormidium. It seems likely, however, that further nomenclatural

changes will take place (see Pickett-Heaps, 1972), to reduce confusion,



' therefore, the familiar name Hormidium has been retained in the present

study, with the species recognized by Heering (1914).

‘A small portion'of filament bf field (stream 0097) H. rivulare is shown
in Fig. 2.5; this shows a typical geniculation, or knee-joint, which is
characteristic of this species (Ramanathan, 1964). Filaments of both

field and cultured material of H. rivulare from stream 0097 showed no

tendency to fragment.

Stre&h 3026. Two green algal sﬁécies were identified from field material
collected from stream 3026, H. rivulare and H. fluitﬁns; Isolation of

_ these algae (Section 2.83), however, revealed seven distiﬁct green algal
;trains (Table 2.8); it is likely that many of these were too infrequent
‘to be noted in field material. Algal strains isolated_ffom stream 3026
are 532; 533,‘537,'539; 541, 545 and 546. | |

Strains 532, 537 and 539 - Hormidium spp.

' The main distinction between H. rivulare and g.'fluitans is the ready

‘dissoéiation of filaments of H. fluitans into unicellé or small filament

' fragménts (Ramanathan, 1964). Both species were recdrd;d in stream 3026
i (TaB1e_552);‘in culture, however, three distinct Hormi&idm strains were
.isolated<from the stream. These were morphologically vefy similar -
filaments ‘approximately 7 pm broad, parietal chloroplast typically small
covering half or less the circumference of the cell and possessing an
obvious pyrenoid. The distinction was made between the three strains
based on the degree of fragmentation of the_filamentsfiﬁ-cultpré. When
grown in Chu 10 E medium (pH 5.0) strain 537 consistedAéf filaments of
ihdefinite_length (no evidence of fragmentation), strain 539 of filaments
.of,_on average, 30 éells in length and strain 532, whicﬁ_showed a high
 aégreé of.fragmentation, consisting of many'unicells with filamcnté rarely
,ionggr than five cells. Strain 537 was identified as H. ?ivplarg,Astrains
§§2’mnd §§9 were not classified to species 1e§gi thoﬁgﬁ‘bgth are probgbiy

- strains of H, fluitans (based on Ramanathan, 1964).,
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Strains 533 and 541 - Chlamydomonas spp.

The distinction was made between these two Chlamydomonas strains based on a

.slight diffgrgnce in cell size (strain 533, 13-14 pm.length; strain 541,
10-12 pm length) and also strain 541 was occasionally seen to reproduce
by'forming endospores. Differences in ékperimental results for these two
strains appearéd to justify this‘distinction-(é.g. Fig. 6.3).

Strain 545 - Stichococcus bacillaris Nageli

This strain exists in culture almost entirely of unicells (2-3 pm x 5-15 pm;
bFig. 2.6) and‘was distinguished from the genus Hormidium by its lack of a
pyrenoid (Ramanathan, 1964). A further distinction made by Ramanathan between
. these genera is the ability of Hormidium spp. to form zoospores; in the
A present stﬁdy, howéver; even after incubation in the dark for proionged
periods (Cain et al., 1974), none of the Hormidium spp. were able to form
gqosp&res.. It is possible that zoosporogenesis is sﬁro@gly inhibited by zinc
" and these algae (from éinc-polluted sites) have lost this ability.

‘Strain 546 - Chlorella zofingiensis Donz

| This species has rarely been recorded (Fott and Novéko?é, 1969) and therefore
- gore aetai1éd notes concerning its taxonomy are included. Thé following
'tdescriptidn of strain 546 was made.

”Obvious éhiérella sp. (Fig. 2.7).
Cellé spherical; 3-13 pm diam. Chloroplast parietal filling complete cell;
ho'apparent pyrenoid after staining with iodine. Autospores 8-64 (usually
 ‘§2 or 64) which are apparently squeezed thréugh a hole in the presistent
-céll wall. Some daughter cells seem to remain and grow within the.old cell
wéll.' Oider cultures rapidly develop an orange colour which on microscopic

' examination is seen to be due to droplets, within the cell, of orange,

- probably cafoteﬁoid, pigments.

. After consulting Fott and Novhkovi, (1969) this strain was identified as

"~ €, zofingiensis. The type culture of this species was obtained from the
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Cambfidge Culture Centre of Algae ;nd Protozoa (strain CCAP 211/14) and the
similarity between this and strain 546 was evident. .The:only notable
morphological difference between these two strains was the distribution of
carotenoid pigments which, in strain 546 formed distinct droplets whereas,
in the CCAP strain the orange colour was diffuse throughout the cells. Donz
(1934; who colleéted and classified the type cul;ure), however, did describe

reddish oil droplets within the cells of C. zofingiensis.

2.83. Isolation and-purification

On return to the laboratory, fresh algal material was streaked onto Chu 10

E solid medium (+ 1% agar) in 50-ml, plastic, sterile petrie dishes. The

agar plafes were incubated in the 25°C growth room (Table 2.7) for approximately
1 week. After this period individual algal colonies were removed from the
surface of the agar plate with a wire loop and were transferred to liquid
'bmedium (Chu 10 E) and were again incubated in the 25°¢C growth room for a

one week period. Algal cultures grown in this way were examined under the

microscope to ensure that they were unialgal.

A wide range of unialgal cultures were obtained from streams 0097 and 3026
in this way, however, all cultures contained bacterial, and some, fungal
contaminants. As these algal strains were to be used for laboratory

physiological studies it was essential that they be rendered axenic (Bold,
1942).
Many methods were tried in order to obtain axenic cultures; eventually

all but one strain were rendered axenic (Table 2.8). The following procedure

was used to obtain axenic cultures; it is based on a combination of published

methods.

Cultures of algae growing in liquid medium were incubated for 24 h in the

dark. After this period one drop of liquid nutrient broth (Section 2.84)
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was added to the culture which was incubated in the dark for a further 3 h.
The organic matter was added in order to induce cell division of the bacteria
present, rendering them more susceptable to antibiotics, éarticularly.
penicillin (Droop 1967). Similarly algae were incubated in the dark to

halt their growth and therefore render them less susceptable to antibiotics.

Following this dark incubation, a period of alternate sonication and centri-
fugation of the algal material was performed. The algal culture was sonicated
in a Soniprep 150 for approximately five seconds before being centrifuged

at 3500 rpm for two miﬁutes. The supernatant was discgrded and the alga
resuspended in fresh sterile medium. This sonication/centrifugation process
was repeated five times. The sonication step fulfillgd two purposes;
firstly bacterial cells adhering to the surface of the algal cells were
likely to bé dislodged, and secondly, algal filamenté were broken into

short lengths (éee Se;tion 2.922). The reason for the centrifugation

step was as follows; bacterial particles being smaller than algal cells

will sediment more slowly under the influence of gravity (Stoke's Law).

By continually discarding the centrifuged supernatant the overall alga

to bacterium ratio should increase.

Algal material was then incubated in one of three antibiotic solutionms.

a) Antibiotic mixtufe

Application of an antibiotic mixture is recommended for algal purification

by Jones et al. (1973). A short exposure to high levels of a range of
antibiotics should be lethal to a wide range of possible bacterial contaminants,
also, applying antibiotics in a mixture should prevent the selection of
bacterigl mutants resistant to a single antibiotic. An antibiotic mix

- similar to that of Droop (1967) was used at three overall concentrations

(Table 2.9).

/ ’ 3 . 3
The antibiotic mixture was prepared as a dry mix and was dissolved in



68

distilled water just prior to use. The solution was sterilized by passing
it through an autoclaved Nuclepore filter (0.2 pm) mounted in a plastic

_ Swinnex filter holder.

Table 2.9 Antibibtic mixtures

antibiotics antibiotic concentrations (pg ml—l)

I II ITI
benzyl penicillin-*SO4 400 200 80
streptomycin-SO4 80 40 16
neomycin—SO4 : : 10 5 . 2
chloramphenicol ‘ 10 5 2
Total 500 250 100

~

Algae were exposed to the antibiotics for 12 h (in the dérk) after which
they were centrifuged and the supernatant was decanted off to be discarded.
Sterile fresh medium was added and the algae were washed in fresh medium,
by centifuging and discarding the supernatant, five fimés. The resultant

suspension was used in the next stage of purification.

b) Phenol

A 17 (v/v) solution of phenol was added to the algal suspension and this
was incubated in the dark for 1 h. The alga was then washed by centrifugation

five times. The use of phenol as a bactericidal agent is recommended by

McDaniel et al. (1962).

c) Methanol

Algal suspensions were incubated for 12 h in the dark in a 20% (v/v)
solution of Analar methanol. After this period the alga was washed five
times in fresh medium, before being used in the next stage of purification.

Methanol proved to be a useful antifungal agent which was originally
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| incorporated~a$ a solvent for griseofulvin (a specific antifungal antibiotic)
the use of which was recommended by G.H. Banbury (pers. comm.). Griseofulvin
proved to be more toxic to algae than their fungal confaminants; however,
controls showed that algal survival in 207 methanol was quite high (c. 10%)

but contaminants, particularly fungi, were much reduced.

The antibiotic stage was found to be important in allowing a favourably
hiéh alga to bacterium ratio for purific;tion. It was possible to omit

this stage for only one strain isolated (Table 2.10). Mutation of algae

by the direct action of antibiotics or by selection of antibiotic resistant
mutants is often cited as a danger with their use (Droop, 1967; Jones et
gl,; 1973) so algal viability counts were made after treatment (Section
2.924); where greater than 907 fatality occurred, the algal material was

not used subsequently. Viable counts of filamentous algae are less reliable
than for unicellular algae. By regarding each length of filament (usually
3-10 cells) as a single unit (when counting in the haeﬁacytometer),Aan
overestimate of cell viability is likely. ﬁean filament lengths were
estimated when haemacytometer counts were made. From this, minimum possible

cell viabilities for filamentous algae were calculated; these were never

less than 3%.
I

After anfibiotic treatment algal material was inoculated onto sterile agar
plates using an atomizer technique as described by Wiedman et al. (1964).
A capillary tube Qas inserted into a centrifuge tube (containing the algal
suspension) and held in place by a cotton wool plug. Compressed air was
then passed through a Pasteur pipette the tié of which was positioned
‘adjacent to, and perpendicular to, the upper tip of the capillary tube.
The algal suspension.was drawn up the tube and atomizéd in a fine spray
(Fig. 2.8). Several sterile agar plates were uncovered briefly in the
spray from each suspension. The solid medium usgd was Chu 10 E + agar

(1%) + sucrose (0.05%Z) + soil extract (17); soil extract was prepared as
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described by McLachlan (1973). Sucrose was added in order to encourage
bacterial growth, soil extract was added to supplemént the nutrients in

the medium. - The addition of soil extract circumvented the possible lack

of a required algal nutrient, previously supplied by ;éntaminating bacteria
or fungi. The plates were incubated for a short period (2-3 days) in thé
25°%¢ growth room. It was important to keep the agar suiface dry during
incubation to prevent motile bacteria from swimming over the agar surface.
After the incubation pefiod the agar surface was exaﬁined under a binocular
microscope contained in a laminar flow cabinet. Contaminated algal colonies
could be distinguished from appareﬁtly non—contaminate&'colonies, the
‘sucrose having led to very rapid growth of bacteria which often overgrew
the algal colonies. Algal colonies which appeared té be free of bacterial
contaminants were removed from the agar surface with a sterile needle and
were streaked onto fresh (Chu 10 E agar +1% soil extracf) plates. The

resultant algal cultures were tested for contaminants (Section 2.84).

Eight algal strains were made axenic (Table 2.10),

Table 2.10 Axenic algal strains and the purification method used

alga : Durham antibiotic total
culture no. . used antibiotic

Hormidium sp. 532 mix ; 100 pg ml_1
Chlamydomoﬁas sﬁ. - 533 none -
Mougeotia sé. 536 mix 100 pg ml-1
Hormidium rivulare 537 methanol 207 (v/v).

" Hormidium sp. 539 phenol 172 (v/v)
Chlamydomonas sp. : 541 phenol 17 (v/v)
Stichococcus bacillaris 545 mix 500 pg ml—1

Chlorella zofingiensis 546 methanol . 20% (v/v)
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Fig. 2.8 Atomizer apparatus used to obtain axenic cultures of algae

' Petri dish
—  with agar medium

12ml thick -~
walled cent.
tube

washed and
concentrated
algae

ﬁ 2.84 Tests for purity

Tests were made of all cultures after initial isolation and also at intervals
" throughout the period of experimentation. Algal material was inoculated
onto -agar plates of the following test media described by Hoshaw and

Rosowski (1973).
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 beef'peptohe agar
malt extract égar
‘yeast extract agar
nutrient broth

SST

The plates were incubated at 32°C for 10 days. The algal material was
also examined under the microscope using both normally transmitted light

and phase contrast microscopy.

If the presence of contaminants could not be shown it was concluded that

‘an algal strain was axenic.
2.85 Maintenance

Algal cultures were inoculated onto agar siopes in 18 mm diameter test
tubes and ihcubated in the 25°C growth room. Algae were maintained as
follows: from stream 0097 on ChulO E + 5 mg 1-1 Zn; from stream 3026 on

1

~Chu 10 E + 10 mg 1--1 Zn + 1 mg 1 - Cd. When sufficient algal biomass

'Lhad developed the slopes were transferred to a cooler (10°C), where they
were kept at a low light intensity (2.1 rM‘P m_2 s_l). Algal material
. was subcultured regularly from these stocks into Zn/Cd-free medium to give

a large biomass. This algal material was subcultured at least once more

" in Zn/Cd-free medium before being used as an experimental inoculum.

. A1gae wére maintained‘in a way in which genetic change would be unlikely.
-The presence of hea&y metals in the growth medium would prevent loss of
algal resisténce to the toxic effects of these metals; the low temperature,

| low light conditions would reduce the number of cell divisions and therefore

the possibility of selection occurring. Individual slopes could be maintained

in this way for approximately one year.



73

2.9 Laboratory culture sthdies

_.2.91 ;Algai aésaz

’A simﬁle prdcedUre was performed, similar to that deséfibed by Whitton
(1970b)‘which'was designed to give a rapid estimate of aiéal performance

in a wide range of treatments. A small amount of algai material was iﬁoculated
'inté‘lo ml of ﬁedium in 50-ml boiling tubes (usually_Sb'pl of suspension

.in the case 6f unicellular aigae). In the ca;é of filamentoqé algae a
gmall.amount was teased apart using a dissecting needle and inocuiated

into the medium. Tubes were incubated in the growth tank (see Table 2.7)

| fof six days after which the tubes were inspecfed visually. Algal biomass

was estimated with respect to the tube showing maximum growth and to samples

of preserved inocula. Biomass was scored on a 1 - 5 scale in the following

way.
0 - dead

1 - no growth, alga still alive

2 - growth, biomass> inoculum< 1/3 maximum

3 - growth, biomass» 1/3 maximum<2/3
- 4 - growth, biomass? 2/3< maximum

.5 - maximum biomass

Where the distinction between a score of O and 1 was not obvious, algal

‘material was subcultured into normal Chu 10 E medium; failure to grow confirmed

.that the treatment had been lethal.

©2.92: Quantitative experiments

- ‘42.921 Incubation conditions

" Quantitative growth experiments were performed either in.100-ml conical

A flaéks containing 25 ml of medium or in 50-ml boiling tubes cbngaining
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tank at a temperature of 20°C (see Table 2.7) except for one experiment

which was incubated in the temperature gradient.

2.22 Inoculum

This was performed as described in Section 2.75. Thé size of inoculum
was typically 2 x 104 cells ml_1 for unicellular algae or 0.2 mg 1_1

chl a for sonicated filamentous algae. Cell counts,'or chl a measurements,
were made just prior to inoculation in order to allow caléulation of the .
dilution required.' Sonication of filamentous algae undbdbtedly caused
disruption of some cells and therefore chl a values for inocula were an
overestimate of viable biomass. In this case it can only be stated that
the inoculum was constant (the inoculum was kept well mixed) and was £0.2

mg chl a 1-1. The inoculum was always less than 2% of the total experimental

volume.
2.923 Cell counts

Growth eétimates of unicellular algae were based on ceil numbers ml—l.

Célls were counted in a haemacytometer counting chamber (depth 1 mm;

Improved Neubar ruling). For each estimation at least 100 cells were counted
,which, using 957 con‘fidence limits, ensures { 207 error ‘for each individual
count éssuming the cells are randomly distributed in suspension (i.e. a

Poisson variable; Lund et al., 1958).

2.924 Algal viability

A cell count was made of an algal culture using a haemacytometer (Section

©2.923). Following this a dilution of the culture was made in fresh Chu
10 E medium. This was calculated to give a final concentration of 2 x 103

cells ml—1 or in the case of filamentous algae 2 x 103 filament lengths

ml-l. 0.1 ml of this dilution was spotted onto the surface of Chu 10 E

-~

+ 17 agar medium in a 50-ml petri dish and spread over the surface using
. - 4 .



‘a sterile glass rod. . Petri dishes were incubated in the 25°C growth room
for 7 days. _After this period the number of algal colonies which had
developed on the agar surface were counted. Percentage Viability values

were calculated as follows:

‘9 viability = 2O of algal colonies x 100
° Y = No. of cells inoculated (200)

‘Viable counts were used to monitor algal purification procedures (Section

2.83) and were not used as quantitative experimental measurements. They

‘'were therefore not replicated.

2.925 Extraction and estimation of chlorophyll a.

Algae ‘were-harvested either by vacuum filtration through Whatman GF/C
glass fibre paper or by centrifugation. The algae and the solvent (90%

methanol) were sealed together in 30-ml universal bottles. They were

then immediately placed in a 70°C water bath for 10 min to allow extraction

of the pigment. The pigment extract was thenifiltered through GF/C glass
. fibre paper to remove cell debris. The 0.D. of the resultant pigment

extract was then measured at 665 nm against a solvent blank; subtraction
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- of the optical density at 750 nm from this value compensated for the turbidity

of the sample. The extraction procedure was carried out as much as possible

~in the dark to prevent photo-breakdown of the pigments.

,'Chlng was calculated using the following formula:

'Cv = K.%- where
-.C = -concentration of chl a in pg
K = 1000 x the reciprocal of the specific absorption coefficient of

chl a + 47 (for chl b)
LZ.V = volume of solvent used to extract the sample in ml

L = path length of the cuvette in cm.
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The specific absorption coefficient of chl a in 90% methénol is taken
to be 77, as recommended by Marker et al. (1980). A cergain proportion
of.absorbance at 665 nm, however, will be due to the presence of chl b.
It is recommended by Marker et al. (1980) that in Chlorophyta this will
approximate to a 47 increase in the specific absorption coefficient,

which becomes 80.2. The equation for chl a calculation then.becomes:
- 47 v

C = 12.47 T

Acidification of samples to allow calculation of phaeophytin a (Marker

et al., 1980) was found to be unnecessary. Phaeophytin a values were

not high enough to interfere with chl a values in cultured algal material.

2.926 Dry weight

Algal material was separated from the growth medium by.éither centrifugation
(unicellular algae) or by removal with a glass Pasteur pipette (filamentous
algae). The algae wefe then washed briefly three tiﬁes ip distilled water
before being trénsferred into pre-dried, acid washed, snap-top~g1ass vials;
these had been previously weighed. The vials were drigd_at 105°C for

48h. On removal from the oven they were placed immediately into a desiccator
to prevent absorption of water as they cooled to ambient temperature.

The vials were then re-weighed in order to determine algal dry weight.

2.927 Estimation of algal metal accumulation

Dried algal material, of known dry weight, was obtained as described in
Section 2.926. - The material was digested in the same wéy as field material

(Section 2.22) and then analysed for metals. Accumulated metal was calculated

using the following formula:

metal accumulated (mg g--1 dry weight) =

concentration of metal in digest (mg 1—1) x volume of digest (ml)

dry weight of digest (mg)
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2.10 ‘Analysis of algal material for carboxylic acid content

©2.10.1 Growth' and hérvesting of algal material

- All algal stfains‘cultured for carboxylic acid analysis were isolated
originally from stream 3026. It was found that a relatively high biomass
of:algal material was:required for estimation of comstituent carboxylic
acids. Unicellular algae (533, 545, 546) were grown in 10-litre carboys
:congaiﬁiﬁgllo 1 of Chu 10 E medium, buffered at pH 5.0:with 0.3 mM DMGA,
+ and - Zn. Sterile air (passed through a 0.2 pm Nuclepére filter) was
bubbled through the medium. These cﬁltures were harve;ted in their exponential
growth phasé using a M.S.E. flow-through centrifuge to give an algal
pellet. Filamentous algae (532, 537) were grown in 2-1 conicalAflasks

' coﬁfaining_l 1 of Chu 10 E medium, pH 5.0 + 0.3 mM DMGA, + and - Zn.
"-'Theée aléae_were harvested by removing clumpsiof matériaitwith a Pasteur
pipet-t'e tip.
- ihe resultant aigalvmaterial was washed three times in fresh Chu iO'E
é-Zn)Amedium and was then transferred to predried, preweighed universal

bottles. These bottles were dried to a constant weight at 60°C and algal

* dry weight was determined (Section 2.926).

In addition to cultured algal material a sample of Mougeotia collected
ffom stream 0097 was also processed'for carboleic acid content. This
was collected in August 1981 and was transporte& (cooled) back to the

llabbratéry in a polypropylene bottle. This algal sample was washed and

‘dried in the same way as laboratory filamentous algae;- Table 2.11 shows

Elthe full range of samples prepared for extraction and analysis of carboxylic
' acids.
The level.of DMGA used in the growth medium was 10% of that used in normal

| grqwgh media (Section 2.742). This reduction was thought necessary to

minimisé contamination of the resultant carboxylic acid sample with the
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buffer. pH drift of the cultures was monitored for this reason and where

required, the pH was adjusted back to pH 5.0 with a sterile HCl solution.

Table 2.11 Samples used for carboxylic acid estimatesA

alga Zn concn. in medium (mgl-l)

0 25 100
Hormidium sp. 532 v X ’
Chlam&domonas sp. 533 Vv v X
Hormidium rivulare 537 7 «k
Stichococcus bacillaris 545 g X
Chlorella zofingiensis 546 v X
Mougeotia - field material

total number of samples = 12

2.10.2 Extraction and purification of carboxylic acids

The procedure for extraction and purification of carboxylic acids follows

: e
closely that outlined by Red%well (1980).

To the dried algal material (in Universal bottles) 20 mi‘of methanol/
chloroform/water/formic acid (12/5/2/1, v/v) was added. The Universal
"bottles were sealed and placed in a water bath at 60°C for 2 h. The algal
pellet was repeatedly macerated during this period to aid extraction. The
residue was then separated from the extract b& centrifugation and was
fe-extracted in the same way as above except this time in water/methanol/
formic acid (39/10/1, v/v). To the first extract, in a separating funmel,
5 ml of chloroform and 7 ml of water were added to split the two phases.
The chloroform phase (containing the pigments) was discarded and the
"aqueous phase was combined with the secohd extract. The combined extfact

: o .
was evaporated to dryness at 60 C using a rotary evaporator.
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The carboxylic acids were further purified using.ion-ekchénge resins.

Two 5-ml plastic hypodermic barrels were used as columns.: The tﬁo columns
Qere mounted in series the uppermost containing 5 mlef cation-exchange
resin (DowexlSOW—XS, 100-200 mesh size, H+-form) the lower containing
5lm1 of anion-exchange resin (Dowex 1-X4, 200 mesh siZe, formate form).
The dried extract wés dissolved in 20 ml of distilled wéter and applied

' to the upper, cétion—exchange resin. The sample was allowed to elﬁte

onto the columns followed by 5 total bed volumes (50 ml) of distilled

water.

Purified carboiylic acids were eluted from the anion-exchangé column with
"5 bed volumes of 4% (v/v) formic acid. This solution was dried at 60°C
on a rotary eﬁapofafor. It was then further dried in a 66°C oven for 24 h
to éﬁsure complete dryness and also complete evaﬁoration of the formic

, acid. This dried éample was stored desic;ated'at 4°C uﬂfil analysis was
performed. In brdér to test the efficiency of the ion-exchange system a
'  1 ml sample, ééntaining 1 mg of malic acid and 1 mg of cifric acid, was
gpplied”t;j the colums. Subsequent analysis OfA'the éluted anion-exchange

‘system allowed full recovery of these two carboxylic acids.

2.10.3 Analysis of carboxylic acids

bried carboxylic acid samples were dissolved in 1 ml of anhydrous pyridine
‘(sequencer grade; supplied by Rathburn Chemi cals Ltd). This sample was

" stored in a dried, ground-glass stoppered, test tube. An aliquot of this
sample was transferred to another glass-—stoppered test tube and an equal
:volume of esterifying reagent was added to convert the carboxylic acids
‘into their trimethylsilyl-derivatives. The esterifying reagent used was
bis(trimgthylsilyl)trifluoroacetamide (BSTFA). After 10 min of mixing the’

derived carboxylic acids were ready for analysis by gas-liquid chromatography.

The chromatograph used was a Varian Aérqgraph model 1400 fitted with a
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flame ionization detector. The column was a lm x me:glass column packed
with 47 SE-30 on Chromosorb W, 100/200 mesh size (supplied by Phase Separations
Ltd). Flame detector and injection port temperatureélwere 275°C and 225°C
respectively; the gas flow rates were, nitrogen (carrie?) 30 ml mfl,

. hydrogen 30 ml m_l, air 300 ml»m-l. The temperature of the chromatographic

oven was programmed linearly from 85°C to 225°C at avrate of 8°C min-l.

Liquid samples were injected onto the column using a microsyringe; sample

volume ranged from 2 pl to 50 pl depending on the peak heights obtained.

The temperature programme was begun. after the initiai large peak, caused
by the BSTFA and the pyridine, had emerged from‘theAéolumn. The trimethyl-
silyl derivatives of carboxylic acids were found to be stable for up to

56. h; they were, however, usually prepared fresh each day.

This method of carboxylic acid determination was first described by Horii

et al. (1965) and was later refined by Phillips and Jenﬁings (1976) .

Mixed carboxylic acid standards were run on the chromatograph to give
comparisons with extracts (Fig. 7.1). The temperature at which each peak
emerged was noted and compared to a known acid (dimethyl glutaric acid)
which was used as an internal standard. The chromatographic peak for the
DMGA derivative, emerged from the column at approximately 140°c; any
temperature deviations of this peak from 140°C were 1inear1y applied to

all other peaks in the same run. This allowed for improved reproducibility

of retention data and follows the recommendations of Pierce (1968).

The standard carboxylic acid mixture used was:

lactic acid

oxalic acid

malonic acid

succinic acid

dimethyl glutaric acid (internal standard)
malic acid

o keto-glutaric acid

aconitic acid

citric acid

-1
The concentration of each acid in the non-derived mixture was 1 mg ml ~.
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2.11 Electron microscopic studies of 0097 Mougeotia

Small portions of Mougeotia were removed from stream 0097 during August
1981. Some algal material was transported back to the laboratory for
analysis 6f accumulated Zn levels (Section 2.22), thé remainder was prepared
for electron microscopic examination in the following way. Filaments,
immediately on removal from the stream, were placed into 2.5% glutaraldehyde
fixative (buffered at pHv6;8 with 0.1 M sodium cacodylate buffer) where

they remained for 2 h. They were then washed in several changes of 0.1 M
sodium cacdoylate buffer and post-fixed in 27 aqueous osmium tetroxide

for 90 min. Following this the filaments were dehydrated through a graded
ethanol series and placed.for 24 h in a 50:50 mixturg of 100%Z ethanol and
Spurr resin (Spurr, 1969). After a further 24 h in fresh resin the algal

material was embedded in gelatine capsules and polymerised at 80°C for 12 h.

Ultrathin sections were cut on glass knives in an LKB ultrotome III ultra-
microtome, collected on copper gfids and stained for 10 min in each of
uranyl acetate and alkaline lead citrate. They were then viewed in a

Philips EM 400 electron microscope operating at 80 kV.
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3 BACKGROUND TO AREAS OF FIELD STUDY

3.1 Stream 0097 - Caplecleugh Low Level

3.11 Introduction

éaplecleugh Low Level is a small stream draining from aﬁ adit of the
‘Caplecleugh Mine in the village of Nenthead, Cumbrié_(54° 47' N, 2° 20° Ww;
~grid ref. NY 781434; eleyation 434 m). Caplecleugh mine was previously

a major source of lead and ziﬁc'concentrates in the Northern Pennine
lOrefield (Dunham 1948). Caplecleugh Low Level flows from one of thg tunnels
.driven into the mineral complex; these acted as both dfainage levels and
access points into the mine. The stream flows for 14 m before &raining

into the River Nent which itself drains into the River South Tyne (Fig. 3.1).

Fig. 3.1 Upper catchment of South Tyne, showing location of Caplecleugh
’ Low Level B :
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3.12 Geological background

A thorough summary of the geology bf the Northern Pennine Orefield is
given by Dunham (1948). The Northern Pennines havé been carved out of

a double fault block. This is defined on the north and south boundaries
by the Stublick and Craven faults respectively and on the western boundary

by the Pennine and Dent faults.

The predominatnly carboniferous rocks of the Northern Pennines rest upon

a basement of folded slates (Ordovician) into which cores of granite have

been intruded. Dunham agrees with the suggeétion of Goodchild (1889),

that mineral deposi;s in'the Northern Pennine Orefield derive from this
granite and were emplaced along prg-existing channels by the crystallization
of hydrothermal brines. Further evidence in support-df this theory is

given by Sawkins (1966). Two principle types of oreshoat exist: (1) vein
oreshoots, deveioped by mineralisation along vertical fiésuresg (2) metasomatic

flats, formed by the lateral replacement of limestone beds.

The majority of the productive mineral veins in the Northern Pennines
follow the east-north-east tension fissures. The larger faults lying
perpendicular to these productive veins are not strongly mineralized,

being blocked by shale at the time of mineralization.

The age of primary mineralization in the Northern Pennines is not certain,

though Dunham (1948) presents evidence for either a Hercynian or Tertiary

date.

The Northern_Pennine Orefield has been mined since Roman times (Section
3.13); sinée then an estimated total of 4.5 x 106 tonnes of lead concentrates

and 3.0 x 105 tonnes of zinc concentrates have been produced (Dunham, 1981).°

'Levels' were driven primarily to drain water from the mine workings and

also the horizontal entrances allowed horses to be used for transportation



84

in the mines (often referred to as 'horse levels').._Capiecleugh Low Level

was driven from Nenthead to give access to the Brigal Burn, Caplecleugh,
Middle Cleugh and Black Ashgill veins (Fig. 3.2). Extensions to the level
continued north froﬁ the Middlecleugh series of veins_ana linked with

levels driven from the north-east side of the Nent vélley. This gave
connections with the Smallcleugh, Rampgill and Scaleburn veins. A branch

of Caplecleugh Low Level also gave access to the Dowgang vein (Fig. 3.3),

the majority of which had previously been excavated by the process of hushing.
In the Nenthead area a total of 5 x 105 tonnes of leaa éoncentrates and

2.5 x 105 tonnes of zinc concentrates have been won{ The zinc total represents
83% of the value for the entire Northern Pennine Orefield. Caplecleugh Low
Level was driven for the majority of its length beneath the 'Great Limestone’,
most lead and zinc being stoped from above the level, in and above the

Gréat Limestone. The predominant minerals in the veins accessed by Caplecleugh
Low Level were galena (PbS) and sphalerite (ZnS); in addition Middlecleugh

N. vein contained high concentrations of.fluorite (Can).

3.13 Historical aspects

According to Raistrick and Jennings (1965), the first lead mining in the
Northern Pennines probably began prior to the Roman invasion of Britain.
Certainly during the Roman occupation lead mining became established in
the area. Relativeiy small amounts of lead were mined until the late
éighteenth century; this was usually by the digging of small shafts or by
the process of hushing. Mine drainage was.a major problem until this
'pe:iod, when technological and economic advances, under the guidance of
the London Lead Company, allowed for the driving of major drainage levels.
These opened up large mineral deposits to relatively safe access. According
to Dunham (1948) Caplecleugh Low Level was driven in the late eighteenth
century by the London Lead Company (holders of the Nent valley mineral

rights). There followed a period of intense lead mining activity in the
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_Nent valley area. This continued until 1882 when, due to dwindling high
grade reserves and a fall in the market price of lead, the London Lead
Company surrendered its leases to the Nenthead and Tynedale Zinc Company.
There followed a second burst in mining activity as the new company -began

to mine deposits.of sphalerite (ZnS) presumably passed over by the London
Lead Company as uneconomic. In 1906 the Nenthead and Tynedale Zinc Company
sold its leases to the Vieille Montagne Zinc Company who continued to

mine sphalerite in the south-west side of the Nent valley until approximately
1920. Since 1920 there has been no major mining activity in the area

though some reworking of local, abandoned mine tailings did occur during

the Second World War.

It is likely that water d;aining from Caplecleugh Low Level has flowed

continuously since the level was driven i.e. 200 years; the main source
~of the water 5eing the groundwater of the Great Limestone stratum. The
level is one oflthe lowest levels in the Nenthead sYstém (Fig. 3.3) and

therefore is likely to drain water from the whole level complex.

3.14 Physical characteristics and geography

The water before emerging from Caplecleugh Low Level adit has flowed for

a considerable distance underground along an open channel. The internal
ﬁeight of the level being approximately 1.5 m for at least the first 200 m.
The part of the stream outside the adit is very shoft,'flowiﬁg for only

14 m before entering the River Nent, with a total fall in height of 1.6 m.
It descends 0.4 m over the first 8 m length, it next passes through a
wooden box (4 m long, 0.9 m wide, 0.2 m fall over 1ength);vthe stream bed

. inside the box consists of fine silt, together with a few boulders of
.millstone grit. The final 2 m length of stream descéﬁds a further 1 m
over boulders of millstone grit before entering the River Nent (Fig. 3.4).

A‘plan and elevation of Caplecleugh Low Level are given_in Figs. 3.6 and 3.7.
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" The boxed length of the stream (see frontispiece), probably a remmant
1eét channel, delineates the area of the stream used for many of the

‘gnvirqnmentai parameters measured during the present study (Section 2.61).

_The stream has a north faéing aspect and also.a number of 1afch (Larix
-'decidua) trees grow nearby; these factérs togefher réducg'light.input

2ﬁo the stream. The aspect acts to totally exclude direct sunlight in the
winter,.probably exaggerating the seasonal pattern of .irradiance. The

- larch trees appear to contribute little organic material to the stream.

" The source of the water for.Caplecleugh Low Level_is that draining into
‘thé'local hillsides, eﬁtering the groundwater system and ultimately draining

'_into the level. The ﬁearest upland meteorological station to Caplecleugh

Loﬁ Level is on Widdybank Fell, 15 km to the South (54° 40, 2° 17'W;

.‘map ref; NY-817BOQ; elevation 500 m). The mean' annual rainfall dis;ribution

;'ferWiddybank.féll is given in Fig. 3.8; these data are based on the years
'i971—1980. The annual rainfall distribution for 1980, the year of the |

present study (Section 2.61), is given in Fig. 3.9.

‘Fig. 3.8 Mean annual rainfall distribution for Widdybank Fell
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Fig. 3.9 Rainfall distribution for Widdybank Fell, 1980
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3,15 Previous work on Caplecleugh Low Level

| Say (1977) briefly described Caplecleugh Low Level in his ecological

survey of metal pollution of the streams of the Northern Pennines. Armitage
(1980) studied the fauna of Caplecleugh Low Level in his survey of benthic
animals of -the River Nent system. Previous authors have referred to

Caplecleugh Low Level as Dowgang Level; the name of the stream was changed
by the present author after the recommendations of K.C. Dunham (pers.
comm.). According to Dunham a drainage level called Dowgang Level already
exists close to the intersection of the Dowgang and Black Ashgill veins

(Fig. 3.2).

-3.2 Stream 3026 - Le.Crouzet Upper Slope Seepage

Stream 3026 is a small seepage which emerges from the base of a zinc
.smeltewaaste tip. The smelter and the waste tip are adjacent to the
town of Viviez in the Department of Puy de Dome, France. The seepage is
situated at 44° 32' N, 2° 13' E (map ref. 59122498) at an altitude of

240 m. Stream 3026 flows for only 2.5 m before entering the Ruisseau de

Creuzet.
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t:?inc.smelting at Viviez was begun in 1871 by thé Vieille Montagne Zinc
Cgmpany.A The discovery of large coal deposits iﬁ the area in 1825 resulted
in the establishment of the émelting industry; coal Qaé used to fire

.the smeltipg furnaces. In 1922 the smelting process é; Viviez was changed
to an electrolytic system. Zinc concentrates are transported to Viviez

vffom"throughout France.

.Stregm 3026 emerges from a depression in the base of a sﬁelter tip to
fofm a-smail pool (approximate diameter 400 mm, maximum depth 150 mm).
'{Water'from this pool seeps down a bank entering the Ruisseau de Creuzet
i(Fig.~3;5); A plén and vertical section of stream 3026 is given in Fig.

: 3.10. ihe bed of theISeepage is similar to the nearb& goil, mainiy sand
.”an&‘pebbleé. The algal mat growing over the seepage is probably important

in consolidating the sediment.

f‘Stream 3026 has a southerly aspect and therefore receives direct sunlight.
“The upper part of the seepage lies in a depression (Fig..3.5) and is

" somewhat shaded; there are no trees nearby which could cause shading.

'“ngeorological observafions for the area are based on measurements made
“at Qlérmont Ferrand 150 km N.-E. of Viviez (45o 48' N, 3° 9' E; elevaﬁion
 329 m). Both Viviez and Clermont Ferrand are at similar aititudes in
lifﬁe Massif‘éentral region of France. Meteorological data for Clermont
;Férrand'are frém Arléry (1970) and are summarizgd in Fig. 3.11 and Table

' ’%3{1.~ Values are based on mean values from 1946-1960.
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Fig. 3.11 ‘Mean annual rainfall distribution for Clermont Ferrand
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.Table‘3.1' Temperature data for Clermont Ferrand

month

‘ ,.Jan
... Feb
* Mar

- Apr

May

Jun

Jul
‘Aug

. 'vSep

- oct

Nov

‘Dec. -

mean daily temp. mean daily'tgmp. range
2.5 7.8
3.5 9.1
7.7 11.2
10.1 11.4
13.7 11,8i
17.2 11.8;
19.2 12.5
18.8 12.5
16.1 11.4
11.0 10.4
6.7' 8.1
3.5. 7.2

‘;Stream 3026 was.discovered and briefly described by Say and Whitton (1982).

,fA'fugther discussion of heavy metal pollution in rivers and streams in

" the genétgl region of Viviez is given by Say (1978).
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4 INTENSIVE STUDY OF STREAM 0097 - CAPLECLEUGH LOW LEVEL

4,1 Introduction

'The general aim of the present study was to gain a more detailed understanding
of the ability of certain members of the green algae (Chlorophyta) to

survive in conditions of extreme heavy metal pollutioh (Section 1.6);

two metal polluted sites were chosen to investigate this phenomenon. This
chapter summarises the data collected at stream 0097; the following chapter

summarises data collectéd at stream 3026.

Stream 0097 was chosen for investigation following observations made by
Say (1977) and also because of its proximity, allowing ease of access at

all times of the year.

Stream 0097 is a highly Zn-polluted stream which during part of the year
contains luxuriant growths of the green alga Mougeotia (Say, 1977); a
background description of the site is given in Section 3.1. An ecological

investigation of stream 0097 was performed during 1980. The aims of the

field study were as follows.

1) vAnalysis of algal metal content has often been advocated as a potential
monitor of aquatic metal pollution (Section 1.43). Stream 0097 represents

a suitable environment to test the validity of using Mougeotia to monitor
changes in aquatic metal pollution. Phillips (1980) points out the importance
of cénsideriﬁg seasonal effects on the potential use of aquatic organisms

as pollution monitors; monthly collections at stream 0097 were performed

to isolate these effects.

2) The majority of laboratory studies concerning the effects of heavy
metals on freshwater algae use cultures isolated from an undefined source
(see Section 1;5). In the present study laboratory experiments were

. performed on an axenic culture of Mougeotia isolated from stream 0097.
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.The intéﬁsive study of stream 0097 allowed detailed background information
:ébout the environment from which this strain was isolate&; this further
:allowed direct comparisons éf the physiological effecfs Bf metal pollution

on Mougéotia'under both laboratory and field cdnditibﬁs'(details of laboratory

_experiments are given in Chapter 6).

- 3) Stream 0097 forms an ideal study area to investigate the sinks of
" heavy metals in a polluted environment. It was felt that an understanding
- of these would be important when attempting to monitor, and possibly

remedy, the effects of metal pollutants (see Section 1.4).

4). The,stﬁdy would allow a more detailed understandihglof the ecology

. 0f a polluted environment.

This chapter summarises the results of the inténsive:étudy of stream
0097‘perfo:med_during 1980 (Section 2.61). The major emphasis is placed
on the<diétribution of metals within the stream (Sections 4.2 - 4.5);

_‘ecologiCalvobéervations made at the site are summarised in Sections 4.6 - 4.8.

:S4.2 ?hysicél and chemical properties of the water

‘ﬂResﬁlts of the monthly water analyses for stream 0097 are given fully in
7_;Iab1e:4;1. The upper collection point is deéignated as reach 01, the
»1ower:asureach_02 (Section 2.61). The filtrable metal vial for 0097-02
'~ic611ected during September was damaged; analysié results are therefore
- :ﬁpt'iﬁcludgd in Table 4.1. ‘Detailslof the analytical methods used are
”éiven in Section 2.21.. it is noticeable from Tgble 4.1 fhat the water
’éﬁefging frqm'Caplecleugh Low Level adit remains consfant with respect
.éé mény'éf the physical and chemical variables analyzed; watertemperature -
Jin partiép1a£ remains at 9.5°C throughout the yéar. This indicates a
3 déep gquhdwatervsoﬁrce fof‘the level which can be defined as a 'rheocréne',

 'u§ing the claséification system of Bornhauser (1913).



Table 4.1

month

WWOWooooN~NITOTLNEEPPWWLWNDND -

5
17
17
13
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24
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19
16
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19
10
10

current
(m. s~1)

0.145

0.175
0.;55
0.169
0.160

0.183

0.171
0.208

0.213

. 0.220

0.251

0.248

- =2 temperature

(°c)
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160
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© 159
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Physical and chemical properties of water for stream 0097 during 1980.
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X
T F T
6.8 6.6 28.4
6.8 6.9 27.9
5.9 6.3 23.4
5.4 5.6 23.3
6.4 6.4 26.8
6.4 6.5 27.1
6.9 6.9 29.2
6.8 6.7 28.6
7.0 7.0 29.0
7.0 7.1 29.9
7.4 7.0 26.5
13.0 12.9 24.8
6.7 6.7 26.8"
6.5 6.6 26.6
6.2 6.1 25.2
6.1 6.3 25.1
5.8 5.9 24.0
5.6 - 23.7
5.8 5.9 23.3
5.9 5.9 23.2
5.1 5.1 20.3
5.1 5.2 20.4
6.2 5.8 24.6
6.1 6.1 24.4

Table 4.1 (continued)

Mg
F

27.7
27.5
23.8
23.4
27.1
27.1
28.5
28.6
29.2
29.4
26.5
25.3
26.6
26.6
25.1

23.0.

23.9

23.1
22.8
20.3
20.3
24,5
24.3

T

105.1
104.7
87.7
86.9
100.5
100.5
108.4
105.8
107.2
106.0
98.2
97.7
98.9
98.8
95.3
94.2
90.4
‘91.0
89.7
88.8
78.9
80.0
95.2
93.7

Ca

F

103.3

102.8

87.8

86.8
100.7
100.3
105.5
105.9
105.5
107.2

98.3

98.2

99.0

99.7

94.5

94.2

91.4

89.2
88.0
79.9
80.4
94.7
93.9

0.15
0.13
0.18
0.19
0.16
0.11
0.16
0.14
0.14
0.13
0.14
0.14
0.15
0.15
0.12
0.09
0.11
0.11
0.12

"0.13

0.13
0.13
0.14
0.12

Mn

0.14
0.13
0.18
0.20
0.17
0.10
0.13
0.11
0.13
0.14
0.14
0.15
0.14
0.14
0.12
0.08
0.13

0.13
0.13
0.13
0.14

0.13 .

0.12
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7.53
7.30
8.70
8.96
6.10
6.10
6.46
6.45
7.47
7.38
6.31
6.30
8.20
8.34
6.93

7.35

6.67
6.90
6.22

" 6.30

5.60
5.65
6.54
6.50

Zn

7.14
6.90
8.65
8.72
6.40
6.32
6.45
6.08
7.35
7.14
6.25
6.30
8.27
8.24
6.85
6.70
6.70

6.22
6.04
5.25
5.70
6.53
6.52

0.013
0.019
0.010
0.017
0.010
0.014
0.011
0.017
0.016
0.012
0.014
0.019
0.017
<0.010
0.014
<0.010
0.014
0.019

.0.010

0.012
<0.010
0.013
<0.010
0.010

Cd

0.012
0.013
<0.010
0.014
0.010
0.018
0.026
0.010
0.014
0.012
<0.010
0.011
0.019
0.024
0.014
0.010
<0.010

.012
.014
.010
.013
.022

[eNeNoNeNeoNeol

.020 -

001



Pb

total

T F PO4~P  'NH4-N  NOp-N  NO3-N  S04-S  Si F Ccl COp-C  COp-C HCO3~C CO3-C
0.003 0.002 <0.01 <0.05 <0.005 0.129 72.0 7.40 0.82 7.0 44.1 1.12 42.8 0.17
0.002 0.002 " " " 0.141 68.7 3.15 1.35 12.2 40.6 1.33 39.1 0.14
0.001 0.013 " . " " 0.179 63.7 7.05 0.94 5.9 33.7 1.21 32.4  0.09
0.006 0.005 " " , " 0.184 64.0 2.50 "1.02 8.5 33.6 0.69 32,7 0.17
0.001 0.012 " " " . 0.177 74.0 6.40 0.80 6.25 41.2 0.65 40.3 0.27
0.001 0.005 " " " 0.191 70.3  3.45 0.80 6.40 39.7 1.01 38.5 0.17
0.002 0.002 " " " 0.131 75.3 2.70 0.77 6.20 AN 0.92 43.2 0.24
0.003 0.002 " " " '0.110 81.7 3.15 0.78 5.80 43.9 0.92 42,7 0.23
0.001 0.001 0.015 " " 0.110 70.0 4.10 0.72 5.80 45.2 0.94 44.1 0.24
0.003 0.001 0.013 " " 0.137 74.7 4.50 0.78 7.7 46.6 1.19 45,2 0.20
0.009 0.004 <0.01 " " 0.190 72.7 3.20 0.85 6.7 40.4 1.63 38.7 0.10
0.006 0.004 " " " 0.137 68.3 2.00 0.87 6.5 37.8 1.28 36.4 0.13
0.004 0.004 " " " 0.119 69.0 2.35 0.82 6.4 47.0 2.92 44,0 0.08
0.005 0.011 " " : " 0.124 70.7 2.70 0.82 6.4 47.5 2.95 44.5 0.08
0.008 0.007 " " " 0.154 66.0 5.05 0.84 6.2 44.9 2.79 41.9 0.18
0.010 - 0.005 "o " " 0.132 64.7 2,65 0.89 6.2 39.8 0.21 38.8 0.77
0.007 0.010 - " oo " 0.130 59.3  2.45 0.92 6.2 41.4 1.67 39.6 0.11
0.011 - " " " 0.162 63.0 2.05 0.97 6.2 39.9 1.97 37.8 0.08
0.008 0.007 " " ". 0.123 63.0 ' 2.40 - 0.95 5.9 43.4 . 1.47 41.8 - 0.15
0.013 0.009 " " " 0.141 63.3 3.90 0.97 7.9 35.1 1.19 33.8 0.12
0.004 0.003 " -on : " 0.164 73.0  3.65 1.18 7.0 37.8 2.35  35.4 0.06
0.004 0.003 " " " 0.165 63.3 5.40 1.08 6.6 40.3 3.82 36.4 0.06
0.011 0.011 " " " 0.112 60.6 2.65 0.88 6.8 44.1 2.00 42.0 0.10
0.009 0.011 " " " 0.105 65.0 6.75 0.88 7.4 INAA 2.20 42.1 0.09

Table 4.1 (continued)
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All phosphorus analyses given in Table 4.1 were carriéd out on water which
had previously been frozen and re-thawed (Section 2.21).- It is possible
that this process may interfere with the anlaysis of:tface amounts of phosphorus.
For this reason, to coincide with the alkaline phosphatase assay carried out
on 0097 algal material (Section 2.5), it was decided to perform a more
detailed analysis of phosphorus at stream 0097. This analysis was performed
on freshly.colleCted water during August, 1980; details of the analytical
technique are given in Section 2.21. Replicate water samples were collected

(Section 2.61); results are presented in Table 4.2.

Table 4.2 Phosphorus analysis of 0097 water, August 1980
(values in Pg.l'l)

sample ~filtrable P total P
1 , < 0.6 2.8
I o 21.7
3 " 25.1
4 " 27.5
5 | 27.5
X 25.32
S.D. 2.39

Measurements of dissolved oxygen were made from January to May. Values
for dissolved oxygen were always close to 1007 saturation; however due

to the lack of precision of the instrument available at the time, oxygen

measurements were abandoned.

All optical density measurements were below the detection limit (0.005).

4.3 Metal content of algae

The results of analyses of algal material for metal content are given in
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Table 4.3. 1In general there were no significant differénces between
distilled water washed and EDTA washed algae for any of the metals analyzed.
Changes in metal content of algae from March - 0ctober'1980 are plotted in
Fig. 4.1. The mean values for distilled water washed ma;erial only are

given in Fig. 4.1.

During the period March - October marked changes occurred in the metal .
content of the Mougeotia. The pattern of change is not obviously correlated
with the seasonal pattern of light input. It is assumed that some variation

in water chemistry is responsible for the distributions plotted in Fig. 4.1.

Dried algal material analyzed by X-ray diffraction (Section 2.241) indicated

the presence of the following minerals:

quartz - SiO2
hydrozincite - ZnS(COB)Z(OH)6
zinc ferrate - ZnFe204

The X-ray diffraction scan for the dried algal material had a very high
background reading. For this reason it is likely that only the major

mineral components of the dried sample could be identified.

The X-ray fluorimetry scan (Section 2.242) for the dried algal material

is given in Fig, 4.2, The presence of the followingAelements is indicated:

Ca, Ti, Mn, Fe, Zn, Sr, Ba, Pb.



wWash

MaR 20
EDTA

arr 20
" EDTA

may 0
. .. EDTA-

gun B0
 EDTA
g B0
EDTA

avg 10
' EDTA

"sgp H20
EDTA

“oct H2°
EDTA

Table 4.3

Na

6.65
4.66

1.71

‘1.46

4.66

4.48

2.95
2.32

..5.38

4,38

7.76
5.04

4.92
3.35
3.44
4.86

(1,32)

(0.45)

(0.25)
(0.25)

(0.63)
(0.43)

(0.44)
(0.49)

(0.84)
(0.40)

(1.35)
a.24)

(0.51)
(0.36)

(0.64)
(0.57)

2,32 (0.13)

Mg

3.27 (0.18)

2.40 (0.07)

2.06 (0.13)

4.68 (0.68)

2.13 (0.45)

2.88 (0.07)

1.82 (0.03)

12.60
14.00

10.90-
- .10.04

7.59

7,47

2.21
1.25

15.03
13.63

5.48

2.34

13.40

11.20

7.64
9.49

Metals in 0097 Mougeotia during

the standard error of the mean

(0.68) .

(0.94)

(1.10)
(0.65)

(0.21)
(0.27) .

(0.42)
(0.07)

(1.08)
(0.86)

(1.02)
(0.25)

(1.11)
(0.78)

(0.55)
(0.80)

‘_ Ca

3.17

2.25

2.72

2.60

3.30
3.20

4.22
3.61

2.75
2.13

8.72
6.54

2.66
1.77

2.40
2.26

(0.10)

(0.17)

(0.06)

(0.05)

(0.15)

(0.08)"

(0.11)

(0.07)

(0.29)

(0.19)

(1.16)
(0.92)

(0.08)
(0.10)

(0.05)
(0.05)

Mn

2.18
2.07

2,67

6.68

-10.18
10.63

2.66
2.66

4.46
3.85

3.68
3.62

"5.52
4.43

2.77

6.71

(0.14)
(0.25)

.(0.11)'
(0.05)

(0.13)

(0.17) .

(0.65)
(1.12)

(0.24)
(0.16)

(0.44)
(0.74)

(0.13)
(0.28)

(0.10)
(0.17)

Fe

8.90
8.37

12.40

11.73

23.35

22.68.

38.30
40.20

11.20
9.67

14,55

14.16

16.10
13.40

17.20
15.50

(0.40)
(0.73)
(0.57)
(0.46)
(1.01)
(0.99)

(1.55)
(4.49)

(0.89)

(0.50)

(1.14)
(2.70)

(1.29)
(0.61)

(0.52)
(0.56)

. Zn

237.3

" 257.5

297.4

316.5

281.1
282.9 -
308.6
293.0

143.7
139.5

125.2
125.1

155.2
143.1

202.2
177.4

1980. Concentrations as mg g-1 excepting Cd (pg g-l).

(13.8)
(17.1)

(11.5)
(12.9)

(13.0)

(6.8)

( 6.1).

(10.0)

(10.7)
(10.1)

( 8.0).

(13.4)
(.2.2)
( 8.7)

( 3.3)
(6.2

Cd

89
99

131
132

122

124

130
125

54
51

60
55

61
62

95
65

(4.0)

(8.9)

(3.6)

(3.6)

(4.5)

(4.0)
(4.6)

(6.3)
(5.8)

(5.5)
(8.5)

(3.1)
(4.0)

(5.0)
(4.0)

(1.3)

0.75

0.79

1.22

1.22
2.45
2.55
4.46
4.58
1.13
0.96

1.62
1.58

1.53
1.67

2.30
2.02

Pb -
(0.05)

- (0.09)
(0.04)
(0.03)

(0.09) -
(0.05)

(0.12)
(0.23)

0.11)
(0.05)

.(0.20)
(0.34)

(0.06)
(0.08)

(0.03)
(0.05)

.Values in brackets refer to
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Fig. 4.1 Mean concentrations (mg g-l) of accumulated metals in 0097
Mougeotia during 1980
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- Fig. 4.2 X-ray fluorescence scan of.dried 0097.Mouge6£ié
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4L 'Rélationships between water and algal chemistry -

»éﬁrrelationS'of all water and algal chemical broperties measured were
” 7£é&¢ for tﬁevﬁmﬁthé March - October. r vélues:ﬁere-cﬁmputed using the
MIDAS.ététisticai-package (Fox & Guire, 1976). ‘The important correlations
'f’néted arg.giﬁen in Table 4.4. All water chemisfry vélﬁés are for reachA02;:

4511 algal éhemistry values are for the distillqd_watef washed treatment.
. Fbr'water chéhistfy:Mg, Ca and 504-8 férm a positively cross-correlated |
. group“ (p '<0.0_'1') o ‘ : ,

' For algal metal content there is a strong positive correlation between Mu,

‘Fe and Pb (p £ 0.01); there is also a positive correlation between algal



pH.w
Mg.wf
Ca.wf
Zn.wf
SO, .w
Si.w

Na.a

Mg.a
Ca.a
Mn.a
Fe.a
Zn.a
Cd.a

Pb.a

Si.wp

Table 4.4

o+

+++ +++

++

++

pHi.w Mg.wf Ca.wf Zn.wf SOA.w

Na.

K.a

Mg.a

Ca.a

+++ +ve correlation p € 0.01
++ " p € 0.05
+ o p < 0.1
- -ve correlation p ¢ 0.01
- ' " p < 0.05
- " p <0.1

w — water

Fh
I

filtrable (Nuclepore)
a - algae (digest)

wp ~ water (previous month)
+4+4
+44
+++ +++
+ ++ ++ , ++ ++

Mn.a Fe.a Zn.a Cd.a Pb.a Si.wp

Intervariable correlation matrix for water chemistry and algal chemistry from eight monthly collections

-(March - October, 1980) on stream 0097

LO1
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Zn and Cd (p < 0.01). Algal K shows a significant negative correlation
with the Mn, Fe and Pb content of the algae (p < 0.05), similarly algal

' Na shows a negative correlation with accumulated Zn and Cd (p < 0.01).

Algal Ca is positively correlated with the stream pH (p < 0.05); algal

Mg is positively correlated with filtrable Zn in the water (p ¢ 0.05).

It was noted that when plotting monthly levels of filtrable reactive silicate,
the shape of the curve was similar to that given for-many of the accumulated |
metals in the algae. The curvé was, however, a month out of phase, algal
metal levels appearing to correspond a month later to levels of filtrable
reactive silicate in the water. For this reason filtréble reactive silicate -
concentrations; obtained for the previous month to the collection of other
parameters, were included in the correlation matrix. They proved to be

positively correlated with the levels of accumulated Mn, Fe, Zn, Cd and

Pb in the -algae.

4.5 Stream sediment chemistry

4.51 Metal content by digestion

The concentrations of Ca, Zn, Cd and Pb in 0097 sediments are given in
Table 4.5 and presented graphically in Fig. 4.3 using data for reach 02.
Sediment digestion and analysis was carried out as described in Section
2.22, The digéstable metal component of reach 02 sediﬁent is higher than
that of reach 01 for Ca, Zn, Cd and Pb (Table 4.5). Metals in sediment
remain at a relatively constant concentration throughout 1980 (Fig. 4.3);

this does not correspond to the seasonal distribution of metals in the

Mougeotia (Fig. 4.1).



Table 4.5 Metals (mg g-l) in stream 0097 sediment
in brackets refer to the standard error

month

Jan
Mar
Jun
Aug
Oct

Dec

Fig.

reach

01
02

01
02

01
02

01
02

01
02

0l
02

4.3 Changes in metal content of 0097 sediment during 1980

mg g

mg g

Ca | Zn
2.06 (0.04) 380 (23) o.
2.93 (0.12) 442 (14) 0.

2.08 (0.07) 431 (13) oO.

o

2.74 (0.19) 450 (9)

2.13 (0.16) 406 (23) oO.

(o]

2.68 (0.09) 456 (8)

1.91 (0.14) 408 (22) oO.
2.71 (0.07) 471 (11) O.

2.00 (0.09) 400 (9) O.
2.82 (0.02) 477 (17) oO.

2.00 (0.04) 371 (13) oO.
2.89 (0.08) 465 (17) O.

Ca
BqO/O-\_o_o___J—O
2 4
11
O‘TIIIIU_IITIII

Cd
161 °”’A\\\\~r///k\\‘k\\v

0-12 -

0-08 4

- 004 -
o ¥ r v v ¥ 7T 7V 7T 7 1T 71T 1
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during 1980. (Values
of the mean)
Cd Pb
098 (0.006) .30 (0.11)
150 (0.007) .62 (0.12)
110 (0.003) .45 (0.09)
.160 (0.003) - 3.26 (0.06)
120 (0.005) .50 (0.13)
.140 (0.005) .02 (0.94)
110 (0.009) .22 (0.19)
163 (0.010) .98 (0.17)
110 (0.006) 2.33 (0.17)
144 (0.003) - 2.96 (0.08)
090 (0.003) .29 (0.08)
127 (0.006) .60 (0.16)
Zn
500 -
V_o___w———o_‘N
400 4
300
200 -
100 -«
0 Tl('fl'fr'r"
Pb
b A
3-‘/\0_0__\‘~
!
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4,52 Total organic content

Values for sediment organic content are given in Tabiéi4,6; details of
the‘analyticai method used, are described in Section-2.23; Reach 02
generally has a higher organic component than reach Ol éediment. It was
'qnoted that throughout stream 0097 there were many fragments of Qood in

the sediment. These occurred in stream sediment before it emerged from

110

the adit and it would seem likely that they derive from mine construction

‘material.

‘Table 4.6 'Orgaﬁic content (%) of sediments from stream 0097 in 1980

reach . month
01 ‘ Jan

02 "
o1 - ... Mar
02 ‘ 7“"
or -~ 'jun
_' 02 1"

mean 7 organic content*

15.8
21.8
15.7
18.0
12.5

16.8

‘* method for estimation given in Section 2.23

4.53 X-ray analysis

X-ray diffraction analyses of sediment material from reaches Ol and 02
eéch gave very similar results. Sediments were made up predominantly

of the minerals quartz (SiOz), hydrozincite (ZnS(CO3)2(OH)6) and iron

oxides (¥Fe.OH).

- X-ray fluorescence analysis charts for reaches Ol and 02 are given in
| Fig. 4.4. Both traces are very similar, the detectable elements in both

v"éédiment samples being Ca, Ti, Mn, Fe, Zn, Sr,‘Zr, Ba and Pb.

S.E.
0.75
1.22
0.80
0.38
1.57

0.27
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' 4;6 Species composition -

A summary of the plant species present in Caplecleugh Low Level is given
in Table 4.7. Estimates of relative abundances of the species pfesent

are élsq given in Table 4.7.

The two Mougeotia spp. were the dominant stream orgaﬂismé forming conspicuous
growths covering the stream bed at certain times of the &ear (see frontispiece).
Seﬁual stages of the-Mougeotia spp. life history couid'not be either found
‘in.the field or induced in the laboratory (Section 2;82); for this_reason .
identification to the species level was impossible for ﬁhese two algal

strains.

‘Although animals were not included in the present study, it may be helpful
' to summarize the data of Armstrong (1979) who examined the fauna of Caplecleugh

" Low Level. He found only two taxa to be present in thé stream. (Orthocladiinae

and lambricid worms) at a very low density.

4.7 Estimation of variation in algal biomass .

Monthly estimates of Mougeotia percentage cover are given in Fig. 4.5;
' The cover of Mbugeotié was geﬁerally much greater in summer than in winter
thbugh there are two marked drops in percentage cover during summer (June
> and August). The single direct measurement of algal.sfanding crop (Section
‘ 2.4)‘gave a value of 200 g dry weight m_z. This measure was made in July,

‘.corresponding to a Mougeotia percentage cover of 907 (Fig. 4.5).
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Fig. 4.5 Chaﬁges in percentage cover of Mougeotia in Stream 0097
during 1980.
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4.8 Alkaline phosphatase activity of algae

The enzyme assay was performed as described in Section 2.5 using five
replicate samples of mixed Mougeotia material. Results are given in

Table 4.8.
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‘Table 4.7 ‘Composition and relative abundance of taxa in stream 0097.
Data based on records for all 1980, relative abundance on
scale of 1-5 (see Section 2.3)

"-plants

BLUE-GREEN ALGAE

Lyngbya sp. (1.2-2.0 pm)
‘Phormidium sp. (1.0-1.5 Pm)

Pseudanabaena catenata Lauterborn

DIATOMS:

Achnanthes minutissima Kitz

Amphora veneta Kutz

‘Pinpularia subcapitata Gregofy

Surirella ovata Kutz
GREEN ALGAE

s g0 - . b
Hormidium rivulare Kutz

Mougeotia sp. (5-6 ﬁm)
Mougeotia sp. (8-10 Pm)
'BRYOPHYTES

Bryum pallens Sw.

Dicranella varia (Hedw.) Schimp.

ANGIOSPERMS

Deschampsia caespitosa (L.) Beauv.

* gee Section 2.12

Durham

code no.

014232
015732

016101

100171
100269
102073

102370

152902
121451

121452

231005

232106

_ relative
D.o.E. abundance
code no.*

reach
01 02 01402
012590 - 1 1 1
013390 1 1 1
013601 3 3 3
120114 1 2. 1
120403 .3 3 3
123300 2 1 2
123804 0 1 1
171903 . 2 1 2
211592 4 4 - 4
211593 5 5 5
321211 4 0 3
322608 11 1
381801 4 0 3
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Table 4.8 Alkaline phosphatase activity of 0097 Mougeotia at 32°C,
collected during August 1980

pH enzyme activity (PM p-nitrophenol h-1 pg chl a)
- 2 ‘ .

8.6 1.03 x 10
-2

9.6 1.74 x 10

10.6 1.86 x 102

11.0 1.77 x 10°2

11.6 0.77 x 102

Alkaline phosphatase activity was measured using algal material collected
on the same day as the water samples which were analyzed for total and

filtrable reactive phosphorus (Section 4.2).
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5 OBSERVATIONS MADE AT STREAM 3026 - LE CROUZET UPPER SLOPE SEEPAGE

Stream 3026 was originally discovered in 1978 by Say and Whitton (1982);

a background description of the site is given in Sectiomn 3.2.

Levels of heavy metals in stream 3026 are extremely high (see Table 5.1);
there is no evidence in the literature of photosynthetic organisms being

recorded at higher concentrations of Zn and Cd (see Section 1.5).

Table 5.1 Physical and chemical properties of water measured at stream
© 3026. (Elements are in mg 1 1) :

collected -July 1978

temperature (°c) 22.0

&

pH (field) . 5.00
metals . total filtrable (Nuélepore)'i
Na o 71.3 64.4
K © 85.0 . 74.5
‘Mg 445 500
Ca- ’ 163.2 163.4
AL e 68.0 0.03
Mn : 325 294
 Fe < 3.37 0.07
N 252.0 240.0
Co  3.64 3.36
- Cu 5.00 1.85
‘Zn - 3840 3610
Cag 0.015 0.025
L cd 345 300
Pb 0.68 0.32

Due to the difficulty of access the amount of data collected at stream

3026 is limited (Section 2.62); however due to the extreme values of heavy;
_ mé;éls found'at the site it was felt that algae isolated from stream 3026
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would prove worthy of further laboratory investigation. Aspects of the
ability of these organisms to survive such extreme metal pollution were
investigated in laboratory culture; details of experiments using axenic

algal strains from stream 3026 are given in Chapter 6.

This chapter summarises the data collected at stream 3026; they may be
important when considering the performance of isolated algal strains in

culture,.

The physical and chemical properties of the water in stream 3026 are given
in Table 5.1. Water was not collected for anion chemistry; however P.J.
Say (pers. comm.) was able to supply analyses for the Ruisseau de Creuzet

of which stream 3026 is a tributary.

The following anion concentrations were found in the Ruisseau de Creuzet;

n=6.
50,-S 1492 mg 17!
si 12.6 mg 17}
61 0.52 mg 171
NH, N 1.84 mg 17}
PO, ~P 1.96 ps 17t

3026 sediment was analyzed by X-ray diffraction and X-ray fluorescence

(Section 2.24).

X-ray diffraction analysis identified the following minerals in general

order of abundance

quartz SiO2

zinc ferrate ZnFeZO4

plagioclase feldspar

beudanite A PbFe3(As04)(SOA)(OH)6

" illite and kaolinite

AT W N

cadmium sulphate CdSO4
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X-ray fluorescence analysis of 3026 sediment indicated the presence of

the elements Fe, Zn, As, Rb, Sr, Sn, Ba and Pb in the 'sediment.

Total stream flora and estimates of relative abundance of species made

on fresh field material are given in Table 5.2. The algae formed a conspicuous

cover at the site (see Fig. 3.5).

_ Table 5.2 Flora of stream 3026

plants Durham code no. estimate of abundance
Hormidium rivulare Kutz 152902 5
Hormidium fluitans A. Braun 152904 2
Pinnularia subcapitata Gregory 102073 2

Culture studies on algal material from stream 3026 revealed a richer

flora for the site than is given in Table 5.2. Details are given in Section

2.82.
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6 LABORATORY STUDIES ON ALGAL STRAINS ISOLATED FROM STREAMS 0097 AND 3026

6.1 Introduction

Chapters 4 and 5 describe the ecology of two highly Zn-polluted streams

in which green algal species are the dominant organisms present. The overall
aim of the present study was to examine aspects of the Siology of these
algae, in relation to the extreme environment in which they were growing
(Section 1.6). This chapter summarises the results of laboratory studies

on green algal strains isolated from streams 0097 and 3026. The aims of

the culture studies were:

a) to assess the toxicity of Zn to these algal strains in conditions

which are controlled and yet resemble the field;

b) to investigate the role of other environmental factors which may prove

important when assessing the effects of Zn;

c) to consider the accumulation of Zn in the laboratory in relation to

accumulation in the field.

Particular emphasis was placed on relating experimental conditions to

those found in the field; this allows- direct comparisons of field and

laboratory data.

6.2 Preliminary observations

With the exception of the two Mougeotia strains'(535, 536) all axenic

algal strains (Section 2.81) showed satisfactory growth in liquid Chu

10 E medium buffered, at pH 7.5 for stream 0097 algae, and pH 5.0 fér
stream 3026 algae (Section 2.74). Strains 535 and 536 grew satisfactorily
on solid Chu 10 E medium (+ agar; Section 2.82) but would not grow when
inoculated into liquid Chu 10 E medium. Batches of media were supplemented

. with suspected additional growth requirements including Ba, Ni, Al, vit. B12

and soil extract. Satisfactory growth of both 535 and 536 was found to
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~occur only in media supplemented with vit. By of soii'extract. It is
apparent that both Mougeotia strains have a requirement for vit. B12’
which was a copstituent of the soil extract and also proBably occuﬁgd
as a contaminant in the agar. 1 nM vit. B12 was routinely included in

all media in which these two strains were grown (Section 2;741).

Due to the constancy of the water in stream 0097 (Section 4.2) it was
envisaged that stream water could be used as the culture medium for stream

0097 algae. This would aid correlations between laboratory experiments

and'field analyees.

10 litres of water were collected from stream 0097 during August 1981

and a limited analysis of the water was performed (Section 2.21):

pH 7.80

temperature 9.5°C
Zn-t ' 8.50 mg 1_1
Zn-f : 8.30 mg 1

this water was passed through a Sinta glass filter (Section 2.21) before
Being stored at 4°C in the dark. Aliquots of this stock -were used throughout
‘the present study for all laboratory experiments where 0097 water was

included as a component of the growth media.

vGrowth of strain 536 was tested in batch cultu;e using stream water,
buffered at pH 7.5, as the growth medium. No growth was found to occur.
Nevertheless, this strain had been found to grow well, in Chu 10 E + B12
medium, also in batch culture. Comparison(of the chemistry of Chu 10 E
(Section 2.741) aﬁd stream 0097 (Section 4.2) indicates fhat 0097 water

is particularly low in nitrogen and phosphorus (and possibly vit. Blz).

10 ml aliquots of buffered stream water were placed in 50-ml boiling tubes

and supplemented with various combinations of N, P and vit. B,, at the
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following concentrations:

N 6.83 mg 1 ! as NaNo,

P 100 mg 17! as Nan,Po

2°74

vit. B12 1 nM.

The combinations tested are given in Fig. 6.1. Each series of treatments
‘was tested (with four replicates) for both strain 536 and field Mougeotia.
Strain 536 had been previously grown in Chu 10 E + B12;.§he mixed Mougeotia
sample had been transported, on ice, directly from stream 0097. A standard

sonicated inoculum of both was used (Section 2.922).

Chl a was ﬁeasurea (Section 2.925) after a six-day incubation period
(Section 2.76). Results are given in Fig. 6.1: growth is expressed as
log (yieid + 1) ﬁg 1_1 chl 3; this value is shown to ﬁe directly related
to algal growth rate (Section 6.32). Where error bars are not given
(Fig. 6.1), replicates were pooled to give a measurable chl a value.
Inocula sizes are also given in Fig. 6.1, though it is’unlikely that
these iﬁocula are totally viéble after sonication (for explanation see

Section 6.32).

Maximum yield for both strain 536 and field Moggeotia éécurred in stream
water plus N, P and vit. BlZ' This combinatioh_was used sgbsequently
throughout.the study as Caplecleugh Field Medium (CFM; see Section 2.741).
Growth of both 536 and field Mougeotia is similar in CFM (Fig. 6.1).
Growth is alSO'simiI;f in éll other combinations of treatments except for
the N + P treatment where growth of strain 536 is much greater tﬁan that
qf field Mougeotia. This is probably due to carryoyer of vit. B12 in

the 536 inoculum;(previously grown in Chu 10 E +~B12);,sufficient to meet

algal requirements.

‘The use of CFM made it possible to represent closely field chemical conditions

 for 0097 algae.: There was ndzfacility readily availablé,:howéver, whereby
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algal cultures could be incubated both illuminated and at the field temperature
(9.5°C; Section 4.2). The temperature response of Mougeotia strain 536 was

tested using a temperature gradient (Section 2.76).

100-ml conical flasks were positioned to give a range of temperatures

from 15°C‘- 25°C. Five replicates were placed at each of six temperatures,
including the two extremes. The flasks contained 25 ml of Chu 10 E + B12
nedium (pH 7.5) and were inoculated with a standard sonicated inoculum

of strain 536 (Section 2.922). The algae were harvested after six days
incubation and chl a concentrations were estimated (Section 2.925). The
effect of temperature on the growth of strain 536 is given in Fig. 6.2;

the optimum'growth temperature of strain 536 is shown to be close to

23%. Extrapolation of the curve to 9.5°C_(fie1d teﬁperature) suggests

a very slow growth rate for strain 536 at this temperature.

During the present study it was intended to grow isolated algal strainms
at the field pH. To check the validity of this, the influence of pH on

the growth of these strains was tested in the labbratory.

Cultures were incubated in 25 ml of Chu 10 E contained in 100-ml conical
flasks (Section 2.76). Growth media were buffered as described in Section
2.742. Strains tested for the effect of medium pH on growth were 532,
533, 536, 537, 539, 541, 545 and 546 (Tabie 2.8). They_were inoculated

as described in Section 2.91; treatments were not replicated. Results of

these pH/growth assays are presented in Fig. 6.3.

Strain 536 showed increasing growth above pH 5.0; pH 7.5 was chosen for
quantitative work on this strain. The mean field pH is slightly above
pH 7.5 for this alga (Section 4.2); problems of media precipitation,

however, increased markedly above pH 7.5.

The remaining algal strains isolated from stream 3026 all grew at pH 5.0

(field'pH)._ Growth of the two Chlamydomonas strains, 533 and 541, showed
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little change above pH 4.0. The remaining 3026 strains showed increased
growth in higher pH media (above pH 5.0); the field pH, however, was used

for further quantitative work with these strains.

6.3 Zinc toxicity

6.31 Preliminary assay

Assays.were performed following the routine described in Sectioh 2.91.
Sfrains isolated from stream 0097 were assayed in Chu.10 E medium buffered
at pH 7.5 + 1 nM vit.ABlz; the remaining strains, isolated from stream
3026, were assayed in Chu 10 E medium buffered at pH 5.0. Table 6.1 gives
the biomass estimates (Section 2.91) for all algal strains isolated from
streams 0097 and 3026'(Tab1e,2.8); Zn concentrations range from zero to

lethal for each strain tested.

Strains 536 and 537, which represent the dominant algae at their respective
field sites (streams 0097, 3026), were chosen for more detailed study.

No changes of Zn tolerance were observed for these two strains throughout

the period of the study.

6.32 Effect of zinc on growth

Three strains (536, 537, 545; Table 2.8) were chosen for more detailed
study of the influence of Zn on growth. The reasons for choosing strains
536 and 537 are outlined in Section 6.31; strain 545 was chosen because,

as a unicellular alga, analysis of growth parameters was simple and rapid.

Strain 536. The effect of Zn on growth was investigated in two media,
Chu 10 E and CFM (Section 2.74). Both media were buffered at pH 7.5 and 1

" nM vit. B.. was added. The experiment was performed in boiling tubes,

12
each containing 10 ml of growth medium. Zn as ZnSO4 was added to each

tube from a highly concentrated stock so as not to alter significantly

the overall mineral concentrations of the media. Twenty one replicates
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Table 6.1 Prellmlnary assay of Zn tolerance of algal stralns 1solated

10
15

20

25

30

40

50

75

100
150
250
500
750
11000
2000

3000

- 5000

from streams 0097 and 3026 -

532 533 535 536 537 539 540 541 545 546

5 5 5 5 5 5 5 5 5
5 5 5 5 5
5 5 5 5 5 5 5 5
5 4 4 4 5 5 4 5 5
4 3 5
4 4 3 2 5
5 2 1 5 5 1 5 5
0 5
3 0 0 4
4 2 4 4 4 4 5
1 2 | 5
4 1 4 4 1 2 4
0 0 1
4 4 . 0 3
3 3 3 1
2 2 2 0
2 2 1
2 1 1 :
1 1 0
0 0 0
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were prepared for each Zn concentration and medium. AOne replicate was
set aside, while the remainder were inoculated with a gténdard sonicated
inocﬁlum of strain 536. Tubes were then incubated in the 20°%C growth
tank (Section 2.76). At intervals of 1, 3, 5, 7 and 9 days, four tubes

of each treatment were removed, and chl a measured.

Pfecipitation was seen to occur in these high pH media; the replicate
tube, which was not inoculated with algae, was analyzed for soluble Zn

at the end of the experiment. Samples of medium were_fiitered through
G.F.C. glass fibre filter paper and the filtréBie coﬁponent was analyzed
for Zn, by atomic absorptidn spectroscopy (Section 2.21); The differences
_between total and filtrable Zn concentrations for boﬁh Chu 10 E and CFM
at pH 7.5 are gi§en in Table 6.2.

Table 6.2 . Zinc precipitation in pH 7.5 media; values in mg 1_1

Chu 10 E medium .o CFM
ltotal zinc filtrable zinc totai zinc | fiitrable zinc

0 0.1 8.5 1.5
5 5.2 15 2.1

10 9.8 25 2

15 13.9 40 4.5

20 19.7 100 15.7

25 25.3 200 . 65.4

40 39.4

‘The effects of varying Zn concentration on the growth of strain 536 are

1 éiven in Fig. 6.4 (Chu 10 E medium) and Fig. 6w5 (CFM) ; due to the precipi-
taﬁion in CFM, growth is related to filtrable and not-tbtal Zn (Table 6.2).
Values, togethér with their sténdard deviations (n = 4), are given fully

in Tables 6.3 (Chu 10 E medium) and 6.4 (CFM;.



128

18- 0Zn
S5Zn
1j6'ﬁ
10Zn
14 15Zn
124
T 10-
@))
€
— 08
o 20 Zn
S
0-6
0-4-
+—
257Zn
0 | 1 1 1 | | LI 1 1
o 1 2 3 4 5 6 7 8 9

time (days)

Fig. 6.4 Effect of Zn (mg 1_1) on growth of strain 536 in Chu 10 E
(pH 7.5); arrow indicates concentration of inoculum



129

15 Zn

o Q
&) (o)) c\p]
] 1 o)

chl a (mg!™)
bl ]
: o
1

03 65 Zn
>
024
01+
0+
S A A
time (days)

6 5 Effect of Zn (mg 1 ) on growth of strain 536 in CFM (pH 7.5);

Fig.
: arrow indicates concentratlon of inoculum



[za] (mg 170)

1 3 5 7 9

o 0.152(0.012) © 0.301(0.081) 0.882(0.093) 1.422(0.108) - 1.762(0.364)

5 0.163(0.009) 0.385(0.067) 0.982(0.054) 1.248(0.033)- ©1.700(0.186) -

10 0.170(0.021) 0.322(0.043) 0.839(0.051) | 1.159(0.149) 1.414(0.141)

15 . 0.165(0.021) 0.316(0.023) 0.626(0.083) 11.022(0.059) 1.414(0.059)

20 0.168(0.020) 0.245(0.030) 0.450(0.061) 0.702(0.090) 10.748(0.061)

25 0.171(0.014) 0.135(0.030) 0.086 (0.048) 0.169(0.096) 0.120(0.051)

40 0.166(0.018) 0.084(0.032) 0.015(0.003) - "0.049(0.018) 0.053(0.019) - . -

time (days)

' . -1
Table 6.3 Effect of Zn on growth of strain 536 in Chu 10 E medium at pH 7.5; values (mg 1 chl a) are the mean_of
four replicates; figures in parentheses are the standard deviation of the mean; inoculum = 0.20 mg 1
chl a '

oel



_1)

(mg 1

[zd]

1.5

2.1

15.7

65.4

1

0.150(0.028)
0.115(0.018)
0.113(0.007)
0.124(0.024)

0.121(0.021)

3

0.187(0.042)

0.158(0.018)

0.132(0.008)

0.166(0.022)

0.153(0.016)

time (days)

5

0.317(0.070)

0.264(0.008)
0.259(0.034)
0.275(0.018)

0.217(0.017)

7

0.474(0.057)

0.494(0.088)

0.357(0.071)

0.430(0.056)

0.325(0.053)

9
0.711(0.072)
0.547(0.06)

0.514(0.055)
0.478(0.044)

0.312(0.096)

Table 6.4 Effect 'of Zn on growth of strain 536Aih CFM at pH 7.5; values (mg 1_1 chl a) are the mean of four

replicates; figures in parentheses are the standard deviation of the mean; inoculum
chl a :

0.20 mg 11

T€1
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0
10
50
100
'_"5
lﬂ 250
o0
E 500
= 1000
N,
2000
3000
5000

1

0.119(0.011)

1 0.130(0.015)

0.115(0.009)
0.134(0.019)
0.131(0.001)
0.112(0.018)
0.106(0.018)
0.115(0.013)
0.099(0.034)

0.071(0.011)

0.150(0.032)
0.140(0.023)

 0.116(0.023)

0.139(0.011)
0.119(0.013)
0.105(0.007)
0.081(0.005)

0.091(0.016)

0.084(0.008) .

0.085(0.011)

'0.398(0.021)

0.475(0.061)
0.405(0.074)
0.273(0.021)
0.210(0.021)
0.212(0.030)
0.137(0.011)
0.109(0.011)
0.131(0.039)

0.087(0.023)

time (days)

7

0.846(0.012)
0.888(0.215)
0.657(0.067)
0.510(0.116)
0.314(0.021)
0.294(0.055)
0.217(0.032)
0.166(0.014)
0.127(0.023)

0.108(0.013)

9

0.964(0.076)
1.070(0.146)
0.978(0.032)
0.878(0.075)
0.552(0.032)
0.301(0.064)
0.168(0.021)
0.158(0.022)
0.112(0.013)

0.080(0.015)

11

1.090(0.055)
1.111(0.021)
1.094(0.078)
0.978(0.135)
0.797(0.055)
0.391(0.024)
0.245(0.068)
0.189(0.033)
0.148(0.034)

0.056 (0.009)

13

1.097(0.136)
1.055(0.032)
1.048(0.042)
1.076(0.064)
0.929(0.053)
0.517(0.106)
0.294(0.042)
0.168(0.008)
0.120(0.013).

0.017(0.004)

. -1
Table 6.5 Effect of Zn on growth of strain 537 in Chu 10 E medium at pH 5.0; values (mg 1 chl a) are the mean
of four replicates; figures in parentheses are the standard deviation of the mean; inoculum = 0.13

mg 11

chl a

Kl



. _1)

(mg 1

(zn)

100
150
200

250

1.22(0.34)

'2.04(0.28)

1.80(0.15)

'1.81(0.11)

1.60(0.35)
1.39(0.20)
1.21(0.12)

1.43(0.14)

Table 6.6 Effect of Zn on growth of strain 545 in Chu 10 E medium at pH 5.0; values (mg 1 -1

0.72(0.15)

7.70(0.71)

6.08(0.29)

3.88(0.24)

3.88(0.89)
1.91(0.12)
1.59(0.17)
1.48(0.42)

1.45(0.45)

- 0.42(0.09)

22.5(2.91)

19.8(2.70)
14.6(2.40)

6.93(2.02)

2.81(0.81)

1.75(0.39)

1.24(0.41)

1.38(0.14)

1.26(0.30)

61.3(9.10) .

69.0(6.96)
30.9(4.85)
9.68(1.81)
3.30(1.61)
1.90(0.24)
1.38(0.44)

1.22(0.17)

time (deys)

3.75(0.25)

198 (15.3)

- 208 (42.6)

.75.5(15.2)

11.9(1.07)
3.34(0.82)
2.26(0.11)
1.22(0.06)

1.41(0.58)

6

17.1(2.53)

411 (46.5)

456 (16.3)
136 (24.3)

3.90(0.65)

79.8(26.0)

. 850 (48.6)
- 930 (140)

365 (62.7)

46.3(3.71)

| 2.46(0.54)

1.00(0.28)

1.54(0.44)

547 (25.3)

12720(287)

2430(247)

1410(276)

- 88.2(11.3)

3.84(0.67)

2.28(0.74)

1.40(0.41)

1.25(0.19)

11

2230(345)

2750(271)

2730(253)
12290(320)

224 (36.0)

5.15(1.72)
2.24(0.60)
1.50(0.44)

1.33(0.21)

13

- 3362(480)

2810(475)

743 (343)

chl a) are the mean

of four replicates;:figures in parentheses are the standard dev1at10n of the mean; 1nocu1um = 2 x 10%

cells ml
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Strain 537. The effect of Zn on the growth of strain 537 was investigated
in Chu 10 E medigm buffered at pH 5.0 (Section 2.742). The design of the
experiment was similar to the previous growth experimenﬁ on strain 536.
Twenty eight replicates of each Zn treatment were prepared, allowing four
to be removed for chl a analysis after days 1, 3, 5, 7, 9, 11 and 13.

The range of Zn éoncentrations used, were based on those_shown previously
to cover the toxicity range for strain 537 (Table 6.1);.no precipitation
‘occurred at pH 5.0, even at the highest Zn concentrations. The results

of the effect of Zn on the growth of strain 537 are plotted in Fig. 6.6.
Mean chl a values corresponding to the points on Fig. 6.6 are given in
Table 6.5 along with the standard deviation of each point. Curves for

10 and 50 mg 1_1 Zn (values in Table 6.5) are not given in Fig. 6.6 as they

run very closely with the O mg 1-1 curve.

Strain 545. The effect of Zn on the growth of strain 545 was investigated
in Chu 10 E medium buffered at pH 5.0. The cultures were incubafed in
-100-ml conical flasks in 25 ml of growth medium. Four replicates of each
Zn concentration were inoculated with 2 x 104 cells ml-1 of strain 545.
0.1 ml éamples of the cell suspension were removed aseptically at daily
intervals to be counted using a haemacytometer (Section 2.923). The
effects of varying Zn concentration on growth of'strain 545 are plotted

on Fig. 6.7. The values on which Fig. 6.7 is based are given in Table 6.6.

The sensitivity of haemacytometer counting of unicellular algae, compared
to estimation of chl a for filamentous algae, allowed a relatively lower
inoculum to be used with strain 545. The increase of biomass of strain 545

" over approximately three orders of magnitude made it more convenient to plot

log biomass versus time for this strain.

The growth constant k was calculated for each algal strain at each Zn

concentration (Table 6.7). k is derived from the equation below:
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k= 1og2(N1/N2)‘
| 1. 2:

were N =rcqncentration of algae.in the culture and t = time (days); The

value k corresponds to the number of biomass doubling times per day. k
 was calculated by fitting a straight line, using a least squares regression,-

to a semiflog plot of log biomass versus time (days). The expohenfial

part of the growth curve (straight line on semi-log élbt) is estimated

by eye.’ ?'[_f'llog10 values are plotted then k = 3,322K where K = the slope

of the 1iﬁé; |

Table 6;7 Influence of Zn on growth rates of strain 536 (Chu 10 E, CFM),
strain 537 (Chu 10 E) and strain 545 (Chu 10 E); Zn values

in mg 11 :

536 (Chu 10 E) 536 (CFM) 537 (Chu 10 E) 545 (Chu 10 E)
Cm ok o o Zn kO Zn k
0 - 0.392 1.5 © 0.321 0 0.643 0o 1.7
s 0.342 2.1 0.322 10 0.683 s 1.4
100 0.319 45 0.32 50  0.5000 - 10 1.39

!15  0.236 15.7  0.260 - 100  0.440 25 1.28

20 0.130 65.4 . 0.193 250 0.330 50  0.72
;J';zs i_'o,o37 500 0.152. 100 0.15
40 0,014 1000 0.131 150  0.14
2000 0.120 250 -0.01

3000 0.006 ~

5000 =0.058

n,-;A genéralized toxicant dose responsé curve, as described by Berry and

‘ Wa11ace (1981), is given in Fig. 6.8:
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Fig. 6.8 Generalized toxicant dose response curve

tolerance |
plateau

- toxicity threshold

growth —

toxic zone (slope =unit toxicity)

=lethal toxicity

. dose —=

where; toxicity threshold is the lowest concentration of a toxicant at

which an additional dose will cause a growth decfease;'ﬁnit toxicity is

the amount of response (growth decrease) per unit of toxicant after the
threshold toxicity is reached. The slope of the dose response curve in
the toxic zone (Fig. 6.8) represents the unit toxicity i.e. the steeper

~the curve, the greater the unit toxicity.

Commonly in toxicant dose response curves the relationship between a
toxicant and the response of an organism can be linearised by plotting
response versus the logarithm of the toxicant concentration (Finney, 1947;

Kjellstrom, 1976). Fig. 6.9 shows the growth constant k plotted against
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~ 536(Chut0E) 536 (CFM)
0-4} ' v . 04 o ]
034
k
0-2 1
014
0 - T T 4 1 O — T 1
0 05 10 15 0 10 20
log([Zn]+1) mg -1 “log([Zn]+1) mg -1
537 (Chu 10 E) 545 (Chu 10 E)

=09 +— - ‘T lo, _ 4-
0 1. 2 3 40 10 20
log ([Zn]+1) mg ™! log ([Zn]+1) mg (-1

6.9 Effect of Zn on growth rate of strains 536 (Chu 10 E, CFM),
537 (Chu 10 E) and 545 (Chu 10 E); arrows indicate the
toxicity threshold value

 Fig.
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loglo(Zn + 1) for the four growth.curves given in Figs. 6.4 to 6.7. To
allow control values of Zn (zero values) to be plotted, one unit is added
to each Zn concentration (mg 1_1) before the logarithm is calculated;
this is a routine procedure where zero values are included in logarithmic

transformations (Steel and Torrie, 1960).

A curve corresponding to that given in Fig. 6.8 can ée fitted to each scatter
(Fig. 6.9). Values for toxicity threshold and unit quicity, for each

dose responsé curve (Fig. 6.9), are given in Table 6.8. For the strain

545 dose response curve, the zero Zn value is not used in the construction

of the curve, the reason for this is discussed in Section 9.41.

Table 6.8 Parameters of the dose response curves for strains 536, 537 and 545

strain 536 536 537 545
medium Chu 10 E : CFM Chu 10 E Chu 10 E
Zn toxicity threshold 5.5 mg 1.-1 5.3 mg 1-1 “11.0 mg'l—1 20.4 mg 1-1
Zn unit toxicity ~0.47 =0.12 -0.27 -1.34

Many experiments in the present study rely on single measurements of algal
yield sampled prior to the end of the.exponential growth phase. It proved
‘impossible to measure the growth constant (k) by plotting the slope of the
1og2 curve between the inoculum value and ;he yield value; due to sonication
of the inocula (Section 2.922) the values quoted for inocula concentrations
include botﬁ living and dead material. Figs. 6.4, 6.5 and 6.6 show ﬁhat

for strains 536 and 537, after 1 days growth, the chl a concentration

.falls below the inoculum value. This probably represent; the breakdown

of cells.rendered-inviable by sonication. The‘growth curves given in

Figs. 6.4 to 6.7 were used to test the validity of quoting log yield to

represent the growth rate (k). For each growth curve a time was chosen

prior to the end of the exponential growth phase and log yield was correlated
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with k (Tablg 6.7), for each Zn concentration, using the least squares

regression technique. Results were as follows:

- strain . - 536 536 537 545

' medium : Chu 10 E CFM Chu 10 E  Chu 10 E
time (days) . . : 7 9 | 7 7
correlation coefficient  0.991 0.905 0.980  0.998

again for alga 545 the zero zinc concentration was not included in this

7calcu1atioﬁ (Section 9.41),

 The high correlation values indicate that log yield values can be used
to represent growth rate. In experimental results where log yield figures
are quoted, these can be assumed to be directly proportional to growth

rate for strains 536, 537 and 545.

In order to aliow the logarithmic transformation of values of zero yield
" .(i.e. cell death), one unit is added to the yield value before transformation
Y(Steél@u&;Torrie, 1960). This is represented on figu:eé'as log (yield + 1)

" “e.g. Fig. 6.1.

" -6.4 -Environmental factors affecting zinc toxicity

o As-descriﬁgd in Section 1.321, when relatiﬂg laboratory toxicity studies
'.';fé the‘likely'effects of these toxicgnts in the field, the iﬁfluence o%
“cher environmental variables on toxicity must be considered. Isolates
'bf‘the two dominant algae at streams 0097-and 3026 were chosen to study
_ the.infiuénce of a number of chemical factors likely to affect Zn toxicity
in the'fiéid. The algal strains used were strain 536 and strain 537

‘  (isolated from stream 0097 and 3026 respectively).

Basic Chu 10 E medium was adjusted with respect to both Zn concentration

- .and the'ghemical factor to be tested. Zn levels ranged from zero to toxic
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(based on values derived previously; Table 6.1); the concentration of the
chemical factor was based on field analysis (Section 4.2 and Chapter 5)

and for each tested, a range of concentrations was chosen to cover field

conditions.

Small portions of strains 536 and 537 were inoculated into 10 ml of Chu
10 E medium (inoculation.procedure described in Section 2.91) contained
in 50-ml boiling tubes. Media were buffered at appropriate pH designed
to reproducé field conditions (Section 6.2); 536 media contained 1 nM

vit. B12'

Varidus combinations of Zn and the chemical factor under investigation

were»tested in a matrix format (for addition of selected ions to Chu 10 E
medium see Section 2,744). Analysis of algal growth was carried out after
6 days incubation in the 20°C growth tank (Section 2.76); growth estimates

were based on the simple 1-5 scale described in Section 2.91.

The various interactions tested are given in Fig. 6.10; the effect of EDTA
on zinc toxicity was included in this series of experiments, (1.25 mg 17t

EDTA corresponds to levels used in Chu 10 E medium; Section 2.743).

Though detailed interpretations cannot be made on the semi-quantitative

data presented in Fig. 6.10, the following factors can be seen to interact

‘with zinc toxicity.

For strain 536 both Mg and Ca strongly reduced Zn toxicity. Bicarbonate
also appears to have an-amelioratory affect on Zn toxicity though, at
highef concentrations of bicarbonate, there was precipitation in the media;
it is likely that Zn levels in the media are reduced due to this. It is
also evident that K and P show an ahelioratory effect on toxicity, to a

lesser degree. None of the other factors tested appear to influence Zn
toxicity to strain 536. Cd at the highest concentration tested (1 mg 1—1)'

is significaﬂtly toxic, though there is no indication of anything other
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than an additive interaction with Zn toxicity. The requirement for the

addition of N and P above field levels, in batch culture, is also demonstrated

(Section 6.2).

For strain 537 Mg has a major amelidratory effect on Zn toxicity though
Ca does not appear to act similarly. Mn also acts to reduce Zn toxicity
at field concentrations; Ni is highly toxic and therefore no interaction
with Zn toxicity is revealed at these Ni concentrations. Zn aﬁd Cu act
synergistically iﬁ combination; the interaction of Zn and Cd is studied

in more detail later in this Section for strain 537. Si appears to have a

slight amelioratory effect on Zn toxicity.

The influence of pH on Zn toxicity was investigatéd in fhe pH range 4.0
= 6.0 for strain 537, which had originally beén isolated from a field pH
of 5.0 (Section 4.2). (The response of alga 537 to pH, in Zn-free medium,
is given in Section 6.2.) Boiling tubes containing 10 ml of Chu 10 E
medium were inoculated with a standard sonicated inoculum of strain 537
(Section 2.922)“ Four replicates of each combination of‘Zn.and pH, indicated
on the horizontal axes of Fig. 6.11, were incubated for six days in the
20°% growth tank (Section 2.76). After this périod, chl a values were
calculatéd (Section 2.925), where these were very low thé replicates were
pooled. Fig. 6.11 shows algal growth (plotted on vertical axis as log
(yield + 1) as explained in Section 6.3) versus both Zn and pH. Standard
deviation bars are indicated for treatments where it was not necessary to

pool the replicates for chl a analysis.

Fig. 6.11 shows a similar response in Zn-free medium for strain 537 as
was shown previously (Fig. 6.3). The toxicity curves of Zn at pH 4.0 -
5.5 are very similar; at pH 6.0, however, the‘téxic action of Zn appears
to be slightly greater. This is particular1y evident at 500 mg 1-1 Zn

which proved lethal at this pH.
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Fig. 6.11 Interactive effects of Zn and pH on the growth of strain 537 in
Chu 10 E medlum, error bars indicate the standard ‘deviation of
the mean, n=4
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The ubiquity of Cd in Zn-polluted enviromments is introduced in Section 1.2;

Ainteractions of Zn and Cd toxicity, to plants, -are found to range from ameliora-

tory to synergistic (Section 1.321). The interaction of Zn and Cd was further

investigated for strains from stream 3026 where the Cd:Zn ratio is particularly

. .hlgh (approx1mate1y 1:10; Chapter 5) compared to many Zn .polluted sites

(Section 1 2)

Fig. 6.10 indicates that high levels of Zn reduce Cd tgiicity for strain 537,

though at- the highest levels Qf Zn and Cd (corresponding to field levels;
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Section 4.2) there is no detectéble growth. This interaction was studied in

| more detail for strain 537. A matrix of Zn and Cd conceﬁtrations was set up in
10 ml aliquots of Chu 10 E medium buffered at pH 5.0. Four replicates of each
Zn/Cd combination shown on the horizontal axes of Fig. 6.12, were inoculated with
a standard sonicated inoculum of strain 537. After a six day incubation period
(for incubation conditions see Section 2.76) chl a values were calculated,though
where these were very low the replicates were pooled.- Fig. 6.12 showé algal
growth (vertical axis) versus Zn and Cd concentrations. Stan&atd deviation bars
are indicated for treatments where it was not necessaryvto pool the replicates

for chl a analysis.

Fig. 6.13 shows the results of a similar experiment using strain 545. A
‘matrix of Zn/Cd combinations (indicated on Fig. 6.13) was set up in 25 ml
volumes of Chu 10 E (pH 5.0) contained in 100-ml conical flasks. Each

flask was inoculated with 105 cells ml-1 of strain 545. Cell concentrations
were -counted after six days incubation (Section 2.76) using a haemacytometer
‘(Section 2.923). Treatments were not replicated; log cell cdncentrations

(vertical axis) are plotted against Zn and Cd concentrations (horizontal axes).

The Zn and Cd interaction experiments for strains 537 and 545 both show that
zinc has a significant amelioratory effect on cadmium toxicity when both are
present together in. the algal growth medium. At higher Zn concentrations Cd

appears to have no converse effect on Zn toxicity.
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Fig. 6.12 Interactive effects of Zn and Cd on growth of strain 537 in Chu
10 E medium (pH 5.0); error bars indicate the standard deviation

log (yield +1) (mg (- chl a)

of the mean; n
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Fig. 6.13 Interactive effects of Zn and Cd on growth of strain 545 in Chu
10 E medium (pH 5.0)
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As indicated by Wong and Beaver (1981), by presenting‘éﬁ aigal culture with
a combination ofAtoxicénts in the external growth medium, the interaction
observed may be due to coagulation or co—precipifation in the medium. In
order to study the in vivo interaction of Zn and Cd, cultures of strain 537
were pre—incubated for four days in Chu 10 E medium (coﬁ;rol), Chu 10 E +
Zn (100 mg 1-1) or Chu 16.E + Cd (10 mg 1—1). The algae were then washed
in normal Chuvlo E medium before being sonicatéd and reinoculated into
boiling tubes containing Chu 10 E medium supplemented with a range of Cd

concentrations. The metal pretreatment stage introduces metal into the algal
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cells and it is possible to assay the effect of cellular metal levels on Cd
toxicity. The cultures were incubated for six days qffe: which chl a
analyses were carried out (Section 2.925). Algal growth is blotted against
Cd concentration for the three preincubation treatments (Fig. 6.14). The

toxicity threshold (Section 6.3) is found to change as follows:

preincubation treatment toxicity threshold of Cd
normal Chu 10 E : 2.4 mg 1-1
Chu 10 E + Zn (100 mg 1_1) 4.3 mg 1_1
Chu 10 E + Cd (10 mg 1~ %) 5.6 mg 17"

6.5 Zinc accumulation

Zn accumulation was studied in strains 536 and 537, isolated as the two

dominant algae from streams 0097 and 3026 respectively. -

Data are presented for accumulation of metals by Mougeotia spp. growing

in stream 0097 in Section 4.3.

A culture of stfain 536, which had previously been subcultured sevefal
times ih Chu 10 E medium minus Zn, was divided and inoculated into Zn
supplemented media. These cultures, contained in 100-ml éonical flasks

(25 ml of medium), were incubated for four days (Section 2.76). " fwo media
were employed, Chu 10 E (pH 7.5) and CFM (pH 7.5). As discussed in'Section
6.3 preéipitation occurs in CFM when additional Zn is added and therefore
results are quoted with respect to filtrable Zn and not total Zn. After
the four day i;cubétion period, alga were removed and algal Zn levels were
estimated for each Zn treatment (Section 2.927). Fig. 6.15 gives the

relationship between Zn concentration in the medium and accumulated levels

of Zn in the alga for the two media used.

Accumulation of Zn by strain 536 is much greater in CFM than in Chu 10 E.

By projection (based on the CFM curve) the mean field Zn concentration would
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give a predicted Zn concentration in the alga of 304 mg 3?1. This corresponds

cloSely'with the maximum value reported for this alga in the field (Table 4.3).

Zn accumulation was studied in straiﬁA537. Again algae‘grown in Zn~free

Chu 10 E medium were transferred to a range of Zn concentrations, in Chu 10
E medium (pH 5.0), and incubated for four days. After this period the Zn
content of the algae was estimated (Section 2.927). Fig. 6.16 shows the
relationship befween the Zn concentration in the medium and accumulated Zn in
the algaé; the straight line plot is calculated using a least squares

regression of the points indicated.

Fig. 6.16 Accumulation of Zn by strain 537 in laboratory culture
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7 CARBOXYLIC ACID CONTENT. OF ALGAL MATERTAL

7.1 Introduction

The pfesent study is an investigation of the ability of green.algae (Chlorophyta)
isolated from tﬁo'zinc-pollutéd streams (streams 0097 and 3026) ta tolerate
extreme levels of zinc. The previous Chapter has shown that theseAélgae are
able to grow, in 1aboratory éulture,_at levels of Zn ﬁeil'above those which
are normally toxic to green algae (Section 9.41). AS'éummarized in Section
1.322,.many:méchanisms have been suggested by which plants develop resistance
to elevated levels of heavy metals. The experiments summarised in the present
Chapter were planned as an attempt to find out the mechénism(é) by which algae .
from streaﬁs 0097 and 3026 achieved their resistance. .Mathys (1980) presents
evidence tha£ in certain higher plants, carboxylic acids are involved in a
process of detoxification of Zn. In view of this, it seemed worthwhile to

investigate the effect of Zn on the carboxylic acid levels in algal material.
The methodology on which this chapter is based is présented in Section 2.10.

7.2 Carboxylic acid analyses

v As described iﬁ Section 2.10.3, a standard miiture of 10 carboxylic acids

. fwas pfepared. The chromatogram given in Fig. 7.1 is produced by injecting
énto the ‘chromatographic column 1 pg of each of'ﬁhe acid derivatives
~indicated. ‘ihe temperature ét which each acid‘emergés}from the column is

: first obtained separately; this enables identification of each peak when
the acid mixture is analyzed.. It is.evideqt that, though each of the acids

is present in equal quantities (1 pg), the peak heights vary considerably.
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Fig. 7.1 Gas chromatogram of trimethylsilyl derivatives of a mixture of
standard carboxylic acids ~

standards

18[.' citric acid

:‘ 176" aconitic acid

122° succinic acid .

T %" 162" keto-glutaric acid.

8 —err— - 150° malic acid
o (;EEE:: e re— 1[.0' DMGA

% | —— —— 129. fumaric acid

Q

ot

108° malonic acid
g97° oxalic acid

85° lactic acid

N

Figs. 7.2 to 7.6 show the gas chromatograms of each of the treatments given
" in Section 2.10.1 (Table 2.11). The chromatogram for the field Mougeotia
sample is not included as it shows no peaks indicating the presence of

carboxylic acids.

/

Table 7.1 gives the equivalent dry weight of alga (prior to carboxylic acid
extraction), injected onto the column, for each chromatogram (Figs. 7.2 to
7.6); this value is calculated from both the total algal dry weight and the

volume of injection (Section 2.10.3).
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" Table 7.1 Column loadings of gas chromatograﬁs

élga - In (mg 1—1) | equivalentAalgal . Fig.

’ : dry weight o
injected (mg) -

532 0 0.95 1.2
532 | 25 3.50 | "

533 3 0 | 1.14 7.3
533 | 25 1.16 . o
537 0 1 0.15 7.4
537 .25 o7 o

537 100 0.36 "
45 _ 0 - 1.88 . 7.5
545 | 25 1.97 "

. 546 o 0 1.23 7.6
s e 1.39 1 "
field Mougeofia - 6.25 -

4in Fig. 7.é”the two cﬁromatograms for strain 532 both show carboxylic acid
| ;?éaks emeréing at 161°C; there are no other significant peaks on these

' ;hromafograms. The peak on the 532 + Zn chroﬁatogram is substantially'
 .1argéf fhan that on the 532 - Zn chromatogram; it is 1iké1y, howéver, that
-fhis is due to the higher'injection dry weight‘of the + Zn treatment (Tabie
7.1). The peak on each of the two chromatograms (Fig.-7.2) emerges at a

Very similar temperature to that of eo(keto-glutaric acid indicated on Fig.-7.1.

Fig,b7;3 shows the chromatogramé of carboxylic acid extracts of strain 533.
The injepti6n dry weight of the two Zn treatments are v;ry'similar for this
: strain (Taﬁle 7.1). Both chromatograms show peaks emergiﬂg at temperatures
‘_ll7,l132, 140, 208 and 222°C.: The - Zn treatment showg a peak emerging at

I66°C; this does not appear on the + Zn chromatogram. Conversely the + Zn
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Fig. 7.2 Gas chromatograms of trimethylsilyl derivatives of carboxylic
acids extracted from strain 532
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33+Zn (25mg l".)

ut'er'np'(°C) —

AFig, 7.3 Gas chfomatogréms of trimethylsilyl derivatives of carboxylic
R " acids extracted from strain 533 ‘
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treatment shows peaks at'iS7 and 190°C which do not appear on the - Zn

- chromatogram. The 140°¢ peak on both chromatograms (Fig, 7.3) probably
corresponds to DMGA buffgr carried over from the algal gfowth medium
(Section 2.10.1); none of the other peaks in Fig. 7.3 correspond to standards

given in Fig. 7.1.

The chromatograms for strain 537 (Fig. 7.4) each show a peak emerging from
the column at 140°C. It is likely that this represents DMGA wﬁich is a
contaminant derived from the algal growth medium (Section 2.10.1). The
variation in size of this DMGA péak is probably due to the difference in
the injection dry weight equivalent (Table 7.1) of each treatment and is
not a product of different Zn treatments. Acid peaks emerging at 200 and
225°¢C appear to develop in higher Zn treatments; these do not correspond
.to any of thé standard acids tested (Fig. 7.1). The acid peak emerging
around 84°C, in’eaéh of the chromatograms in Fig. 7.4, possibly represents

lactic acid (Fig. 7.1). -

Fig. 7.5 shows the two chromatograms for strain 545 (Section 2.10.1).

Both chromatograms shéw carboxylic acid peaks emerging from tﬁe column at
83,. 129, 133, 140, 147, 160, 173, 181, 190, 200 and 218°C. The heights

of these peaks are similar in both chromatograms; the injéction dry weight
equivalent for each chromatogram is also very similar (Table 7.1). The

- Zn treatment shows a very large peak emerging at 157°C; at the equivalent
temperature in thg + Zn treatment a small peak occurs. Conversely the + Zn
chromatogram shows a 1argé.peakvemerging at 194°C; the - Zn treatment shows
" no corresponding acid peak at this temperature. In addition the + Zn
treatment shows carboxylic acid peaks.emerging at temperatures of 127 and
184°C which do not occur in the - Zn treatment. Except for the peaks
emerging at,129°C, which correspond to fumaric acid in the standard run
(Fig. 7.1), none of the peaks given in Fig. 7.5 correspond closely to any

of the 10 standard acids (Fig. 7.1).
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The two chromatograms for strain>546.are given in.Figf:7.6; the dry weight
equivalent of the injection is similar for both Zn.trgatments (Tabie 7.1).
The - Zﬁ treatmenf shows two chromatographic-peaks emerging at 119 and
152°C; the + Zn tréatmenf'shows a siﬁgle carbpkylic égid peak emerging at
153°¢. By injecting onto the chromatographic column a mixture of the
extracts of the two Zn treatments, it was found that thé peaks emerging at
152 and 153°C for each treatment emerged as a single peak. This strongly
suggests tha; fhe two peaks indicate the presence of the same carboxyli;
acid. ﬁeither of the carboxylic acids demonstrated in Fig. 7.6 corresponds

to any of those in the standard run (Fig. 7.1).
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8 ULTRASTRUCTURE 0097 MOUGEOTIA

In an_étfeﬁﬁt to elucidate the resistance mechanism(s) of stream 0097
Mougeotia it was intended to examine the alga's fing.s;ructure ana augment .-
this with energy dispersive x-ray microanalysis (see Silverberg, 1976).

It was envisaged that this would identify sites of metal deposition within
the cell. Although algae were prepared for fine-structural examination;

the facility for x-ray microanalysis became unavailable for use. Preiiminary

. results on the ultrastructure of 0097 Mougeotia are presented in this

Chapter.

Mougeotia material analyzed for zinc content was found to contain 120 mg
g_1 dfy.weight Zn. A portion of this Mougeotia was prepared for electron

microscopic examination.

' Fig. 8.1 is a transverse section of a Mougeotia filament through a pyrenoid;

Fig. 8.2 shows a longitudinal section of the same alga.







9 DISCUSSION -

9.1 introduction

ﬁoth streams 0097 and 3026 can be regarded as "extreme-epvironments"

in the sense of Brock (1969). He defines an extreme eﬁvironment broadly

as one in which species nﬁmbers aﬁd diversity are reduced as a direct
consequence of the inability 6f»organisms to adapt to this envifonment,

and it has been shown for streams 0097 and 3026 that maﬁy potential
célonisers.afe excluded due to elevated levels of metals in the stream water.
A limited number of épecies have been able to ;olonise‘both streams and of

these, green algae are able to grow abundantly.

This discussion considers aspects of the biology of these green algée in
order to gain a more detailed understanding of their ability to survive

in the presence of elevated concentrations of heavy metals.
9.2 Stream 0097

9.21 " Environmental chemistry

The water emerging from Caplecleugh Low Level remained at a constant
"temperéture of 9.5% tﬁrOughout 1980 (Table 4.1), close to the mean annual

- air tempefature for the region (9°C: Smith, 1970);

.i 'Stréam 0097 can be regarded és a ﬁan—made spring and fi?é closely the
.i'-Qéscfiption of alﬁlimestdne spring" using the classificéfion systemvof Odum
;(1971).~-Such springs are typically highly buffered, have a pH greater than:
7.0, contain relatively hiéh concentrations ofAdissolved calcium and -
bicérbonate.ions and are tyéically oxygen saturated. Water entering the
gfoundwafer system normally becomes de—okygenated as it passes through

soil and peat; in limestone groundwater systems, howevef, the open channels,
which usually occur in limestone strata, allow the water to re-equilibrate

with the atmosphere before emerging at the surface (Davis and De Wiest,
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1966); - Stream 0097 fulfils the criteria givep ébove, the .source of the
relatively,highAconcenfrations'of'diSsolved calcium éhd bicarbonate ions
in the water (Table 4.1) being the "Great Limestone" (Section 3.12)
directly under which Caplecleugh Low tevel was driven briginally.
(Livingstone (1963). quotes the mean concentrations of calcium and carbon
(as bicarbonate) in ri&er-ﬁater’as 15 and 11 mgll-l; respectively.) Open
_éhaﬁnels, both natural and man-made, exist for the re-equiiibration.of the
'vwate; with the atmosphere;.resulfing,in the effluént being fuliy oxygenated

(Section 4.2).

"Hem (1972) and Florence (1980) both regard the backgrpund'concentration of
dissolvéd'éinc in uncontaminated waters, as less thanlio pe 1—1. -0097
_ﬁater contained conéide;ably higher concentratiqns'of dissolved zinc (Table
4.1), the SOurcé of which>ﬁas undoubtedly the 1§ca1 mineral veins to which
Caplecleugh Low Level offers‘access (Sectidn 3.11). EieVated levels of
.dissolved'zinc derived from mineralized areas, normally result from the
-oxidation'of spﬁalerite (ZnS) to soluble zinc sulphate (ZnSOa), as described
in Section 1;2f' Although gaiena (PbS) is a commoﬁ mineral:in the under-
ground draiﬁage system of stream 0097 (Section -3.12), values for filtfable
'.Lead.in'thé water (Table 4.1) were little above the median level found by .

- Durum (1963) in hiélsurvey of rivers of the U.S.A. According to ﬁunham
(1981), at higher pH values oxidation of gaiena (PbS)  generally produces
.égrussité (PbC03) which forms an inéoluble skin over thé sulphide, preventing
'"fﬁrther<okida;ion;' in this way galena can persist in thg:zone of oxfgenated

"ground water.

Apart f?om the elevated zinc concentrations, the most noticeable feature of

. 0097 water was the constancy of its chemistry ﬁhroughout 1980 (Table 4.1).
fhe major ions'Ca; Mg and‘SO4 showed Only'a slight deéféase through the year;.
this was probably linkéd with the increase in tﬂe water fnput during the

latter part of the year, indicated by the increased current speed (Tahle 4.1),



This in .turn may have been due :to adhigherlthan average rainfall in the

region during this period (Figs. 3;8, 3.9).

‘Examination of Table 4.1 shows that a nuhber qf physical‘and chemical
properties of OQ97 water did,Qafy throughout 1980. Conductivity, in
particular, varied from a minimum of 389 pS cm-; to é»maximum of 910 ps ﬁm- .
Heﬁ (1970) staﬁes that in'aqueous solutioné, conducﬁivity is very closely
related to the total ionic concentration of the solution; he goes on to
point out, however, that "even in relatively simple sdlutions, the
relafidnships that affect conductance méy-be complicated". The conductivity
'reSulﬁs presented in Table 4.1 suggest}that, though chemical analyses do not
‘reveal any--significant temporal variation in water quality, there was |
varigtiqn in ﬁhe_ionic properties of the water. Using data from é typical
water analyéis (June; Table 4.1), assuming that allicheﬁical analyses
made.dﬁ the filtrable component of the'water rgfer to.dissociated ions, this
would éi?e a calculate& cénductivity of approxiﬁately 876 ps cm-1 at 25°C
(using a simplé conversion of the individual iéns given by the American
i Public Health Association, 1981). Overall chemical concentrations in 0097
water did ﬁot vary significantly from the June values (Table 4.1) and:
,thegefore it must be assumed fhat when the conductivity measu%ed was below
the caléulétéd value, tbe chemical components of‘fhe water were not

completely dissociated into free ions.

'For the major cation present in 0097 water, calciﬁm, data preseﬁted by

‘Hem (I97Q)'suggést that calcium was suéefsaturated in the water and»woﬁld'.

‘be expected to pfecipitate.as calci;e (CaCO3)._ Again using values from
4the‘June water analysis (Table 4.1), based on Hem's equilibrium data the
saturated dissoived calcium level in 0097 water is calculated to be

18 mg 1-1. This‘is consideréﬁly less than the filtrable calcium concentration
for june of 98 mg l—l (Table 4.1). It is‘possible that_éalcite may have

existed in undissociated form (i.e. colloidal), the differing degrees to
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which calcium and bicarbonate ions were disSociaged~being responsible for

" the variations in cénductivity. Groundwaters supersaturated with resbeét to
calcite are not.uncommon~according to Hem (1970) ;;d it would seem that
equilibriﬁm is slow to be reached; Weber and Posselt (1574) point out

that "slow attainmeﬁt.of equilibrium is probably the pos£ significant
limiting factor in many épplications of thermodynamic solubility relation-
éhips,.particularly precipitation reactions". Potentially of more
importance to the present study, equilibrium data suggest that 0097 water
was superséturated with respect to zinc. Baséd on figures presented'by-
Hem (1972), zinc would be expeéte& to precipitate both as zinc carbonate
"(calamine) and zipc silicate (willemite). If the zinc/silicate-eﬁuilibrium
is e#amined, at s;turation the dissolved zinc concentration is calculated to
be only 0.02 mg 17! in 0697‘water (June data; Table 4.1). Possibly a
compoﬁentbof the filtrablejzinc values-gi;én in Table 4.1-may.be.dué'to
.colloidéi éiné. .Florencé (1980) étated that‘ZpCO3 an&_znZSiO4 éaq both
exist in natural waters as a stable cblloidal suspension with an average
éarticle diéméter of 1 - 2 nom. This is Sufficientiy small to pass through
;he-O.Z-Fﬁ'pore-size filter, used to sample the filtrable fraction'for water

- VaﬁalYSis (Section 2.21).

Zinc siliqafe is the most likely form in which zinc ﬁouldAprecipitate from
0097 Watér.(Hem, 1972). Examining the silicate analyses given in Table 4.1
it can be seen that silicate values vary considerably throughout the year
l'ffom a minimum of 2.05 to a maximum of 7.40 mg l_L silicon (as'silicate).
:_The hetero;polyblue analysis used for measuring silicaﬁe in the present study
 (Secti6n 2.21) measures only filtrable reactive silicate and would not
-respond.to golloidal férms (American Public Health Associétién, 1981)..
Possibly variation in the observed vaiues of filtrable reactive silic;te
fréfiect variations in the relative amounts of zinc present in colloidal

‘form. in 0097 water. (Further discussion of the zinc/silicate interaction,
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_in 0097 water, is given in Section 9.23.)

Céncéntrétions oflfiltrable rgactive phosphorus in 0097 water were below

the dete;tion 1imits of the analyticglAtechnique -thrduéhou£ the year
(contamination of‘the filtration equipment is suspected for-thé May analysis;
Table 4.1). Phosphate released into solution by weatheriﬁg tends to recombine
rapidiy with either clay minerals or (és is prdbably.more important in |
stream 0097) with ﬁetal oxides (Hem, 1970). Data presented in Table 4.1
indicate that much thé larger phosphorus component of 0097 water.%as present
in the nbn—reactive fraétion, probably either as polyphosphaté or as organic

phosphate (Stumm & Morgan, 1981).

Based on various equilibrium data, there seems little doubt that 0097 water
was supersaturated with respect-to CaCO3 (calcite), ZnCO_3 (calamine) and
ZnZSiO4 (willemite).' Indirect evidence, includingvvariations in conductivity

and filtrable reactive silicate concentrations, suggest that a variable

" chemical component of 0097 water was in a non-ionic or colloidal form.

X-ray fluorescence analyses of 0097 sediments (Fig. 4.4) indicate the presence
of a numSér of elements. Titanium and zirconium can be regarded as clastic
cdmpqnenfs of the sediment i.e. rock particles resulting from>the weathering
and removal of more mobile elements (Andrew-Jones; 1968). Manganese, iron :
-and 1;ad‘can also be éonsidered as being immobile under neutral-alkaline
conditions (Andrew-Jones, 1968); calcium, zinc, strontium, cadmiﬁm and
barium, are theAmore mobile elements of the sediment. Strqntium and barium
pfobably derive from the barium minerals; barite and witherite, which are

_ known to.6c¢ur as a component of the mineralized‘veins in the region; these

" are reported to contain approximately 17 amorphous strontium (Dunham, 1948).

The calcium, zinc, cadmium and lead content of 0097 sediment increased from
reach Ol to reach 02 at all times of the year (Table 4.5). The organic

component of the sediment increased similarly (Table 4,6) and it seems likely
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that these factors are directly. related. Forstner and Wittmann. (1979) and
Burrows (1981) showed that an increase in the organic component of a

sediment increases its capacity for metal accumulatipn.
9.22 Biology

Odum (1971), in his ecological treatise, states that'"springs.are the
aquatic ecélogist's natural constant temperature laboratory". Stream 0097
forms an ideal stable environment in which aspects of the biology of a

zinc—polluted stream can be studied (Section 4.1).

The complete photosynthetic flora for stream 0097 (Table-4.7) shows a total
of 13 speciés of which 10 are algae. The concentratidﬁ of zinc in thch
‘these algal sﬁecies weré growing.is well above that‘fpxic to most algal
strains isolated from uncéntaminated streams (Say, 1977; Whitton, 19705).
 It iszlikely that zinc is ajmajor selggtion pressure'ééc0unping fof the very
low numbers of‘specieé present in stream 0097. Factors causing environméntél
stresé (including heavy metal pollution) have often b;en cited as causing

a reducti@n of sﬁecies numbers in a given environment (Brock, 1969; May, 1974).
Whitton aﬁé Diaz (19805;di$cussed the effect of elevate& ziﬂc on species
numbers, for‘bhotosyﬁthetic plénts in rivers and st;eéms; they demonstfated,
by compariﬁg examples from a wide range of gitgs (n = 424), that increasing
zinc causes a re&uction in ihe number of speciés present. ‘This is presumably
due to selection agaipst ﬁhose species which are unabléffo evolve metal
tolerance 6r Qhose métal‘folerance mechanisms are inefficient. Compar#son

of the present algal épeéies-total of 10 (for stream 0097; Table 4.7), with
" results for the same level of zinc in the scattergram shbwn.by Whitton and
IDiaz indicates that, éven allowiné for ;hevhigh zine coﬁcentration, the
species total is relativeiy low (hp“fo a maximum of 30 species would be

expected). In view of the two genéﬁry long history of stream 0097 (Section

3.13) it seems unlikely that this is due to lack of imocyla, Teal §"1."-_9.:57)
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cdmments;thatfspecies numbers in groundwater effluents are usually low.
Odum (1971) points out that environments which possess a strOhg physical
stability,show a decreased species diversity and similarly a reduction in .

species'npmbers;_ this would applyrreadily'to stream 0097.

"0f the phetosynthetic43pecies which dominate.stream:0097 {Table 4.7) many
lare characteristic_of'heaVy metal polluted'waters and ferm'a communityf
which suggests the inflhence of heavy metals. Though there are no known

, algal spec1es restrlcted to sites of heavy metal pollutlon, communities at
these sites ate recognized (Section 1.323). Say (1977), in hlS survey of

'zinc-pollsted.environments throughout Northern England, showed that the
majotity of species foundAduring the present.Study in stream 0097 also
occurtedtin the more heavily contaminated of his sites ' Mougeotia spp.,

- the domlnant organlsms of stream 0097, are said by Whltton (1980) to be

. usually domlnant in calcareous, heavy metal polluted streams. Besch et al.

(1972) conflrm this: they found that the more-z1nc-p011uted.sites in a

'large river system were domlnated by M0ugeot1a (see Section 1.323).

s ‘The‘most.ViSUally obvious feature of stream 0097 at certain times of the

- year .was the extremely High standing crop of Mougeotia (see frontispiece);

' the July'standing crop of 200 g m-z dry weighticompares‘closely with values

ifqr'01ad0phora glometata_forming a very dense crop 1in the River Wear'(Whitton,

&1970c). A high algal crop is a common feature of heavy metal poiluted_streams

'ﬁWhittoﬁ, 1980). This phenemenon has also been noted by Klotz (1981) whose
w:f'fivef‘surVey showed that the most copper—polluted-site, had the highest |
.'estendipg>crop of a1gae._>Klstz coptirmed that this yes not due to an
f.incfeased'slgal-growth rate but rather, due to-a lack of invertebrate
F:igtazers"removing elgae from this site. Stteam 0097 similarly had a very
| ‘sﬁarse invertetrate‘fauna (Section 3.15) and it-is likely that this was the
:7ldirect cause of the high Mougeotia standing croﬁ observed (Section 4.7);

the levels of'heavy metals in the-Mougeotia filements~(8eetion 4.3)
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presumably rendered them toxic to invertebrates.

Phosphorus deficiency is commonly a major facfor in freshwater‘systems

‘ 1imiting-a1éa1'gfowth (Provasoli, 1958). Examination of chemical Baca for
'0097 water shows that levels of filtrable re#ctive phosphate wére
particularly low (see Section 9.2). 0097 Mougeétia, however, were.shown to
‘ éossess alkaline ﬁhosphatase enzymes (Section 4.8) and Qere probably able to
utilise the (presumed) organic phosphorus (total less filtrable reactive)

which formed the major phosphorus component of the water (Table 4.1).

The percentagé cover of Mougeotia in stream 0097 was,mu@h greater in summer
than in wiﬁter (Fig. 4.5). This was presﬁmably a reflecfion of the seasonal
pattern of light input since no other en§ironmenta1 factors showed a
seasonal pattefn. The reason for the marked &rop in cover which occurred
twice during,ﬁhe summer -(Fig. 4.5) has nét been idenfified. One possibility
is that fhe high standing crop may héve_caused sufficient seif-shading of the
éttéched basal parts of the Mougeotia filaments to lead to their detachment
and loss downstréam. Odum (1957), in his study of a constant_tempefature
,spring; showed that photosynthesis of the dominant primary producer (the

perennial macrophyte Sagittaria lorata) was correlated with the radiant

. energy'inpu;. It is assumed that during the winter théuphotosynthetic rate
and hence growth rate of 0097 Mougeotia was not suffigieﬁt to repiace algal
ﬁatérial lost downstream. The growth rate of Mougeotia in the field was not
‘  meésured in the present study; the extreme diﬁficulties of measuring
pfoduction accurately in lotic environments afe outlined by Bombowna (1972).
Klotz (1981) approached this problem by culturing algae in dialysis bags
attached to the river bed. He found that algae isolateaAfrom a coﬁper-
polluted reach were sufficiently adapted to copper that their growth rates
-wefe nét significantly reduced compared to those growiqg in unpolluted sites;
.(the concentration of copper at the polluted site was sufficieﬁt to severely

reduce 'the growth rate of algae isolated from unpolluted sites). Laborétory
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studies.ihdicate that the sifuation for 00974algaé may - be similar. The
mean'zinc‘concentration in the field was only slightly higher than the
"toxicity threshold" (Section 6.32) for strain 536 growing in CFM; this
suggests thaﬁ the elevated zinc concentration,in.stream 0097 had little
effect on Mougeofia growth rate. The'field'temperatﬁfe of 9.5°C was
'1ike1y to be avmajor factor in causing ailow growth rate. Laboratory
studies on strain 536 (Fig. 6.2) suggest.é~very low growth rate at this 
temperature; the possibility exists, however, that strain 536 had adapted

- to laboratory temperatures. Between the June and July collection at stream
:'0097 the percentage cover of Mougeotia increased from 4 to 902 (Fig_'4,5) .
This suggeétsAthat the Mougeotia biomass increase during this period would
‘require a doubling time of apﬁroximately five days (k = 0.2; Sectidn 6.32).
This growth rate is baséd solely on a subjective estimafe by the author but
‘i; likely, if anything, to be én underestiméte as it takés no account of
alga} material lost downstream during the period. The growth rate given
above represehts that during the summer - at other times of the year it is

'likely to be sbmewhat lower.

No significant differences in water quality were apparent between reaches Ol
and 02 (Table 4.1) even when the algal biomass was at iﬁs highest. . The

stream is too short for the biota to influence significantly water quality.

9.23 Accumulation of metals by algae

_Plants which have adapted to growing in regions of elevated heavy metals
usualiy do not restrict the uptake of metalé into their tissue; the majority
'of heavy metal tolerance mechanisms so far fesqlved, involve isolation of
fmetalé from cellular sites ofjmetébolic activify rather ﬁhan exclusion from
cells (Sectidn 1.322). Mougeotia spp. growing in stream 0097 were capable

of accumulating extremeiy highgéoncentrations of zinc; values of zinc

accunulated, for the period March-June (Table 4;2), are probably the highest

b
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recoréed levels qf metalvin plant tissue (Section 1.322).- It.is noted

that washing Mougeotia filaments in EDTA solutibn, priof to.énalysis of
.tissue levels of metals, ﬁad no effect on these 1evels‘(fab1e 4.2). This
strongly implies ;hat ﬁetals were not bound to. the exterﬁal cell wall (where
.they would beAremoved by the strong chelator), bqt r#fher they had fassea

through the ¢ell membrane and were accumulated within the -cell.

The form in wﬁich metais existed within the algal cells,is not clear. X-ray
diffraction analysis of dried Mougeotia material would be expected to identify
any majop.crystélline'forms of the metal compounds (Sec;ion 2.241). Results
of X-ray';nalysis do not reveal an abundant mineral in the dried algal
material, suggesting-a‘non-crystalline form of accumulated metals (for

further discussion see Section 9.43).

The chemiétry of 0097 water‘thrbughout'1980 was relatively constant (Section
9;21); tké'séésonal pafterns of individual'métal concentfations.éccumuléted
A bf 6097 Mougéotia, however, varied considerably throughout the year (Table 4.2).
No significaﬁf corfelations between levels of megals iﬁ water and algae are
fpund:kTable 4.4). ‘The seasonal pattern.of light input (c;using changes ip
:,‘algal gfdwth rate; Section 9.22) also shows no correlation wifh metal |

concentrations accumulated by the algae.

Concentrations of.the heavy metals, manganese, iron, zinc, cadmium and lead,
‘in:0097'Mougeotia, were found to be correlated positiveiy with concentrations
.6f fi1£raB1e reactivéjsiiica in the waker, recorded for the previous month
‘(Section 4:4). As indicated in‘Seétion 9.21, it is believéd that high levels
of filtrable reactive silica in 0097 water coincided with a reductioQ in.
"‘colloidal giﬁc silicatg, therefore releasing more free zinc ions which were
’availaﬁlévfor algal acchmulatién. Many authors ﬁave shown that only free
. .

‘metal ions are available for uptake and accumulation (Section 1.41) and this

méy explain the pattern of zinc uptake in 0097 Mougeotia; the one month lag
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probably represents ﬁhe period oVerfwhich the algae were able to equilibrate
- with the ambient metal ion concentrations. Laboratory study of zinc
accumulation 5yrstrain'536 growing in CFM (Fig. 6-155 indicate that
reduction of zinc below the mean field ziﬁc cdncentratioh,Acauses a marked
reduction of zinc coﬁcentrations in theAalgae;‘corfesponding to the
variation shown ih field material (Section 4.3). The-pattern of cadmium
accumulétibn by 0097 Mougeotia (Fig. 4.3) follows closely that of zinc (an
element with which it is cﬁemically very similar: Cotton and:Wilkinson,
1980)} cadmi#m is'ﬁrobably behaving as a chemical analogue of zinc. The
seasonal patterns of uptake of manganese, iron and lead by Mougeptia, form
a highly.significanf positively correlated group (Table 4:4).' Similarly'to
zinc, the pattern of uptake of these metals during 1980 was corrélated with
the behaviouf of,silica in fhe water (Table 4.4); it is unclear whether:
this was a direct effect of watef chemistry or was>reiéted to uptake:of

- the predominant metal (zinc).

Table 4.4 indiéatés an inverse rélationship between theAheavy metal
_cogcentrations, and the sodium and potaésium,concentratioﬁs in Mougeotia
digesté.: Sodium and potaésipm play a major role in balancing iqnic
equilibria in plant cell physiology (MacRobbie, 1971) and it is‘poséible
'that when cell metal levels were elevated in Moﬁgeotia, sodium and potassium

ion concentrations wére reduced to balance ionic charges.

9.3 Stream 3026

Concentrations of heavy metals in the water of 'stream 3026 are extremely high.
For zinc and cadmium (Table 5.1), a thorough survey of the literature did not
: revéal values approaching those of stream 3026 (Section 1.2); these metals .

were not, however, sufficient to prevent growth of photosynthetic organisms

in the stream (Table 5.2).
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Zinc and_cadmiﬁm are likely to be present in.their divalent ionic forms

at pH 5.0 (Hem, 1972). Examination of the equilibrium data summarised by
Hem (1970) suggests that none of the dissolved fractions of 3026 water
were supersaturated. 3026 wéter was slightly acid (pH 5.0; Table 5.1);
‘bacterial oxidation of metallic sulphideg is probably taking place in the
soil leachate, releasing free metal iéns and sulphuric acid (Zajic, 1969).
The major anionic species in stream 3026 is therefore likely to be sulphate

(based on oxidation of sulphide ores and also analysis of the Ruisseau

de Creuzet; Chapter 5).

‘The number of algal species in stream 3026 was low. I# is likely that
elevated metal_éoncentrations are playing a major rolé in ‘eliminating many
potential.colonisers (see Section 9.22). Three algal species were
recorded.f;om direct examination of material collected in the field;
laboratory isolation hdwever, yielded a total of 7 species and, including

v

Pinnularia subcapitata:(recorded in the field), this gives a total of eight

species for the'stream.. The dominant organism in the field was Hormidium
rivulare (Tabie 5.2), a species which is typically dominant in highly zinc-
polluted aquatic environmen;s (Section 1.323). H. rivulare formed a visually
obvious algal mat (Fig. 3.5) énd it is likely that this high biomass resulted
from a lack of invertebrate grazing (c.f. the situation-for Mougeotia in
stream 0097; Sectiqn 9.22). H. rivulare isolated from stream 3026 (strain
.537) shows a very slow growth rateiat field zinc concentrations in the
laboratory (Fig. 6.9),.though the gréwth medium does not resemble closely
"stream water. The complex-sefies of interactions which are likely to exist
between ionic speciesvin the stream water (Section 6.4) may allow for a
faster growth rate. In addition stream 3026:has a very low flow (segpage;
Section 3.2) and during periods of rainfall it is likely that rainwater

will dilute the streamwater, allowing a more rapid growth of the H. rivulare

mat.
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9.4 Studies on isolated strains of green algae

9.41 Zinc toxicity

Toxicity séudies indicate a high degree of zinc resistance by all green-
algal st;ains 1solated from streams 0097 and'3026-(Teb1e 6.1). Say et al..
. (1977) -assayed the zinc tolerance of a range of Hormidium strains isoiated
from sites-of varying zinc concentration. They showed that ﬁolerance in
the laboratory (in‘Chu 10 E medium) was highly eorrelatedAwith ehe
logarithm of the field zinc.concentration;. strains subcultured. in the
absence of ziﬁc showed no change in their tolerance to the metal. It is

' probable that all streins assayed in the present study are genetically
adaéted to -elevated zine levels. Strains of Hormidium isolated from stream
3026 show a much hlgher resistance to zinc than any of those assayed by

Say et al., levels of zinc in stream 3026 were,_however, almost two orders

of magnitude higher than any examined by Say et al.

'The lethal zine'coneentration for many of the stream 3026 strains (Table 6.1)
“'is lower than that found in the field (Iable 5.1). These data, however, do

not consider other factors which may be important in affecting the toxicity

’“f'of'zinc in the'field (see Section 9.42).

A1l algal strains tested during the present study showed that in minimal zinc »
1 medium (0.03 mg 1_1 Zn occurs as contaminant; Section 2.741), there was no

~ evidence of reduced growth due to zinc deficiency (Table 6.1). It seems
unlikely, therefore;.that there is an increased.requireﬁent for zinc in these

' tolerant strains, as has been shown for some zinc - tolerant higher plants

i (Mathys, 1980).

: The zinc dose response curves for strains 536, 537 and 545 (Fig. 6.9) all fit
closely the theoretlcal curve 1nd1cated by Berry and Wallace (1981; see

Fig. 6.8) for the response of an organlsm to a 31ng1e‘tox1cant. Comparison
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of<the'two curves for strains 537 and 545 show~that at lower zinc
eoncentrations vstrain 545 .shows a higher,degree of resistance than
strainv537,'at higher zinc concentrations the situation'is-reversed; this
111ustrates the 1mportance of representlng the . complete dose response curve .

when comparlng the effect of a tox1cant on a range of organisms.

Straiu 536, in both Chu 10 E medium and'CFM, shous almost maximai‘growth-in.
zinc concentratious corresponding to the mean field zinc codcentration
>(6.84 mg‘l_lg Figr.6.9).ﬁ It would seem that the grthh of Mougeotia in

_ stream OQ97 is not reduced by the elevatedvzinc levels in:the‘water; rather

. the algae haue been aBle to adapt completely to-this. ihe slope of the dose
. response.ourve for strain 536 iu the "toxic zone" is much less in CFM than in
'Chu 10 E; it is likely that many of the ionic species present at hlgher
‘gconcentratlonslln CFM are able to ameliorate zinc tox1c1ty (see Sectlon 9 42)
Factors which reduce metal uptake are often regarded as important in reducing
‘:ﬁetal toxicity; it is noted however, that accumulation of zinc by-strain 536
is hlgher in CFM than in Chu 10 E though the tox1c1ty of zinc is decreased.

n:‘iA p0331ble explanation for this phenomenon is dlscussed 1n Sections 9.43 and

9.44.

‘?: Ihe O-Amg‘l_'l zinc .growth curve for strain 545 (fig. 6.7) shows a higﬁ degree
'tof cell mortality over tﬁe first three days of growth. Aif the curue is -
“érojected back to.the x~axis this gives an estimated viable inoculum of
'dapproximetely 102 cells ml’l. The reason for the shape‘of this curve is not
A‘:eiear. it:is possible that, for this strein, selection for'sn increased zinc
.'erequiremeot had taken plaee and the growth curve represents the growth of a
) smeil proportion'of cells which had not developed this reduirement. The fact
'ythat the 0 ﬁg lflxzinc value of growth rate doés not fit the standard dose

response curve for strain 545 (Fig, 6.9) suggests that the growth curve-for .

this treatment may represent a transformation of the strain described by
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the other treatment curves in Fig. 6.9.

'It is noted that the toxic zone for each dosé response curvelis linear with
?éspect to the logarithm of thé toxicant concentration (Fig. 6.9). This
relafionship has often bgen noted in toxicologicgl s;udiés (Bliss, 1935;
Sﬁrague, 1969) and many texts advocate the use 6f a 1oéarithmic scale of

. a toxicant in toxicological studies on an g_priori basiS*(Finney{ 1947;
Kje}lstrom, 1976). Few studies of the effects of heavy'métais on algae
present sufficient data t6 construct an accuréte dose résponse curve, though
Sunda and Guillard (1976) present data for the toxicity of copper to

Thalassiosira Eggudonana (diatom) and Nannochloris atomus (green alga) which

"élearly fit the standard dose response curve (Berry and Wallace, 1981;
Section 6.32) Qhen gfowth rate is related to the logarithm of the copﬁer ion
coﬁcen;fation. 'in the many répobts given in the standard to#icological
'literature (reviewed by Sprégug, 196§) no_éxplanafiop is offered as to th
a curve& relationship between a toxicants concentration ana the.farget
organisms response, should exist."Tﬁe present.author believes that it is
reasonable to assume that toxicity can be related linearly to the chemicalA.
;'f potentiai of a species. The‘chemical potential can be related to the
éctivity of a chemical sﬁecies by the following formula:
uy = ui ; RT 19 E

(o]
| where u; f'the chemicgl‘potential and RT is constant in a constant pressure/
temperature atmosphere.  The activity (a) = ¥C where ¥ is the activity
" coefficient and C is the concentration of the'species.A ﬁn solutions of low
;onic streﬁgth ¥ tends to unity, thus a = c. Thié allows

| U = ﬁ? + RT 1n 4

C
o

- which shows that the chemical potential of a species is related
logarithmically to the ionic concentration (formulae from Stumm and Morgan,

1981). In support of this Say et al. (1977) and Harding and Whitton (1976)
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showed, for a range of algal strains of Hormidium and Stigeoclonium
respectively, that zinc resistance was more directly correlated with the
logarithm of the field zinc concentration (and therefore the chemical

potential) than directly to the field zinc concentration.

9.42 Influence of environmental factors on zinc toxicity

As described in Sectipn 6.4 most studies of envirommental tokicology deal
 simply with theiresponse of a target organism to a single toxicanf, usualiy
.under artifical laboratory conditions. Section 674 preéénts the results of
experiments»ﬁhich were designed to assay the importance of certain physio-
chemical properties qf'stfeams 0097 and 3026! which may influence the

toxicity of zinc to the indigenous algal strains.

Water hardness properties (magnesipm,_calcium)<are ggneréily reégarded as
-iAcompetitiQe'inhibitors of zinc'uptake_and therefore 1ead to a reduction of
zinc‘toxicity.(Section 1.321). Magnesium is seen to redu;e the toxicity of
zinc to both étrains 536 and 537; calcium, however, is bnly important in
this respect:for strain 536 (Fig. 6.10). The ratio of both magnesium and
calcium concentrations to.zinc_concentration in stream 0057; was high and
both are likely to act as important competitive,inhibito;s of zinc activity,
ﬁherefore reducing toxicity. This does not, however, appear to be linked t6
a reduction'of zinc uptake. As shown in Fig. 6.15, strain 536, incubated in
‘CFM,'shows both an increased resistance to zinc coincidental with an increased
" uptake of ‘the metal (in cpmparison to incubation in Chﬁ 10 é). It is
'likelf that the presence of relatively higher concéntfations of magnesium
aﬁd calcium in CFM are factors causing the reduction of zinc toxicity thoﬁgh
uptéke,is increased (see Section 9.43). Calcium is knowﬁ to be important
in,Stébilising membranes (Poovaiah and Leopold, 1976) and it is likely that
its presenée in algal media aids in the protection of cellular membranes;

membrane function is known to be particularly impaired by toxic metals
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(Pritchard, 19?9). Eﬁvironmental levels of,magnesiﬁmAand calcium in

stream 3026 were much iower than those of.zinc. For this reason it is

A unlikeiy that either metal could be significantly active as a zine
-competitor. Calcium, at the field concenfration, does not appeaf to
inflﬁence zinc toxicity to strain 537-(Fig; 6.10); magnesium, however,
remains impgrtant in redgcing zinc toxicity to this s;fain.- éay et al. (1977)

‘and Harding & Whitton (1977) performed laboratory studies showing that, for

Hormidium-and‘Stigeocloniumv respectively, magnesium was-impqrtant in
reducing zinc toxicity in zinc-résistant strains but had much less influence
on the toxicity of zinc to zinc-sensitive strgins, It_is'apparent that
mégnesiumvis-impogpant in reducing the influence of zinc.;o zinc-resistant
algée thoﬁgh evidénce suggests that this is not due to~competi;ion with zinc

' ioné (see Section 9.44).

Many éﬁﬁdies have'sﬁéwn that phosphate is able to antagonize ginc toxicity
(Sécfion 1.321) fhough, as indicated in Section 9.21, levels bf free phosphate
ions in.heavy,mgtal'polluted environments are usuallj,loﬁ.‘ Phoéphate ions
showed thé-ability to reducé‘zinc toxicity to étrainA536 (Fig. 6.10);
phosphate 1eveis in stream 0097 are extremely low comﬁared'to those in this

' é#pefimenﬁ énd it is ﬁnlikely that phosphate ié able to influence zinc

'“toxicity in the field.

During the.present study special emphasis Qas'piaced én the interaction of
;inc and cadmium in studies of metal toxicity; ‘the'reaéons for this are
outlined in Section 6.4. For strains 537 and 545 Fiés.'6.12 and 6.13
respectively, demonstrate fhat zinc was able to ameliorate cadmium toxicity;
at higher zinc concentrations cadmium had no significant influence on growth

of these strains. The in vivo interaction of zinc and cadmium also leads to
- a reduction of the toxicity of cadmium to strain 537 (Fig. 6.14: Section

6.4). :
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A zinc/cadmiug antégonism isjgenerallyvregardéd as being due. to the
lesélﬁqxic.metai kzinc)'bging'able.to uncouple cadmiuﬁ from metalloenzyme
" systems and this has been shown for'both p1ants aﬁd'énimaIS‘tFalchuck
et g}.,1275){. Thg existence'of_a'synergistic interaction between these
metals, ﬂoﬁever; has beep demonstrated‘for a numberléf plant sbecigs
(Sectioﬁ‘l}321); though;field levels of cadmium do not influeﬂceAthe
: effect'of;zinc on strains 537 and 545, this.typé of interaction cannot be

assumed for other algal strains growing in the presence of both metals.

No marked interaction of zinc and cadmium is noted for strain 536; © there
is no evidence that field levels of cadmium influence growth of strain 536

at any levels of zinc tested (Fig. 6.10).

Environmental - PH has preyiously been shown to be an iméortant factor
affecting thé toxicblogylpf metals (Sectiqn'1.321). Stream 0097 showed a
.flimiﬁed va;iation of pH throughout 1980_(Tab1e;4.1) and‘it is likely also,
due to thé high levels.ofAsolutes, that stream 3026 ié sufficiently buffefed
 ‘to_prevent larée pH changés. _Data presented in Fig. 6.11 show that pH
variation}of up to one pH unit each side of the field PH, hés little effect
on the tokicity of zinc .to strain 537. Though wider pH variation might
prove to iﬁfluence the tgxicity of zinc to strain 537 it i§ unlikely that_

:these conditions will occur in the field.

‘Acidophilic organisms tend to be able té tolerate high levels of heavy
‘metals, proba?iy due to binding of hydrogen ions in competition with
metallic ions (Section 1.321). Though stream 3026 was acid (pH 5.0), the
;above role of hydrogen ions is unlikely to be important. The extreme levels
of zinc in-this stream (Section 9.3) gave a_Zn2+ sH' molar ratio of 6600:1;
ih-competitioﬁ reactions, therefore the influence 6flhydrogen ions are

likely to be negligibie.
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" 9.43 Accumulation of zinc

Conceﬁtratiohs of zinc aécumulated'by 0097 Mougéotia probably'fepresent the
‘highest levels of metals in planf'tiééue recorded. in the 1iteraturé;A Zinc
.constitqtes up to 36% of fhe filament'&ry wéight in'0097 Mougeotia;
presumably as an-insoluble'non-toxic coﬁpbund. The form in. which zinc .
exists.inithe Mougeotia tissue has not been identified in the present study}
théré‘a:e a number oflindications, however, as to its likely nature. As |
shown in Table 4.2, an EDTA wash does not significantly reduce mefal levels
accumulated by 0097 Moggeotiﬁ (in~cohparison foldistilled water washed
material) and ;his indicates that zinc is not adsorbed #o the externai
cell_surfacesé X-ray diffraction analysis of dried 0097 Mougeofia shows a
very high background of refiec;ed X-ray energy (Section 4.3), suggesting a
mainly amorphous structure of the cdmponent metal salts. This situation is
supporte& by electron ﬁiéfoscopic evidence (Chapter 8) whiéh indicates no

.crystalline metal deposits within the filaments. -

The majorify of studies in which the form of deposited metal . in plant tissue
has been identified, sﬁow that metals afe'eitﬁer deposited as insoluble
'organic salts (e.g. oxalates, glucosides) or as metallo-pfoteins (see Section
1.322). 1In the case of 0097 Mougeotiq,_howeve?, large bfganic deposits
within the cells afe unlikely from both an energetics point of view (large
‘~~zinc deposits in the cells do not appear to have a significant effect.on

" algal-g?owth rate; comparison of Figs. 6.5 and 6.15) and also an anionic
ligand of a‘large ionic_weight would not aliéw the deposition of ziné at
levels 6f up to 307 of fhe cell dry weight. Zinc is tﬁerefore probably
»:deposited as an inorganic salt; the salts Zn(OH)z, ZnCO3 and Zn23i04_are
?all readily frecipitated in glightly alkaline conditions (Hem, 1972) and
‘these are the three moét likgly forms of zinc:in 0097 Mougeotia (all are
known to férm'amOrphOus colloids;,_Florence, 1980). Ihbugh magnesium»is

thought to be directly involved in zinc tolerance (Séctipp 9,42), Fig, 4,3
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shows ;hat;magnesium and zinc levels in 0097 nougeotia'are not cor;elated
and théfefore the mode of acﬁion of magnesiumfdoes.not involve co-precipi- -
tation with zinc. As described in Section 9142, accumulation of zinc by |
‘strain 536.is much greater,in CFM. than in Chu 10 E medium. With respect

to anionic‘spegies a§ailab1e for éo—accumulatiog with ginc, the major
difference between the twolﬁedia is the gréa;erAlevgls'of bicarbonéte

ions in CFM (Section 2;741); zinc carbonate is suggestéd‘as\the likely

form in_wﬁich ziﬁc is déposited in 0097 Mougéotia (for furthe;_discﬁssion

see Section 9.44).

Levels .of acéuﬁulated zinc in straiﬁ 537 appear relatively low; even in
BOOQ mg 1f1 zinc,only 37 of the cell dry weight consists of zinc (Fig. 6.16).
"These.vaiues'aré low when compared to those éhown for strain 536, even

when growipg4in considerably lower levels of éinc (Section 4.3). Zinc
concentrations found in Hormidium collected from the field, were, however,
lacking (Section 2.62). As discussed above for 0097 Mougeotia, levels of
ziné:in the aigé when grown in artificial médium wefe édnsiderably lower
than.thoée-offMdﬁggoﬁig growing in thg field. This shgges?s that values

" derived from zinc accumulation studies using étrain 537 (growing in Chu 10

E medium). - should be treated with caution (see Section 9.44).

-.9,44 Resistance mechanisms

Analysis of the carboxylic content of algae (Chapter 7) reveals little

- concerning their resistance mechanisms. Mathys (1980) was able to show

for a number of higher plant species,;that mélic acid was produced in
response to external zinc levels; this was éctive.in binding, and therefore
ﬁdetoxifying, the zinc. Carboxylic acid analysés presented in Section 7.2,
“do not indicate the presence of malic acid in any of the-algal strains
teétéd; it is thought likely, however, that interference may have rendered

_ carboxylic acid analyses inaccurate. (Metals are known to interfere with
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'ﬁhe analysi§ of carbokylic acids (Redgewell; 1980) and though the use.of
cation exchange columns should prevent this, it is possible that zinc

levels were too high for these to be completely effective.)

Probably the only satisfactory carboxylic acid results are those for

strain 545 (Fig.;7.5)_which sho&lmany similar acid peaks fof both zinc
treatmente.. This suggests that any differences between the two chromatograms
are not due to zinc interference in the analysis. Exposure of strain 545 to
zinc appears to change the dominant carboxylic acid present,:from one
emerging f;om the column at 157°C, to one emerging at 194°C. These acids
were,-however;'not identified and therefore it is not péssible to comment on

their specific roles.

~ The petentiai imﬁortence of magnesium in the development of zinc resistance
is diseuSéed in Section 9.42. Magnesium has been shown to ameliorate the

;toxié‘effeéts.of’ﬁany heavy metals (Seetion_1.322) and this has generally .
-.'»been assumed to be due-to competition for uptake sites between magnesium |

and the metal concernedA(Braek et al., 1976). As seen for strain 536, however,

- increased zinc resistance in CFM (compared to Chu 10 E medium) is related to

e.increaSed ziﬁc uptake'(Section 9.42). It is noted that electron micrographs
.'of 0097 Mougeotia (Figs. 8.1 and 8.2) show a high number‘of pinocytotic
vesicles deriving from the external cell membrene;. tﬁese suggest that
.material is being transportedlinte_the cell from the external medium (Bennet,
1956). It is probable that controlled transport qf ziﬁe into 0097 Mougeotia
is important in conferring resistance (magnesium may act to maintain the
..iﬁtegriﬁy of'transport vesicles). It is postulated in Section 9.43, that"
}ziﬁc,is‘deposifed within the Mougeotia cells.as‘zinc carbonate. The reduction
.'e of both zinc resistance and accumulation which»occurs’wheﬁ strain 536 is
‘grown in Chu 10 E ﬁedium may be due to a deficiency of bicarbonate ione in

this medium; these would be required to combine with the zinc to allow
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uptake and accumulation of high levels of zinc:carbonate within the cells.
(Free zinc ions are likely to. be much more toxic than a combined form of

the metal; - Section 1.31.) -

’

As discussed in Section 9.43 concentrations of zinc accumulated. by strain

537,'arevextremé1y low. Whether this is due to.an exclﬁsionvmechanism

(as has Seen.showﬁ for some coppér resistanf_alga1~strains; Section 1.322)

© 1is unclear. It has been demonstrated for strain 536 that when incubated

in Chu 10 E medium,. accumulated zinc levels bear no relation to those found
N )

'in the same alga growing in the field. The absence of field accumulation

data from stream 3026, therefore, prevents further interpretation of

laboratory data for strain 537.

9.5 Concluding remarks

‘During thé present study the écdiogy of the two zinc;polluted streams has
'been'deécribed. Zinc was shown ﬁo be important in reducing the nqmber of
species able to colonise these streams, though a numbef:of organisﬁs

-(particulariy'green algae)‘had been able to édapﬁ‘to the elevated zinc

- levels.

.MOugeotia”spp. gquing in stream 0097 were shéwn to. accumulate extremely
high concentrations of zinc from the stream-water. Variafion in aécumulated
concentrations of zinc were not correlated with variations of the filtrable
zinc concentration in the water. indiréct evidence suggested that

-variation in the zinc speciation was the important factor affecting its
J‘biOIOgical uptake. This indicates that to gain a more detailed uﬂderstanding
of the behaviour of zinc in aquatic systems a more elaborate analysis of zinc
is required, than was performed during the prééént study. Florence (1980)
presents a review of the various methods used .to measure the different

" chemical forms of zinc in natural waters and it is considered that some
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differeptiétibn-of the various zinc speéiés would be highly advantageous
when s;qdying its behaviour in freshwater (partiéulé?ly in waters with a
A’pH of gfeéter than 7 whére comp1exation occufé moré-readily;~ Hem, 1972).
The metalhcompositioh of field populations of algaelhas<often been
recommended as a useful monitor of ;ontamination of the surrounding water
(Section .1.43). The metal composition of 0097 Mougeotia appeared to be
responding primarily t&'variations in the speciation of zinc. This
phenomenon probably explains éome of the variation found when previous
Vworkers-(inveéfigating thé use of plants as ménitoré)fhave sought for a
direct relatiqnship between levels of metals in plants and their natural -
medium (g.g. Whittonigg_él;,“l982). As poin;ed out by Empain et al. (1980),
- however, metéllaccumulation by a plant gives a better indiéation‘of the
fraéfioﬂ quthe ﬁetal in the environment which is likely to affect the
aqﬁéti; ecosystem. 0097 Mougeotia érg reflecting thejﬁafiation of this
available met;l ana fhereforé'méy pféve a more reli;ble,pollu;ion’mbnitor

than simple water analyses.

Pracﬁical systems have been suggested for the removal oflheavy metals from
mine and'industrial effluenté'by enéouraging the growth of‘;lgae (see
Section. 1.44). The high metal capacity of 0097 Mougeotia and also the high
- biqmass of élgae allowed by the absence of grazers, suggest that systems of.
this type may be feasible. Simple meande; systems built into potentially
hazardous metal effluents could lead to a substantial reéuction of free
}metal‘iohs, via algal accumulation. Eilip et al, (19795 were able ;o show
- that an algal/sandﬁfiltration system was able-to effectively remove 70 - 907

"of the copper and cadmium from the input water in a pilot plant.

;‘Thisﬂétudy has centred upon equating the performance of algae growing in
" the field, with that in the laboratory. It has been shown that use of
artificial media may lead to completely misleading results (Section 9.43),

which bear no relation to the field -situation for a given alga.
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By designing a specific growth medium rglated to fie}d conditions this
probiem‘has.béen.part overcome during the present study (Section 5.2),
allowing legitimate comﬁariséns between laboratory and éield data. The
use of continuous culture would further facilitate these comparisons,
though thé methéd_of éulturing algae in the water bo@y from which they
were isolated (in sealed dialysis bégs; Klotz, 1981), could prove

~even more valuable.



196

SUMMARY

a) The chemistry and flora were studied in two streams containing
elevated concentrations of heavy metals in the water; this had not
prevented, however, the development of a plant community in_neither
case. Green algae in particular were able to grow abundantly in both

streams.

b) Oné stream (Durham code no. 0097), a mine effluent, was sampled
monthly throughout 1980. This stream drained from an abandoned Zn/Pb
mine in the Northern Pennine Orefield and lay in the catchment area of
the Rivef Tyne, England. Water analyses revealed that the physical
and chemical pfoperties of the water were relatively constant throughout
the year (e.g. temperature remained at a constant 9.5°C) suggesting
a deep groundwater source for the effluent.v The water was calcareous
(mean Ca = 95,8 mg 1_1), had a high pH (mean = 7.85) and contained a_

1

méan Zn concentration of 6.84 mg 1 7. Both Ca and Zn were supersaturated

in the water.

3

The flora was domigated by Mougeotia spp. which were able to accumulate
éxtremelyvhigh concentrations of.heavy metals, particularly Zn (maximum

of 316;5 mg g—l Zn dry weight), from the stream water. A large degree

of temporél variation occurred in these concentrations of accumulated
metals which did not appeér to reflect changes in the overall concentrations
of metals in tﬁe stream water. Indirect evidence, however, suggests
thatvthis variation is due to differing amounts of colloidal zinc silicate -

in the water — the colloidal form of Zn being unavailable for uptake by

the algae.

Concentrations of Na and K in 0097 algae were shown to vary inversely

with those of heavy metals in the algae (throughout 1980). It is
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possible that Na and K are active in balancing ionic equilibria in the

Mougeotia cells, in response to varying levels of heavy metals.

c) A second stream (Durham cqae no. 3026)_was sampled once and was

found to contain extremely high concentrations of beavy metals particularly
Zn and Cd (Zn = 3840 mg 171, cd = 345 mg 1Y), Stream 3026 drained

from a Zn smelter tip in the River Lot catchment area, S.E. France.

Three algal species were reported to be growing in the stream; of these

Hormidium rivulare was dominant.

d) Both streams 0097 and 3026 contained a high algal biomass. It is
suggestéd that. this was due to the lack of invertebrate grazers in these
metal-contaminated streams. Similarly the number of algal species

found in thesestreams was felatively low, presumabl& in part due to
eleva;éd‘leVels of heavy metals (particularly Zn)‘seiecting against

those species unable to evolve metal resistance.

e) Nine strainé of green algae were isolated into axenic culture
from streams 0097 and 3026. Culture studiés strongly suggestéd that
all Qere genetically resistant to-elevated Zn cbncentrations.. The
growﬁh réte of isolaﬁed algae was found to decrease linearly when
piotted against the logarithm of the Zn concentration in the growth

medium.,

f) The tégiCitonf Zn to straih 536 (Mougeotia sp. .isolated from stream
‘:0097) was.markedly reduced by field concentrations of Mg and Ca. For
strain 537 (H. rivulare isolated from stream 3026) Zn toxicity was

. reduced by field concentrations of Mg, though Ca had no similar effect.
ft is suggested that Mg is an important factor in the Zn resistance

mechanism developed by these green .algae.
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g) Field concentrations of Cd had no influence on the growth of
isolated algal strains in the presence of field concentrations of Zn.

It is likely that Zn is competing with the more toxic metal, Cd.

h) For 0097 Moﬁgeotia resistance to Zn seems to involve controlled
accumulation of high concentrations of an insoluble Zn salt (perhaps
zinc carbonate). Reduced concentrations of carbonate in the algal
growth medium led to reduced levels of accumulated Zn. Zn, however,

" becomes more toxic-in this circumstance, possibly due to the prevention

of compartmentation of the metal in the algal cells.

i) The role of carboxylic acids in the Zn resistance mechanism of
green algae was studied but remains unclear, Evidence for strain 545

(Stichococcus bacillaris isolated from stream 3026), however, shows

that Zn causes a major shift in cellular carboxylic acids. Whether
this is a component of the resistance mechanism in this alga, is not

certain.

j) The potential use of algae to both monitor heavy metals, and also

to remove heavy metals from polluted effluents, is discussed.
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